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A B S T R A C T   

Hot and humid climates present a challenge for implementing passive cooling practices in office spaces, due to 
the inherent small temperature difference between day and night, which affects the utilization of thermal storage 
systems. Moreover, added means are required to maintain the humidity in the space at an acceptable level for 
comfort. The novelty of this study is to design and implement a feasible hybrid cooling system for office spaces in 
such climates by uniquely combining several sustainable cooling, thermal storage, and dehumidification solu
tions. The proposed system integrates a phase change material (PCM) thermal storage layer with a melting 
temperature of 25 �C to cool the supply air and a personalized evaporative cooler (PEC) to provide cooling for the 
occupants. The supply air humidity is controlled using a solid desiccant wheel regenerated via an auxiliary heater 
assisted with a Trombe wall. Mathematical models were adopted for each system component/process, solved 
numerically and integrated to size the system components, simulate their operation and predict the overall 
system’s performance in an office space during the summer months of Beirut climate. The proposed system was 
found to achieve acceptable thermal comfort levels in the space. Moreover, it reduced the total energy cost by 
87% compared with a conventional air conditioning unit over the summer period. In addition, the Trombe wall 
provided energy savings of 55% compared to relying only on the auxiliary heater. Hence, integrating several 
sustainable solutions succeeded in implementing an effective cooling system of office spaces in hot humid 
climates.   

1. Introduction 

Conventional heating, ventilation, and air conditioning (HVAC) 
systems are widely used for cooling or heating purposes, thermal com
fort provision, and indoor air quality improvement in buildings [1]. 
However, these systems consume a large amount of energy amounting to 
nearly 40% of the total building energy consumption [2]. In addition, 
they negatively impact the environment accounting for more than 30% 
of carbon dioxide emissions [2]. They also disrupt the energy supply and 
demand balance in hot and humid climates [3]. Therefore, sustainable 
and passive alternative techniques are primarily sought to reduce the 
use of conventional HVAC systems [4]. One of the passive cooling 
techniques is the free cooling of buildings [5]. Free cooling ventilation 
uses the outdoor air as a heat sink for building cooling purposes [6,7]. 
Conventional free cooling can be implemented in moderate climates 
when the outdoor air temperature is within the thermal comfort range of 
temperatures. However, in hot climates the outdoor air temperature is 

higher than the thermal comfort level. Therefore, to benefit from free 
cooling in these climates, the natural cold energy at night due to outdoor 
air temperature difference between day and the night, should be utilized 
[8]. As a result, a storage system is typically added to collect this energy 
for use during the warm period of the following day. A sustainable 
passive storage system that can be used for this purpose is known as 
thermal energy storage [9,10]. However, hot and humid climates pre
sent a challenge in utilizing free cooling even with the implementation 
of thermal storage. Hot and humid climates, unlike arid or semi-arid 
climates, are characterized by a small temperature difference between 
day and night, which affects the selection and performance of thermal 
storage systems and results in elevated space temperature that may not 
provide the desired level of thermal comfort [11]. However, the elevated 
space temperature issue can be resolved with the use of a personalized 
cooling system that provides cooling to the upper human body and 
hence ensures comfort at high background space temperature [12]. Even 
so, the requirement for the humidity in the space to be maintained at an 
acceptable level for comfort purposes means that fresh air supply must 
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be treated to reduce its humidity in the space [13]. While many studies 
researched and reported feasible passive cooling systems for non-humid 
climates, there are very few that consider the design of passive cooling 
systems including associated cooling thermal energy storage that can be 
applied in hot and humid climates. It is of interest to consider a number 
of sustainable passive cooling solutions that can cooperate to overcome 
the above-mentioned challenges in hot and humid climates. 

Thermal energy storage is a passive technique that can preserve 
energy when it is extracted as needed [1]. One of the thriving techniques 
to store thermal energy is the implementation of phase change materials 
(PCMs) [9,14]. PCMs are characterized by their ability to store and 
release large amounts of energy nearly isothermally [10,15]. PCM can 
be installed into a building in passive systems through integrating them 
into the building envelope (walls, roofs, and floors) [16–19]. Integrating 
PCM in building envelopes can enhance the energy storage capacity 
[18], reduce energy consumption, and improve thermal comfort of the 
occupants [20]. It was discovered that PCM integrated in buildings is 
effective in climates where the temperature difference between day and 
night is large [8]. Osterman et al. [21] conducted an experiment of 
integrating PCM in a building in Slovenia and their findings were that 
the maximum cooling potential was in August and July when there were 
more fluctuations in temperature between day and night. However, 
there are many humid climates where the temperature difference be
tween day and night is small such as the Mediterranean coastal areas 
including the Lebanese coast. Therefore, to be able to benefit from 
thermal energy storage systems, techniques of cooling the outdoor air 
are required such as evaporative cooling coupled with selecting PCMs at 
a moderate melting temperature. However, selecting a PCM with a 
moderate melting temperature may not be low enough to provide room 
air temperature within thermal comfort levels. Consequently, another 
passive strategy should be combined with the PCM to assist in cooling 
the occupied space. 

A promising passive personal cooling system that can assist the PCM 
in providing thermal comfort is the personalized evaporative cooler 
(PEC). The concept of personalized ventilation relies on transporting 
and delivering the conditioned air directly to the occupant’s face and 

chest [12,22]. Zhang [11] showed that upper body parts have a domi
nant impact on the overall sensation while cooling. Thus, the overall 
thermal comfort of the occupant was improved without the need for 
having homogenous cool air in the occupant’s whole-body microcli
mate. This permitted the use of elevated supply air temperatures to the 
space resulting in higher background or macroclimate room tempera
ture [23–25]. Consequently, the PEC would be attractive to use in pas
sive applications where the background room air temperature is at the 
high end. The PEC can cool the area around the person while only 
consuming a small amount of water and electrical energy for operating 
the fan. Cooling is done by water evaporation, which can reduce the 
temperature of the air when the air is relatively dry [26]. However, a 
dehumidification strategy is needed to maintain the room air at 
acceptable humidity such that the PEC can be employed in humid cli
mates of coastal regions. 

For this purpose, desiccant dehumidification presents an attractive 
option in these applications when outside air is humid [27]. There are 
mainly two types of desiccant dehumidification: solid and liquid desic
cants. Liquid desiccants are often integrated with a sustainable energy 
source such as the one used by Seblani et al. [28]. However, the draw
back of the liquid desiccant is that it is carried over by the air stream 
during the dehumidification and regeneration processes [29]. Although 
solid desiccants cause a pressure drop while passing through the desic
cant material [29], it will not pose an issue for an application that uses 
fans to circulate the air. Solid desiccant wheels are widely employed as a 
dehumidification system and can be regenerated using a low-grade 
regeneration heat source [27]. The heat source could be a free source 
of heat such as solar energy as implemented by Rambhad et al. [30] who 
investigated the feasibility of regenerating a solid desiccant wheel using 
a parabolic trough solar collector. Regeneration could also be achieved 
by using an electric heater as used by Jani et al. [31] as part of their 
hybrid space cooling system. In addition, desiccant regeneration can be 
attained by using a hybrid heat source such as the one used by Heidari 
et al. [16], which uses a solar assisted boiler for regeneration. 

