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This study investigates the performance of a hybrid cooling system for an office space. 

The hybrid system combines a phase change material (PCM) storage layer with a melting 

temperature of 25 ºC to cool the supply air and a personalized evaporative cooler (PEC) 

system to provide local cooling for the occupants. In addition, humidity of the supply air 

is controlled using a solid desiccant wheel regenerated via an auxiliary heater assisted 

with a Trombe wall. Moreover, an evaporative cooler and a sensible wheel are used to 

assist in cooling the supply air. The combined system can be used primarily for hot humid 

climates in office spaces. The system should meet the space load, indoor air quality, and 

minimum fresh air requirements (7 l/s per person) set by ASHRAE standards and can 

provide thermal comfort during daytime with minimum electric energy consumption by 

using only small fans and an auxiliary heater. Mathematical models for each component 

have been implemented to simulate their performance and then evaluate the performance 

of the overall system. A bioheat model that can predict human thermal response such as 

skin and core temperatures has been used to predict the overall thermal comfort of the 

occupants.  

A case study for an office space located in Beirut is developed to assess the performance 

of the proposed hybrid cooling system during the summer months and to check the 

resultant overall thermal comfort of the occupants. The Trombe wall proved to be 

effective for regeneration purposes as it achieved a 55 % thermal energy reduction 

compared to relying only on the auxiliary heater for regeneration. Overall, the proposed 

system achieved savings up to 87% of the total operation cost compared with the 

consumption of a conventional AC unit over the entire cooling season. 
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NOMENCLATURE 

A  : area, m2 

Cp  : specific heat, J/kg·K 

f : melting fraction 

h : convective heat transfer coefficient, W/m2·K  

H : enthalpy, kJ/kg 

hsf   : latent heat of fusion of the PCM, J/kg 

I : solar radiation, W/m2 

k : thermal conductivity, W/m·K 

�̇� : mass flow rate, kg/s 

PF : performance factor 

Q : power, W 

T : temperature, C  

t  : time, s 

U : overall heat transfer coefficient, W/m2·K 

V : volume, m3 

w : humidity ratio, kg/kg 

Greek symbols 

α : absorptivity 

ε : emissivity 

ρ : density, kg/m3 
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τ : transmissivity 

ϕ : relative humidity, % 

Subscripts 

amb : ambient 

ch : channel 

cond : conduction 

conv : convection 

EC : evaporative cooler 

eq : equipment 

g :glazing 

occ : occupants 

PEC : personalized evaporative cooler 

pcm : phase change material 

r : room 

rad : radiation 

reg : regeneration 

sup : supply 

W : wall 

wb : wet bulb temperature 
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CHAPTER I 

                              INTRODUCTION 

 

 Conventional heating, ventilation and air conditioning (HVAC) systems are 

widely used for cooling or heating purposes, thermal comfort 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 the 

carbon dioxide emissions [2]. They also disrupt the energy supply and demand balance 

in warm and humid climates [3]. Therefore, sustainable and passive alternative 

techniques are primarily sought to reduce the use of conventional HVAC systems [4]. 

One of these passive cooling techniques is the free cooling of buildings [5]. Free 

cooling ventilation is defined as using the outdoor air as a heat sink for building cooling 

purposes [6,7]. Direct 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. To 

benefit from free cooling in these climates, the natural cold energy available at night 

due to the outdoor air temperature difference between the day and the night should be 

utilized [8]. Thus, a storage system would be needed to collect this energy and use it 

during the warm period of the following day. A sustainable passive storage system that 

can be utilized for this purpose is known as cool thermal energy storage [9,10]. 
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Thermal energy storage is a passive technique that can preserve energy when it is 

available to be extracted when it is needed [1]. One of the thriving techniques to store 

thermal energy is the implementation of phase change materials (PCMs) [9]. PCMs are 

characterized by their ability to store and release large amounts of energy nearly 

isothermally [11]. PCM can be installed into the building in passive systems through 

integrating them into the building envelope (walls, roofs, and floors) [12]. It was found 

that PCM integrated in buildings is effective in climates where the temperature 

difference between the day and the night is large [8]. Osterman et al. [13] 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 climates 

where the temperature difference between 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, means of cooling the outdoor air are 

needed 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. So, 

another passive strategy should be employed in addition to the PCM to assist in cooling 

the occupied space. 