Since passive strategies are sought, regeneration using the building 
façade as a solar air heater is considered. Mei et al. [32] have used this 

Nomenclature 

A area, m2 

Cp specific heat, J/kg⋅K 
COP coefficient of performance 
f melting fraction 
h convective heat transfer coefficient, W/m2⋅K 
H enthalpy, J/kg 
hfg latent heat of vaporization of water, J/kg 
hsf latent heat of fusion of the PCM, J/kg 
I solar radiation, W/m2 

k thermal conductivity, W/m⋅K 
L length of the PCM layer, m 
_m mass flow rate, kg/s 

PF performance factor 
Q power, W 
T temperature, �C 
t time, s 
te thickness of envelope component, m 
U overall heat transfer coefficient, W/m2⋅K 
V volume, m3 

w humidity ratio, kg/kg 

Greek symbols 
α absorptivity 
ε emissivity 

μ efficiency (%) 
ρ density, kg/m3 

τ transmissivity 
∅ relative humidity, % 

Subscripts 
amb ambient air 
aux auxiliary heater 
ch air channel 
cond conduction through the wall 
conv convection between the room air and walls 
EC air leaving evaporative cooler 
eq equipment sensible load 
g glazing 
occ occupants sensible load 
out dehumidified air leaving desiccant wheel 
PEC personalized evaporative cooler 
pcm phase change material 
pcm,melting phase change material melting phase 
r room air 
rad radiation 
reg regeneration air 
sup supply air 
W wall 
wb ambient wet bulb temperature  
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strategy such that the abundant solar energy available during the sum
mer is utilized to drive an adsorption cooling system. Since the solar 
energy varies throughout the day, auxiliary heating is needed along with 
the Trombe wall to reach the necessary desiccant regeneration tem
perature for maintaining indoor air quality. 

In this study, a hybrid cooling system is proposed combining a PCM 
storage layer, a PEC, and a solid desiccant wheel regenerated via an 
auxiliary heater aided with a Trombe wall. This system can be carried 
out in hot and humid regions such as the Mediterranean or the Gulf 
coastal regions. The proposed system is applicable for unoccupied office 
spaces during the night to allow for thermal energy storage by the PCM. 
The proposed system supplies a minimum amount of fresh air according 
to ASHRAE standards (7 l/s per person) [33] and provides thermal 
comfort with minimal electric energy divided between the energy of 
operating small fans and an auxiliary heater. Moreover, the proposed 
system consumes a minimal amount of water for operating the evapo
rative cooler and the PEC. Mathematical models of each component are 
developed to predict the performance of the overall integrated system. 
The thermal comfort and the overall energy consumption of the system 
are assessed and are compared with the conventional HVAC system. 

The contribution of this work hinges on designing a sustainable 
hybrid cooling system that can be used for hot and humid climates. The 
use of a PCM thermal storage system with a moderate melting temper
ature along with the use of evaporative cooling to cool the ambient air at 
night, resolves the challenge of free cooling for humid climates, which 
typically have a small outdoor temperature difference between day and 
night. However, personalized evaporative cooling, which consumes 

minimal energy, is proposed to provide thermal comfort to the occu
pants. The outdoor air is humid and therefore cannot be used to refresh 
the room air, which in turn has become humid due to of the latent load of 
the occupants and the use of personal evaporative cooling. Hence, a 
passive dehumidification strategy to maintain the room relative hu
midity at acceptable levels is adopted. Using solid desiccant wheels 
comes with the challenges of mainly finding a passive regeneration 
technique. For this purpose, the building’s façade is suggested as a 
regeneration source through integrating a Trombe wall at the south 
façade of the building space. Therefore, the novelty of this study is in 
integrating several systems and components to deliver a sustainable 
hybrid cooling system that can be useful for hot and humid climates. 

2. System description 

The proposed system has two modes of operation: daytime and 
nighttime operation as shown in Fig. 1 (a) and (b). The system is 
composed of two main subsystems: 

1) Dehumidification system with its regeneration made up of i) desic
cant wheel, ii) Trombe wall, and iii) auxiliary heater.  

2) Hybrid cooling system made up of i) sensible wheel, ii) evaporative 
cooler, iii) PCM storage layer system, and iv) PEC. 

The proposed operation of the integrated system is studied during 
daytime and nighttime. 

Fig. 1. Schematic of the proposed system during (a) daytime and (b) nighttime operation.  
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2.1. Daytime operation 

Outdoor air at (1) is dehumidified after passing through the desiccant 
wheel to reach (2). The air gains heat after the dehumidification process 
so to pre-cool the air, an evaporative cooler is used due to its simplicity 
and easy implementation to cool a stream of ambient air that can in turn 
sensibly cool the dehumidified air as it passes through the sensible wheel 
to reach (3). The evaporatively cooled ambient air leaves the sensible 
wheel and is exhausted without entering the space. The needed fresh air 
mixes with the room return air that will recirculate in the space at (4). 
After cooling the mixed air stream through exchanging heat with the 
PCM storage layer, the air is supplied to the space at (5). The PEC then 
draws the room air and supplies the face and the trunk of the occupant 
with the evaporatively cooled air at (6). Finally, part of the room air is 
exhausted to the ambient while the other part at (7) is mixed with the 
fresh outdoor air with the process repeating itself throughout the day. As 
for the regeneration of the desiccant wheel, firstly, the Trombe wall 
heats the outdoor air at (A) to reach (B) then the air passes through the 
auxiliary heater at (C), which will heat the air to the desired regenera
tion temperature. As the air leaves the auxiliary heater, the air passes 
through the desiccant wheel to regenerate it and the air exiting the 
wheel at (D) is then exhausted into the ambient. 

2.2. Nighttime operation 

The operation of the system during nighttime is shown in Fig. 1(b). A 
control strategy is implemented to supply fresh outdoor air 3 h before 
the start of the occupancy schedule. This will refresh the room air with 
the cooler and less humid outdoor air available during the early hours of 
the morning. As for the remaining unoccupied hours, a small flow of 
outdoor air enters the space due to infiltration. The nighttime operation 
is also used to solidify the PCM from the cool energy available at night. A 
control strategy is implemented to optimize the solidification process 
when the ambient air is only admitted to the PCM air channel if its dry 
bulb temperature is less by 1.5 �C or more than that of the PCM melting 
temperature. Otherwise, evaporative cooling is used to aid the solidifi
cation process of the PCM during the unoccupied hours. Evaporative 
cooling at best can reduce the ambient air temperature to its wet bulb 
value; thus, if the temperature of the air leaving the evaporative cooler is 
below the PCM melting temperature, the outdoor air is drawn to the 
evaporative cooler, which it cools from (1) to (2). The air then cools the 
PCM layer and leaves with a higher temperature at (3). When complete 
solidification is achieved and the PCM temperature at the end of the 
channel is 1 �C less than the PCM melting temperature, both the evap
orative cooler and the fan used to circulate the air will not be used, and 
no ambient air is introduced to the PCM air channel. 

3. Materials and methods 

The materials and methods used in this study involve conducting 
simulations to assess the performance of the proposed hybrid cooling 
system. Mathematical models corresponding to each subsystem were 
adopted from published validated literature models for the: i) space 
model [34,35], ii) PCM system model [17], iii) PEC and thermal comfort 
model [36], and iv) desiccant dehumidification model [37,38] with its 
regeneration system that uses a Trombe wall [39,40] and an auxiliary 
heater. The models were integrated to find the conditions of the supply 
air, the room air, and the air reaching the occupant. In addition, the 
thermal comfort of the occupants was assessed using a segmental bio
heat model and a comfort model suitable for non-uniform environments 
around the occupant. The mathematical models of the subsystem are 
described in the following sections along with the methodology for 
sizing the system components. 

3.1. Space model 

Assuming that the room air is homogeneous and that well mixed 
conditions apply, the lumped energy and mass balance equations for the 
office space can be presented as 

ρairVrCp
dTr

dt
¼ _msupCp

�
Tsup � Tr

�
þQoccþQeq þ Qconv (1)  

ρairVr
dwr

dt
¼

Qlatent

hfg
� _msup

�
wr � wsup

�
� _mPECðwr � wPECÞ (2)  

where the left side of Eq. (1) represents the transient heat stored in the 
room air and the first term of the right side is the net convective heat 
flow. ρair is the air density (kg/m3), Vr is the volume of the room (m3), Cp 
is the specific heat capacity of air (J/kg⋅K), _msup is the flow rate of the air 
supplied to the space (kg/s), Tr and Tsup are the room and supply tem
perature, respectively (�C), Qocc and Qeq are the sensible loads generated 
by the occupants and electrical equipment in the space including lights, 
respectively (W), and Qconv is the convective heat transfer between the 
room air and the envelope of the space (W). 

The left side of Eq. (2) represents the transient moisture contained in 
the room air. The first term of the right side is the moisture generation 
rate in the room, the second term of the right side corresponds to the net 
convective moisture flow, and the last term of the right side represents 
the moisture flow from the air leaving the PEC nozzle to the room air. wr, 
wsup, and wPEC are the room supply and air leaving PEC humidity ratios, 
respectively (kg/kg). Qlatent is the latent load generated by the occupants 
(W), hfg is the latent heat of vaporization of water (J/kg), and _mPEC is the 
flow rate of the air supplied by the PEC (kg/s). 

The walls’ surface and internal temperatures were found using the 
space model presented by Yassine et al. [34] and Hourani et al. [35] 
where 1D transient conduction is assumed and each wall is divided into 
parallel layers. The temperature across these layers is measured while 
taking into account the ambient and indoor conditions of the boundary 
layers of each wall. 

3.2. PCM system model 

The schematic of the PCM storage layer system is shown in Fig. 2. 
This system is composed of a single PCM layer and a parallel single air 
channel above it, both sandwiched between insulation layers. 

The model of Lin et al. [17] was adopted in this study, which was 
experimentally validated. The assumptions used to model this system 
include negligible conduction between two adjacent PCM bricks due to 
the high contact resistance between the bricks. In addition, the ceiling 
was assumed to be well-insulated so there was no heat transfer between 
the PCM and the ceiling. The model used the enthalpy method to 
simulate the PCM performance while assuming 1-D transient heat 
transfer. Moreover, the PCM layer consisted of PCM bricks and the air 
channel was divided into elements of dimensions equal to that of the 
PCM brick so that each element has a uniform temperature (see Fig. 2). 

The energy balance equation at any time t for each element i of the 

Fig. 2. Schematic of the PCM storage system.  
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air channel is as follows: 

ρairViCp
dTair;i

dt
¼ hair� pcmAiðTPCM;i � Tair;iÞ þ _msupCpðTair;i� 1 � Tair;iÞ (3)  

where the left side represents the transient heat storage in the air 
channel. The first term of the right side constitutes the convective heat 
transfer between the PCM and the air layer and the last term of the right 
side corresponds to the net convective heat flow. Vi is the volume of a 
single element (m3), hair-pcm is the convective heat transfer coefficient 
between the air channel and PCM layer (W/m2⋅K), Ai is the area of a 
single element (m2), Tair,i and TPCM,i are the temperatures of the 
considered air and PCM elements, respectively (�C), and Tair,i-1 is the 
temperature of the element just before the considered element (�C). 

As for the PCM layer, the heat exchange is defined for two modes: 1) 
sensible heat exchange and 2) phase change heat exchange. In the sen
sible heat exchange, the PCM layer exchanges sensible heat with the air 
without any occurring PCM phase change and during in which the PCM 
temperature is different than its melting temperature. The energy bal
ance equation that was used to solve for the PCM temperature is the 
following: 

ρpcmViCp� pcm
dTpcm;i

dt
¼ hair� pcmAiðTair;i � TPCM;iÞ (4)  

where the left side of the equation represents the transient heat storage 
in the PCM layer and the right side is the convective heat transfer be
tween the PCM and air layer. ρpcm is the density of the PCM (kg/m3) and 
Cp-pcm is the specific heat of the PCM (J/kg⋅K). 

In the phase change heat exchange where the PCM temperature is 
equal to its melting temperature, the PCM undergoes an isothermal heat 
exchange until it completely solidifies or completely liquefies. In this 
case, the melting fraction of the PCM element can be found using the 
following energy balance equation: 

ρpcmVihsf
dfi

dt
¼ hair� pcmAi

�
Tair;i � TPCM;melting

�
(5) 

The left side of the equation represents the transient heat storage in 
the PCM layer while the right side of the equation corresponds to the 
convective heat transfer between the PCM and air layer. hsf is the latent 
heat of fusion of the PCM (J/kg), f is the melting fraction of the PCM in 
element, and TPCM,melting is the melting temperature of the PCM (�C). 

Solidification of the PCM during unoccupied hours is achieved 
through either admitting ambient air directly into the air channel or 
admitting the evaporatively cooled ambient air. The following equations 
represent the control strategy implemented to solidify the PCM: 
�

if Tamb � TPCM; melting � 1:5�C then Evaporative cooler OFF
else Evaporative cooler ON (6) 

The direct single stage evaporative cooler used and the model 
implemented to predict the temperature of the air leaving the evapo
rative cooler were the same ones adopted by Hourani et al. [35] and are 
represented by the following equation: 

TEC ¼ Tamb � PFðTamb � TwbÞ (7)  

where TEC is the temperature of the air leaving the evaporative cooler. 
PF is the performance factor of the evaporative cooler, which could also 
be considered for its effectiveness and which has a typical value in the 
range between 80 and 90% as reported by Hourani et al. [35] and 
experimented by Refaie et al. [41]. Therefore, so an average efficiency of 
85% was used. 

Once the temperature of the last PCM element is below its melting 
temperature by 1 �C then the PCM is completely solidified and the 
evaporative cooler and the fan used to circulate the air are turned off. 

3.3. PEC and thermal comfort model 

The PEC extracts air from the room using a small fan and cools the air 
after passing it over a wet pad. This increases the moisture content of the 
air while decreasing its temperature. The PEC affects only the climate 
within the vicinity of the occupants, consequently affecting their head 
and the trunk. Although the PEC creates a relatively higher humidity 
microclimate around the occupant, humans can tolerate large variations 
in humidity compared to temperatures [26]. To calculate the thermal 
comfort of the occupants in non-uniform environmental conditions, 
Zhang et al. [36] developed a model capable of predicting the overall 
thermal comfort level using the segmental skin and core temperatures. 
To measure the skin and core temperatures, Salloum et al. [42] devel
oped a bioheat model capable of predicting the segmental temperature 
of 11 body segments (head, chest, back, abdomen, buttocks, upper arm, 
lower arm, hands, thighs, calves, and feet). Once the segmental tem
peratures are determined, the level of thermal comfort can be calculated 
and is reflected by the scale developed by Zhang et al. [36], ranging from 
� 4 (very uncomfortable) to þ4 (very comfortable). 

The different types of evaporative cooling pads including corrugated 
paper, aspen fiber, and rigid cellulose have a high average performance 
factor of 90% as studied by Kulkarni et al. [43]. To estimate the tem
perature of the air leaving the PEC nozzle, the same model for the 
evaporative cooler can be used. 

3.4. Desiccant wheel model 

The type of desiccant used in this study is Silica gel due to its high 
absorption capacity, which can go up to 40% of its weight [37]. More
over, its adsorption characteristics over a wide range of humidity make 
it the first choice for solid desiccants [37]. The psychometric model 
developed and experimentally validated by Beccali et al. [37] and used 
by Hourani et al. [35] was employed to predict the performance of the 
solid desiccant wheel of the proposed system. The model was reported to 
be valid if the supply and regeneration air were in a counter flow 
arrangement with equal flow rates [38]. 

The said model predicts the conditions of the dehumidified air 
(enthalpy and relative humidity) given the conditions of the outdoor and 
the regeneration air with the equations shown below: 

Hout ¼ 0:1312 Hreg þ 0:8688 Hamb (8)  

∅out ¼ 0:9428 ∅reg þ 0:0572 ∅amb (9)  

where Hout, Hreg, and Hamb are the enthalpies of the dehumidified air 
leaving the desiccant wheel, the regeneration air, and the ambient air 
(J/kg), respectively whereas φout, φreg, and φamb are the relative hu
midity of the dehumidified air leaving the desiccant wheel, the regen
eration air and the ambient air (%), respectively. 

The model correlations were reported to be valid for inlet tempera
tures between 20 �C and 34 �C, regeneration temperatures between 40 
�C and 80 �C, inlet air humidity ratios between 8 and 15 g/kg, and 
regeneration air humidity ratios between 10 and 16 g/kg [37]. 

3.5. Regeneration of the desiccant wheel 

A heat source is required to regenerate the desiccant wheel. This heat 
source can be obtained from the free energy provided by the sun during 
the day. Thus, the use of the Trombe wall to heat the air for regenerating 
the desiccant wheel proved useful as a passive sustainable strategy. The 
Trombe wall heats the ambient air flowing through the channel between 
the wall and the glazing where the heated air passes through the 
desiccant wheel for regeneration. A similar configuration of the Trombe 
wall as Badawiyeh et al. [39] and Ong et al.‘s [40] was employed in this 
study such that 1D quasi-steady heat transfer through the Trombe wall 
was assumed while considering uniform temperatures within each of the 
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glazing and the air channel. The flow rate passing through the air 
channel of the Trombe wall was set equal to the flow rate of the fresh air 
passing through the desiccant wheel. The model takes the ambient 
weather data, glazing properties, wall properties, dimensions of the air 
channel, and the airflow passing through it as input (more details can be 
found in section 5). The outputs of the model are the temperatures of the 
glazing and air channel (uniform temperatures), and the external 
boundary of the wall. 

The energy balance equations of the glazing, air channel, and wall 
are used to obtain the outputs of the model and are shown below: 

αgIþ hrad
�
TW � Tg

�
þ hch� g

�
Tch � Tg

�
¼ hamb

�
Tg � Tamb

�
þ Qrad� amb (10)  

hch� WðTW � TchÞ¼ hch� g
�
Tch � Tg

�
þ

_mchCpðTch � TambÞ

Ach
(11)  

ταW I¼ hch� WðTW � TchÞþ hrad
�
TW � Tg

�
þ Qcond (12)  

where the first, second and last terms of the left side of Eq. (10) represent 
the absorbed solar radiation by the glazing, the radiation between the 
wall and the glazing, and the convection between the air flowing 
through the channel with the glazing, respectively. The first term of the 
right side corresponds to the convection between the ambient air and the 
glazing and the radiation between the glazing and the ambient whereas 
the last term of the right side of Eq. (11) represents the flow of air 
through the channel. The first term of the left side of Eq. (12) is the 
portion of solar radiation transmitted through the glazing and absorbed 
by the wall. 

αg is the absorptivity of the glazing, I is the solar radiation (W/m2), 
hrad is the radiation heat transfer coefficient between the wall and the 
glazing (W/m2⋅K), hch-g and hch-W are the convective heat transfer co
efficients between the air in the channel and the glazing and between the 
air in the channel and the wall, respectively (W/m2⋅K). Tg, Tch, and TW 
are the temperatures of the glazing, air in the channel and wall, 
respectively (�C). hamb is the convective heat transfer coefficient be
tween the glazing and ambient air (W/m2⋅K), Qrad-amb is the radiation 
heat transferred between the glazing and ambient air (W), _mch is the flow 
rate of the air passing through the channel (kg/s), Ach is the area of the 
channel (m2), τ is the transmissivity of the glazing, αW is the absorptivity 
of the wall, and Qcond is the heat conducted through the wall (W). 

A schematic of the Trombe wall along with the parameters used are 
illustrated in Fig. 3. 

The air leaving the channel of the Trombe wall at an elevated tem
perature (Tch) is used to regenerate the desiccant wheel. If the Trombe 
wall was not enough to heat the air to the required regeneration tem
perature, other means of heating were implemented such as auxiliary 
heating. 

3.6. Numerical methodology 

The sequence of the proposed system’s operation is summarized by 
the flow chart shown in Fig. 4. Firstly, the input parameters of the system 
were first defined at each hour of operation. Secondly, the desiccant 
wheel model was implemented to find the characteristics of the dehu
midified air using the ambient conditions along with the regeneration 
conditions. The PCM model was then used to find the supply tempera
ture using Eq. (3) which represented 1D transient heat transfer between 
the PCM layer and the air channel. The PCM layer was made up of PCM 
bricks that were 10 cm long and the air channel was discretized 
accordingly into elements of equal length of 10 cm. Fig. 5(a) shows the 
discretization method implemented where n is the total number of PCM 
bricks, L is the total length of the PCM, and Δx is the length of 1 indi
vidual PCM brick (10 cm). The space model was used to calculate the 
room macroclimate air temperature and humidity using Eq. (1) and Eq. 
(2) where each envelope component (walls, ceiling, and floor) was 
discretized into N finite volume elements along the thickness of the 
envelope component (te) each having a size Δx that is 0.6 cm thick as 
shown in Fig. 5(b). Finally, the PEC model was used to calculate the 
temperature of the air reaching the occupant’s upper body parts so that 
the thermal comfort model was used to assess the thermal comfort of the 
occupants. The equations were solved using the finite volume method 
and an implicit scheme was implemented. The implicit scheme allowed 
for a larger time step to be adopted so that a time step of 360s reduced 
the simulation runtime. The PCM, space, and PEC models were coupled 
so that the output parameters were initialized and were obtained by 
iterations until convergence was reached with an error less than 10- 4. 
After convergence was attained, the model moved to the next time step 
until the simulation time ended. The simulation was performed for 
several days to eliminate the effect of initialization on the performance 
of the system and to obtain a steady periodic solution. 

3.7. Sizing methodology of system components 

A general methodology followed in selecting the size of the main 

Fig. 3. Schematic of the Trombe wall.  
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system components is presented in this section. The proposed method
ology sets the guidelines for utilizing the proposed system and applying 
it to different encountered case studies in real applications. The data 
needed to size the different system components are mainly the weather 
conditions in terms of ambient hourly temperature, humidity and solar 
radiation, characteristics of the office space (envelop properties and 
space geometry) and the cooling load over the occupied hours, and 
number of occupants. The different components are sized according to 
the data provided as follows:  

� The amount of fresh air needed depends on the number of occupants 
inside the space such that a minimum ventilation rate of 7 l/s per 
person is maintained as recommended by ASHRAE [33].  
� The selection of the PCM melting temperature depends on the peak 

cooling load and on the lowest diurnal temperature difference with 
highest humidity levels during the night. The system should be 
capable of removing the cooling load to maintain a room tempera
ture around 29 �C during occupied hours, and solidifying the PCM 
using evaporative cooling during the night. The cooling load of the 
room dictates the upper limit of the PCM temperature as it needs to 
be low enough (below 29 �C) to remove the load. The nighttime wet 
bulb temperature dictates the lower limit of the PCM melting tem
perature so that total PCM solidification is feasible.  
� The PCM mass is selected such that the PCM removes the cooling 

load during the hottest day in the summer months, while completely 

melting by the end of the occupancy hours. The cooling load is 
defined as the energy needed to cool the room air to an acceptable 
temperature of around 29 �C when using a PEC [11]. The PCM layer 
surface area and air channel length are limited by the space ceiling 
area (length � width); accordingly, the PCM layer thickness can be 
found. 
� The size of the auxiliary heater depends on both the weather con

ditions (mainly humidity and solar radiation) and the efficiency of 
the Trombe wall in heating the outdoor air. For the most critical 
conditions when the outdoor air has the highest humidity, the 
required regeneration temperature would be the highest to maintain 
an acceptable room relative humidity just below the maximum 
allowable limit of 65% as set by ASHRAE [33]. The auxiliary heater 
needs to provide the additional energy needed when the Trombe wall 
fails to attain the desired regeneration temperature. 

The proposed sizing methodology was implemented in the following 
case study that considers an office space occupied during the day over 
the summer months of Beirut climate. 

4. Case study 

The current study evaluated the performance of the proposed system 
in providing indoor thermal comfort. A case study of an office space (7 
m � 6 m � 3 m) in Beirut was simulated during the summer months for 
each typical representative day from June to September. The weather 
data was obtained using TMY (Typical Meteorological Year) for Beirut 
using Meteonorm (V7.3) database, as done by many researchers 
including Chan et al. [44], Farah et al. [45], Annan et al. [46], and 
Daaboul et al. [47]. The TMY produces typical weather data by using 
statistics performed over a number of years to present data of the highest 
occurrence. For Meteonorm, the TMY data is predicted based on a 
10-year period extending from 2000 to 2009 with the data for a repre
sentative day of each month shown in Table 1. For the energy con
sumption over the entire summer month, the energy consumed during a 
typical day of each month is multiplied by the number of days of that 
month. 

The office was occupied during the typical working schedule in 
Lebanon, from 8:00am to 5:00pm.The occupancy schedule, shown in 
Fig. 6, was obtained such that the maximum number of occupants at 
once in the office space was three following ASHRAE’s recommendation 
[33] with a minimum of 14 m2 of office area per occupant. According to 
ASHRAE [30], each occupant contributes 75 W sensible load and 55 W 
latent load to the space load. The lighting and equipment loads were 
estimated at 84 W per occupant [33]. 

The main components of the system include the desiccant wheel, the 
sensible wheel, Trombe wall, PCM storage layer, and the PEC. Table 2 
shows the selected dimensions of these components. 

The Trombe wall was incorporated into the building envelope at the 
south wall which was made up of a clear single glazing, an air channel 
(4 cm thick) as recommended by Kessel [49], a double layered wall 
composed of a polystyrene insulation layer, and a masonry concrete wall 
coated with a dark heat absorbing material as used by Badawiyeh et al. 
[39]. The space was also made up of an external wall on the east side 
while the remaining space envelope were internal surfaces partitioned 
with conditioned spaces with their properties obtained from the thermal 
standards for buildings in Lebanon [50]. The properties of the Trombe 
wall and the space envelope properties are found in Table 3. 

The supply of fresh air was chosen based on the occupancy schedule 
of the space following ASHRAE standards [33] of minimum required 
ventilation rate per occupant (7 l/s per person). The flow rate of the air 
passing through the Trombe wall was set to be equal to the supply flow 
rate of fresh air as recommended by Beccali et al. [38]. The PEC flow rate 
was selected based on human thermal comfort standards (7 l/s) [26] and 
it was constantly maintained throughout the occupancy hours and the 
simulations for all of the months. The supply flow rate of air to the space 

Fig. 4. Flow chart of the proposed system.  
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was chosen based on ASHRAE’s minimum ventilation rate (92 l/s) [33]. 
A control strategy was adopted to supply the outdoor air to the space 3 h 
prior to occupancy to refresh the room air with the cooler and less humid 
ambient air with a flow rate equal to the supply flow rate during occu
pied hours (92 l/s). For the other unoccupied hours, a small flow rate of 

outdoor air was filtrated into the space (2 l/s). The flow of the air used to 
solidify the PCM during nighttime was 11.5 l/s and was selected as such 
so that a complete solidification was obtained just before the occupancy 
schedule at the month that had the peak ambient conditions for tem
perature and humidity, as discussed in section 3.7. For the Beirut 

Fig. 5. Discretization of (a) PCM storage layer and (b) envelope element.  

Table 1 
Ambient conditions for typical days in each summer month.   

Time 
June July August September 

Tamb (�C) Twb (�C) I (W/m2) Tamb (�C) Twb (�C) I (W/m2) Tamb (�C) Twb (�C) I (W/m2) Tamb (�C) Twb (�C) I (W/m2) 

00:00 23 19 0 27 22 0 27 22 0 26 21 0 
1:00 23 18 0 27 22 0 27 21 0 26 21 0 
2:00 23 18 0 27 21 0 27 21 0 26 20 0 
3:00 23 18 0 27 21 0 27 20 0 26 20 0 
4:00 23 18 0 26 21 0 27 20 0 25 20 0 
5:00 23 18 0 26 21 0 27 20 0 25 20 0 
6:00 23 18 14 26 21 3 26 21 0 25 20 0 
7:00 23 19 270 26 21 218 27 21 126 25 20 44 
8:00 25 19 445 28 22 420 28 22 443 26 21 410 
9:00 25 20 525 28 22 511 29 22 577 27 21 585 
10:00 26 21 567 29 22 558 29 23 640 28 21 660 
11:00 26 21 590 29 23 583 30 23 673 28 22 697 
12:00 26 22 602 30 23 596 30 24 690 28 22 715 
13:00 27 22 607 30 24 601 30 24 694 29 22 721 
14:00 27 23 604 30 24 599 30 25 681 29 22 716 
15:00 27 23 594 30 24 590 30 25 655 29 23 700 
16:00 27 23 574 30 24 570 30 25 607 29 23 665 
17:00 26 23 538 29 24 535 30 25 510 28 23 595 
18:00 26 23 471 29 24 468 29 25 285 28 23 436 
19:00 26 23 331 28 24 328 29 25 6 28 23 67 
20:00 26 22 49 27 24 48 28 25 0 28 23 0 
21:00 26 22 0 27 24 0 28 24 0 27 22 0 
22:00 25 21 0 27 23 0 28 24 0 27 22 0 
23:00 25 20 0 27 23 0 28 23 0 27 21 0  
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climate, it was the month of August. 

4.1. PCM selection 

The PCM was stored in a thin layer above the insulated ceiling 
extending to nearly the entire area of the roof. To select the PCM melting 
temperature and mass, simulations were done for the month with the 
peak conditions, as discussed in section 3.7. In this case, the highest 
outdoor air temperature and the most humid weather throughout day
time and nighttime were in August. The PCM melting temperature was 
selected such that the room macroclimate temperature did not exceed 
the maximum limit for thermal comfort, which was 29 �C while using a 
PEC to provide thermal comfort to the occupants [11]. However, to 
completely solidify the PCM during unoccupied hours and even with the 
aid of evaporative cooling, the minimum melting PCM temperature was 
25 �C. To sustain comfort for the all occupied hours, a minimum of 7.87 
kg (5.5 m � 6.5 m with a thickness of 0.25 mm) of PCM should be 
present. The PCM properties were obtained from Thambidurai et al. [51] 
and are listed in Table 4. 

4.2. Regeneration temperature selection 

The regeneration temperature of a desiccant wheel using Silica gel as 
the desiccant should be within the range from 40 �C to 80 �C as rec
ommended by Beccali et al. [37]. The regeneration temperature was 
fixed throughout the day for each month while maintaining a room 
relative humidity below 65%, as discussed in section 3.7. Simulations 
were performed for June, July, August, and September with the mini
mum regeneration temperature to keep the relative humidity of the 
space just below the maximum allowable limit were found to be 55 �C, 
51 �C, 57 �C, and 40 �C, respectively. Whenever the Trombe wall was not 
enough to obtain the required regeneration temperature, the auxiliary 
heater provided the desired regeneration throughout the day. 

4.3. Conventional system setup 

To evaluate the performance of the proposed system, a conventional 
air conditioning system was simulated to compare the energy con
sumption of both systems. The conventional air conditioning system is a 
regular vapor compression system that provides uniform conditions in 
the space. Accordingly, assessing comfort using the Predicted Mean Vote 
(PMV) [52] and for the same thermal comfort level, the energy con
sumption of the two systems were compared. Simulations were per
formed for each month to find the electric energy needed to remove the 
sensible and latent loads for the same room envelope, supply air flow 
rate, fresh air flow rate, and ambient conditions used for the proposed 
system. The energy consumption of the conventional system is 
composed of the electrical energy consumed to run the mechanical 
cooling system whereas the proposed system’s energy consumption is 
made up of the electrical energy used to run the fans and the rotors of the 
desiccant and sensible wheels. In addition, the proposed system con
sumes low grade thermal energy used by the auxiliary heater to reach 
the required regeneration temperature. 

4.4. System performance indicators and constraints 

The performance of the system will be evaluated based on its energy 
consumption, the thermal comfort it provides for the occupants, and 
indoor air quality. The performance indicators of these criteria are 
presented below:  

� The energy consumption of the system is composed of the thermal 
energy needed by the auxiliary heater for regeneration and the 
electrical energy used by the latent and sensible wheels and the fans.  
� The system should maintain occupant thermal comfort above the 

level of slightly uncomfortable (� 1) on Zhang’s et al. [36] thermal 
comfort scale.  
� The COP of the proposed system, which is the ratio of the cooling 

load of the space to the thermal energy consumed through direct 
heating and electrical energy converted to thermal used by the sys
tem to remove the load. The system cooling load is defined in Eq. 
(13) as the thermal energy removed by the system while cooling the 
ambient air to the air supplied to the space after leaving the PCM, 
and the energy removed while cooling the return air circulating 
within the space. 

Qcooling¼ _mfresh
�
Hamb � Hsup

�
þ _mreturnCp

�
Troom � Tsup

�
(13)  

Fig. 6. Occupancy schedule in the space.  

Table 2 
Dimensions of various components of the integrated system.  

Parameter Properties 

Desiccant 
wheel 

Rotor diameter ¼ 482.6 mm; Depth ¼ 345 mm; weight ¼ 67 kg 
[48] 

Sensible wheel Rotor diameter ¼ 482.6 mm; Depth ¼ 345 mm; weight ¼ 67 kg 
[48] 

Trombe wall Height ¼ 3 m; width ¼ 6 m; air gap thickness ¼ 4 cm [49] 
PCM layer Length ¼ 6.5 m; width ¼ 5.5 m; thickness ¼ 0.25 mm [17] 
PEC Nozzle diameter ¼ 8 cm; distance away from occupant ¼ 35 cm 

[35]  

Table 3 
Space envelope properties.  

Parameter Properties 

Glazing Clear single glazing; α ¼ 0.06; ε ¼ 0.9; τ ¼ 0.84 
South wall 5 cm polystyrene insulation layer; k ¼ 0.032 W/m⋅K; α ¼ 0.95; ε ¼

0.95; 
ρ ¼ 70 kg/m3; Cp ¼ 830 J/kg⋅K 
25 cm masonry concrete, k ¼ 1.8 W/m⋅K; ρ ¼ 2800 Kg/m3; Cp ¼

1200 J/kg⋅K 
East wall 20 cm concrete Hollow block; U ¼ 3.03 W/m2⋅K; ρ ¼ 600 kg/m3; 

Cp ¼ 1200 J/kg⋅K 
Internal 

envelope 
10 cm concrete Hollow block; U ¼ 3.63 W/m2⋅K; ρ ¼ 600 kg/m3; 
Cp ¼ 1200 J/kg⋅K  

Table 4 
PCM properties.  

PCM property Value 

Specific heat 2000 J/kg⋅K 
Density 880 kg/m3 

Latent heat of fusion 210 kJ/kg  
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where Qcooling is the cooling load of the space (W), Hamb and Hsup are the 
enthalpies of the ambient and supply air, respectively (J/kg); and _mfresh 

and _mreturnare the flow rates of the fresh air and air recirculated within 
the space, respectively (kg/s). 

The energy consumed by the proposed system is made of the auxil
iary heater thermal energy and the electrical energy used in the system 
converted to thermal raw energy for electric power generation. A typical 
power plant has a thermal-to-electric efficiency of 47% as presented by 
Zaversky et al. [53]. The peak and daily average COP will be calculated 
to measure the performance of the system. The peak COP is calculated 
for the critical hour of the day, when the cooling load is at its peak, and is 
given by 

COPp¼
Qcooling;p

Qaux;p þ
QE;p

μ

(14)  

where Qcooling,p is the cooling load at the peak hour (W), Qaux,p and QE,p 
are the thermal and electric energy consumed by the system at the peak 
hour, respectively (W), and μ is the thermal-to-electric efficiency (%). 

The daily average COP is found by calculating the cooling load and 
energy consumption over the entire day and is given by 

COPda¼
Qcooling;T

Qaux;T þ
QE;T

μ

(15)  

where Qcooling,T is the total cooling load over the entire day (W) and Qaux, 

T and QE,T are the total thermal and electric energy consumed by the 
system over the entire day, respectively (W). 

The constraints on the performance of the system are as follows:  

� The maximum room relative humidity is 65% as recommended by 
ASHRAE [33]. 
� The minimum supply of fresh air is 7 l/s per occupant as recom

mended by ASHRAE [33].  
� The PCM should completely solidify during unoccupied hours to 

maintain the system performance for the next day. 

5. Results and discussion 

The proposed system is assessed based on the simulations of the 
developed mathematical model, the level of the indoor thermal comfort, 
and the energy consumption for each summer month. The effectiveness 
of the Trombe wall in reducing energy consumption was determined by 
comparing the energy consumption of the system with and without it. 
Finally, the system performance was evaluated by finding the energy 
savings the system can yield compared with a conventional AC unit. The 
system was simulated for a typical day for each summer month (June, 
July, August, and September) with August being the most critical month. 

5.1. Model validation 

The accuracy of the obtained results depends on the accuracy of the 
desiccant model, Trombe wall, PCM model, and space model. These 
models are experimentally validated with a small relative error in 
measurement. The desiccant wheel model developed by Beccali et al. 
[37] was derived from the interpolation of experimental data. The 
theoretical Trombe wall model developed by Ong et al. [40] was verified 
by conducting an experiment with a physical model of a Trombe wall (2 
m high � 0.45 m wide) with air gaps of 0.1, 0.2, and 0.3 m under varying 
ambient conditions. The experiments were carried out outdoors and on 
the roof of the building such that the setup was exposed to both direct 
and diffuse solar radiation. The PCM model presented by Lin et al. [17] 
was validated using the data collected from a laboratory experimental 
air-conditioning test rig. During the tests, a total of five PCM bricks were 
placed at the end of the air duct as a test section. The PCM melting 
temperature used was 23 �C with each PCM brick having the dimensions 

of 0.5 m � 0.25 m � 0.032 m while the air layer was 16 mm thick. As for 
the space model presented by Yassine et al. [34], it was validated against 
a calibrated software (TRNSYS). Table 5 shows the relative error of each 
model discussed in the literature, which developed and validated the 
model. It is observed that the overall operation has a small error of 
measurement making the obtained results reliable. 

5.2. Analysis of indoor conditions and thermal comfort 

Fig. 7 to Fig. 10 present the variation in time of (a) the temperature of 
the room and ambient air while showing the temperature range of the 
PEC outlet and the overall comfort levels during occupied hours, and (b) 
the humidity ratio of room and ambient air for the months of June, July, 
August and September, respectively. To maintain comfort within the 
space, the maximum allowable room temperature is 29 �C when using a 
PEC [26]. As for the humidity, the maximum allowable relative hu
midity inside the space is 65% as set by ASHRAE [33]. The desiccant 
wheel, Trombe wall, and PEC were turned on during the occupied hours 
and turned off during the unoccupied. The flow rate of air passing 
through the desiccant wheel and the Trombe wall varied per the occu
pancy schedule while the PEC flow rate was maintained throughout the 
occupancy hours. 

For the month of June (Fig. 7), the room temperature varied between 
24.8 �C and 26.3 �C during occupancy hours (see Fig. 7 (a)) which is 
below the maximum allowable room temperature of 29 �C. The room 
temperature increased steadily as the occupancy hours began and 
decreased slightly towards the end of the occupancy schedule. This was 
due to the change of the occupancy schedule and thus resulted in a 
decrease in the internal load. During unoccupied hours, the room tem
perature slightly decreased with the decrease of the ambient through 
exchanging heat with the walls and a small flow rate of ambient air due 
to infiltration. Before 3 h of the occupancy schedule, the supply fan was 
turned on to refresh the ambient air, which is cooler and less humid than 
the room air, hence providing a noticeable decrease in the temperature 
and humidity of the room air. The PEC outlet temperature varied slightly 
between 19.4 �C and 21.5 �C (see Fig. 7 (a)). The overall thermal comfort 
of the occupants was found using Zhang’s thermal comfort model [36] 
between � 0.34 and þ 0.32 and which fell above the limit of the mini
mum acceptable thermal comfort of � 1 or slightly uncomfortable. Even 
though the PEC increased the moisture generation in the space, desic
cant dehumidification maintained the room relative humidity between 
58% and 63% both below the maximum allowable limit of 65%. 

5.3. Hybrid system component evaluation 

To prove the contribution of each subsystem in the overall system 
operation, Table 6 shows the temperature and humidity ratio of the air 
leaving each component as labeled in Fig. 1 during daytime operation at 
the peak occupancy hour (3:00 p.m.). In June for example, the ambient 
humidity ratio at state 1 entering the desiccant wheel at 15.6 g/kg is 
dehumidified and leaves the desiccant at state 2 with a lower humidity 
ratio of 10.0 g/kg while increasing its temperature from 27 �C to 43.6 �C. 
Evaporative cooling is used to cool the dehumidified air through 
exchanging heat between the evaporatively cooled ambient air and the 
dehumidified air using a sensible wheel. The dehumidified air leaving 
the sensible wheel at state 3 with a temperature of 26.4 �C mixes with 
the room return air to reach state 4. The mixed air is cooled while 

Table 5 
Reported relative error of measurement of each model.  

Model Error in temperature (�C) Error in humidity ratio (g/kg) 

Desiccant model �0.15 [37] �0.20 [37] 
Trombe wall model �0.50 [40] – 
PCM model �0.30 [17] – 
Space model �0.40 [34] –  
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passing through the PCM layer from 26.3 �C to 26.1 �C before being 
supplied to the space. The supplied air at state 5 (temperature 26.1 �C 
and 12.1 g/kg humidity ratio) enters the room and enters the PEC which 
cools the air delivered to the upper body segments of the occupants to 
21 �C while humidifying the air to 14.1 g/kg. Finally, part of the room 
air at state 7 (26.3 �C and 12.7 g/kg) is exhausted to the ambient while 
the other part is recirculated in the space. On the regeneration stream, 
the ambient air at state A at temperature of 27 �C is heated after passing 
through the Trombe wall and leaves with an elevated temperature of 

38.5 �C. To reach the desired temperature of 55 �C, the auxiliary heater 
is used to heat the air leaving the Trombe wall at state B to reach state C. 

As for the months of July, August, and September (Fig. 8 to Fig. 10) 
they had similar weather conditions with August being the hottest and 
most humid month. The room temperature remained below the 
maximum allowable macroclimate temperature of 29 �C where it 
reached a maximum of 28.2 �C in August (see Fig. 9(a)). In addition, 
with the aid of the desiccant wheel the room relative humidity remained 
below 65% during the occupied hours while varying the minimum 
regeneration temperature for each month. The overall comfort of the 
occupants was also just at the limit of the minimum thermal comfort 
level while obtaining slightly better results for July and September, 
which have a drier cooler climate than August. The conditions of the air 
leaving each component of the proposed system for the months of July, 
August, and September are also shown in Table 6. The components 
operate in a similar manner for all the months while the conditions of the 
air vary due to the variation in the ambient conditions and required 
regeneration temperature. 

For September, the humidity ratio of the room has a different trend 
than the other months (see Fig. 10(b)) where the room humidity ratio is 
higher than the ambient in the first hours of occupancy. This occurs due 
to the relatively low ambient humidity and high temperature such that 
even with the moisture generation from the PEC and occupants in the 
space, the room relative humidity remains below 65% and so comfort is 
attained. As for the remaining occupancy hours towards the end of the 
day, the ambient humidity was high and the moisture generation 
increased with the increase of the number of occupants as per the oc
cupancy schedule. Hence, dehumidification was required to maintain 
the thermal comfort limit for the maximum allowable humidity in the 
space. In addition, the Trombe wall provided extra regeneration above 

Fig. 7. The variation in time of (a) the temperature of the room and ambient air 
while showing the temperature range of the PEC outlet and the overall comfort 
levels during occupied hours and (b) the humidity ratio of room and ambient 
air for the month of June. 

Table 6 
Temperature and humidity ratio at each state of the system for each month at the 
peak occupancy hour (3:00 p.m.).  

Month June July August September 

State T 
(�C) 

w (g/ 
kg) 

T 
(�C) 

w (g/ 
kg) 

T 
(�C) 

w (g/ 
kg) 

T 
(�C) 

w (g/ 
kg) 

1 27.0 15.6 30.0 16.2 30.0 17.4 28.9 14.4 
2 43.6 10.0 43.3 11.7 46.7 11.8 38.4 11.0 
3 26.4 10.0 27.5 11.7 28.7 11.8 25.8 11.0 
4 26.3 12.1 28.0 13.8 28.3 13.9 26.9 13.3 
5 26.1 12.1 27.5 13.8 27.7 13.9 26.5 13.3 
6 21.0 14.8 22.9 16.6 23.0 16.7 22.3 16.0 
7 26.3 12.7 28.2 14.4 28.2 14.6 27.2 14.0 
A 27.0 15.6 30.0 16.2 30.0 17.4 28.9 14.4 
B 38.5 15.6 41.2 16.2 43.0 17.4 44.0 14.4 
C 55.0 15.6 51.0 16.2 57.0 17.4 44.0 14.4 

1: Outdoor air; 2: Exit of desiccant wheel; 3: Exit of sensible wheel; 4: Mixed air 
after sensible wheel and return room air; 5: Exit of PCM layer; 6: Exit of PEC; 7: 
Return room air; A: Outdoor air; B: Exit of Trombe wall; C: Exit of Auxiliary 
heater. 

Fig. 8. The variation in time of (a) the temperature of the room and ambient air 
while showing the temperature range of the PEC outlet and the overall comfort 
levels during occupied hours and (b) the humidity ratio of room and ambient 
air for the month of July. 
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the minimum required limit. Therefore, the relative humidity in the 
space during the last hours of occupancy was in the range between 58% 
and 62%, which fell well below the maximum allowable limit of 65%. 

As for the PCM, it completely solidified during the night in all months 
with the aid of evaporative cooling of the ambient air except for the 
month of June, where the ambient air was cool enough for PCM solid
ification and so the evaporative cooler was unnecessary. The flow rate of 
the air used for the solidification process was the minimum flow rate to 
obtain complete solidification just before the occupancy hours begin for 
the most critical month (August). The PCM completely melted only in 
August and at the end of the occupied hours lasting the whole duration 
of the occupancy (9 h). Solidification occurred faster in the months other 
than August as the PCM did not completely melt. In June, only 26% of 
the PCM melted requiring only 3.1 h to completely solidify compared to 
8.3 h in August. 

If the heat from the Trombe wall was not enough to heat the air to the 
minimum needed regeneration temperature for each month, the auxil
iary heater was used. Table 7 presents the hourly energy consumption of 
the auxiliary heater (Qaux) and the temperature of the air leaving the 
Trombe wall channel (Tch). The temperature of the air leaving the 
Trombe wall varied hourly due to the time-variation of the solar irra
diance and ambient temperature. The energy consumption of the 
auxiliary heater also varied hourly as per the occupancy schedule since 
more energy was needed to heat a larger flow of air. The consumption of 
the heater depended on the variation of the temperature of the air 
leaving the Trombe wall channel. It was observed that for the month of 
September, which had the highest solar irradiance compared to the 
other months, the Trombe wall alone was just enough to obtain a room 
relative humidity below the maximum limit of 65%. However, in June, 
which had the lowest solar irradiance and had a relatively high 

humidity, the total auxiliary heater consumption was found to be the 
highest among the different months. 

To find the energy needed for regenerating the desiccant wheel, the 
heat energy needed to heat the ambient air to the required minimum 
regeneration temperature was calculated. The auxiliary heater energy 
consumption and the Trombe wall energy savings are shown in Fig. 11. 
The Trombe wall significantly reduced the thermal energy consumption 
especially in September since it had the highest solar irradiance on the 
south wall. In September, the auxiliary heater consumed only 1.9 kWh, 
which was nearly 36 times less than the consumption of the system that 
relied only on the auxiliary heater for regeneration. Over the entire 
summer period, the Trombe wall reduced the total thermal energy 
consumption by 55% compared to using the auxiliary heater solely for 
regeneration. 

The peak and the daily average COP of the proposed system were 
calculated for the months of August (minimum COP) and September 
(maximum COP). The peak COP calculated for the critical hour of the 
day (around 3:00 p.m.) is in the range of 2.4–5.7 and the daily average 
COP is in the range of 2.9–7.0 (lower limit is the COP for the month of 
August and upper limit for September). 

If the regeneration energy depended solely on auxiliary heating, the 
peak COP would be in the range of 1.4–2.3 and the daily average COP 
would be in the range of 1.8–2.6. It is perceived that there is a significant 
difference between the COP of the system with and without using a 
Trombe wall for regeneration, which signifies the degree of the energy 
savings while implementing a Trombe wall in this system. 

5.4. Energy performance comparison with conventional cooling system 

The performance of the proposed cooling system was evaluated by 

Fig. 9. The variation in time of (a) the temperature of the room and ambient air 
while showing the temperature range of the PEC outlet and the overall comfort 
levels during occupied hours and (b) the humidity ratio of room and ambient 
air for the month of August. 

Fig. 10. The variation in time of (a) the temperature of the room and ambient 
air while showing the temperature range of the PEC outlet and the overall 
comfort levels during occupied hours and (b) the humidity ratio of room and 
ambient air for the month of September. 
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comparing its consumption with the consumption of a mechanical 
ventilation system that utilizes a direct expansion system with a typical 
coefficient of performance of 3.0 [39] to obtain the same comfort level. 
The average thermal comfort obtained using the proposed system on 
Zhang et al. [36] scale is � 0.010, � 0.005, � 0.030, 0.010 for June, July, 
August, and September, respectively, which correspond to a nearly 
neutral state on the PMV scale. Simulations were performed for each 
month to find the electric energy needed to remove the sensible and 
latent loads for the same room envelope, supply air flow rate, fresh air 
flow rate, and ambient conditions used for the proposed system. 

As for the electric consumption of the proposed system, it was made 
up of the consumption of the fans of the supply air, fresh air, air used to 
solidify the PCM, air passing through the Trombe wall, air passing 
through the sensible wheel, and the PEC, as well as, the power to rotate 
the desiccant wheel. Comparing the performance of the proposed system 
with a conventional AC unit, Table 8 presents the electrical energy 
consumption of both the proposed system and the conventional one. The 
results showed significant electrical savings especially in August where 
the electrical energy saving was 159.4 kWh which amounted to 96% 
energy reduction. The overall electrical energy saving for the entire 
summer period was 513.5 kWh corresponding to nearly 95% of the 
electric consumption of the conventional AC system. 

The energy consumed by the conventional AC unit was compared to 
the consumption of the proposed system such that thermal comfort is 

maintained by both systems. If the conventional AC system were to 
provide a uniform space temperature profile similar to the profile ob
tained by the proposed system while maintaining a room relative hu
midity below the maximum allowable limit, the energy consumption of 
the conventional AC would be different. For a room set-point tempera
ture between 27 �C and 28 �C and a relative humidity below 65%, the 
conventional AC unit would consume 51 kWh to maintain the space 
conditions for the critical month of August. The same room conditions 
were maintained while using the proposed system consuming only 6.3 
kWh. 

The cost of operation of each system per month was calculated and 
the results are shown in Fig. 12. The calculations were based on a pricing 
of 5 cents/kWh of central heating and 20 cents/kWh of electrical energy. 
The proposed system achieved significant savings especially in the 
month of September where the conventional system cost $23.7, which 
was nearly 18 times more than the proposed system. Even in the month 
of June, the savings remained substantial as the system saved up to 75% 
compared with the conventional AC system. Overall, the proposed 
hybrid cooling system achieved savings amounting to 87% over the 
entire summer period from the conventional AC system. 

5.5. Limitations and applicability 

The proposed hybrid cooling system is feasible in hot and humid 
climates; however, there are some limitations like the case with other 
hybrid systems. The system in the current design cannot be implemented 
in residential buildings as nighttime operation is dedicated for the so
lidification of the PCM. In addition, solar energy is not available during 
nighttime so a large amount of auxiliary heating would be needed to 
dehumidify the air at night in humid climates. Furthermore, this system 
cannot provide thermal comfort if there are higher internal loads for the 
same space parameters. The system can only provide comfort for typical 
low occupancy office spaces (load does not exceed 80 W/m2). 

The applicability of the proposed system has been shown in the case 

Table 7 
Temperature of the air leaving the Trombe wall and the needed auxiliary heater power for regeneration during each month.  

Month June (Treg ¼ 55 �C) July (Treg ¼ 51 �C) August (Treg ¼ 57 �C) Sep (Treg ¼ 40 �C) 

Time Tamb (�C) Tch (�C) Qaux (W) Tamb (�C) Tch (�C) Qaux (W) Tamb (�C) Tch (�C) Qaux (W) Tamb (�C) Tch (�C) Qaux (W) 

8:00–9:00 25 34 176 28 37 122 28 35 187 26 34 55 
9:00–10:00 25 37 151 28 40 97 29 40 147 27 39 10 
10:00–11:00 26 38 142 29 41 85 29 42 130 28 42 0 
11:00–12:00 26 38 273 29 41 164 30 42 245 28 43 0 
12:00–13:00 26 38 420 30 41 253 30 42 383 28 43 0 
13:00–14:00 27 38 425 30 41 255 30 42 382 29 43 0 
14:00–15:00 27 38 423 30 41 252 30 43 365 29 44 0 
15:00–16:00 27 39 284 30 42 160 30 44 232 29 45 0 
16:00–17:00 27 40 138 30 43 73 30 46 107 29 47 0  

Fig. 11. Thermal energy consumption of the auxiliary heater of the proposed 
system and the energy savings of the Trombe wall. 

Table 8 
Electrical energy consumed by a conventional AC unit compared with the pro
posed system during the entire month.  

Electrical consumption (kWh) Conventional AC unit Proposed system 

June 95.6 6.0 
July 158.3 6.2 
August 165.7 6.3 
September 118.5 6.1  

Fig. 12. The cost of operating a conventional AC unit and the proposed system 
for each month. 
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study for hot and humid conditions. The sizing and selection approach as 
well as the performance indicators of the various system components 
were presented. On the other hand, the proposed system can be applied 
in different climates of dryer and relatively cooler conditions. Lower 
humidity levels would reduce the need for auxiliary heating and might 
eliminate the need for a Trombe wall and desiccant dehumidification. 
Moreover, a lower PCM melting temperature could be selected if 
nighttime conditions are dryer with lower wet bulb temperatures, thus 
the system would be more efficient in removing higher cooling loads 
during the day. Moving forward, even though this system is typically 
applied to a single office space it can also be implemented on a much 
larger scale such as an entire office building, which can yield more en
ergy savings and make the system more economically feasible. In 
addition, applying another heating source simultaneously with the 
Trombe wall instead of the auxiliary heater such as solar energy or a 
waste heat source could vastly improve the performance of the system 
and increase energy savings. 

6. Conclusions 

This paper investigated the feasibility of implementing a hybrid 
cooling system for an office space in a hot and humid climate. The 
proposed system was numerically simulated using experimentally vali
dated models with the following key results:  

� The thermal comfort of the occupants was maintained between a 
neutral and slightly uncomfortable state.  
� The room relative humidity was controlled such that it did not 

exceed the maximum allowable limit.  
� Complete solidification of the PCM was achieved during unoccupied 

hours even for the most critical summer month (August). 

As for the energy savings, the proposed system was found to reduce 
energy cost by 87% compared with a conventional cooling system over 
the entire cooling season. The Trombe wall savings were also evaluated 
and it was found that the Trombe wall could save up to 55% of the 
thermal energy consumption of the proposed system over the entire 
summer period compared with the case of relying only on the auxiliary 
heater for regeneration. 
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