A promising passive 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 face 

and chest [14,15]. Zhang [16] showed that upper body parts have a dominant impact on 
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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 microclimate. This permitted the use of elevated supply air temperatures to 

the space resulting in higher background or macroclimate room temperature [17-19]. 

Consequently, the PEC would be attractive to use in passive 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 [20]. However, a strategy is needed 

to dehumidify the room air so that the PEC can be employed in humid climates of 

coastal regions.  

 For this purpose, desiccant dehumidification is an attractive option in these 

applications when outside air is humid [21]. Solid desiccant wheels are widely 

employed as a dehumidification system and can be regenerated using a low-grade 

regeneration heat source [21]. The heat source could be an auxiliary heater or a free 

source of heat. To reduce energy consumption of the auxiliary heater, a Trombe wall 

can be integrated with the building south envelope to heat an air stream between the 

glazing and the wall and use this air to regenerate the desiccant. The Trombe wall was 

reported in literature to heat the ambient air substantially. In a study conducted by 

Bevilacqua et al. [22], the Trombe wall heated the outdoor air from 11 °C to 23 °C 

during the winter season in Pisa. Also, Hong et al. [23] reported an increase of the 

ambient air temperature from 5 °C to 22 °C when the Trombe wall was used in the 

winter season in China. So, the Trombe wall can be utilized to reduce the energy 
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consumption of heating, as it was mainly used for heating purposes during winter. The 

use of the Trombe wall for regenerating desiccants has not been reported in previous 

studies. 

In this study, a hybrid passive 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 implemented in hot and humid regions such as the 

Mediterranean or the Gulf coastal regions. The proposed system is applicable for office 

spaces which are unoccupied 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) [6] and can provide 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 evaporative 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. 
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CHAPTER II 

SYSTEM DESCRIPTION 

 

The proposed system has 2 modes of operation: daytime and nighttime operation as 

shown in Fig. 1 (a) and (b). The main components of the system are: a PCM storage layer 

system, PEC, a desiccant wheel, a Trombe wall, an auxiliary heater, an evaporative 

cooler, and a sensible wheel. The proposed operation of the integrated system is described 

in this section. 
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A. 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 with the aid of evaporative 

cooling, the ambient air cools the dehumidified air as it passes through the sensible 

wheel to reach (3). 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 and the process repeats 

throughout the day.  As for the regeneration of the desiccant wheel, first 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 regeneration 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 to the ambient. 

B. 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 before 3 hours of the beginning of 

the occupancy schedule to 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 regenerate the PCM from the cool energy available at night. A 
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control strategy is implemented to optimize the regeneration 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 regeneration 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 cools it 

from (1) to (2). The air then cools the PCM layer and leaves with a higher temperature 

at (3). When complete regeneration is achieved and the PCM temperature at the end of 

the channel is 1 C less than the PCM melting temperature, both the evaporative cooler 

and the fan used to circulate the air will not be used, and no ambient air is introduced to 

the PCM air channel. 
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CHAPTER III 

MATHEMATICAL MODELING 

 

 To simulate the performance of the proposed hybrid passive cooling system, 

each subsystem was modeled using a mathematical model adopted from published 

validated models in literature; i) space model [24,25], ii) PCM system model [26], iii) 

PEC [27] and thermal comfort model [28], and iv) desiccant model with its regeneration 

system that uses a Trombe wall 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 bioheat 

model and a comfort model suitable for non-uniform environments around the 

occupant. In what follows, the mathematical models of the subsystem are described. 

A. 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 are presented below 

respectively:  

𝜌𝑎𝑖𝑟𝑉𝑟𝐶𝑝

𝑑𝑇𝑟

𝑑𝑡
= �̇�𝑠𝑢𝑝𝐶𝑝(𝑇𝑠𝑢𝑝 − 𝑇𝑟) + 𝑄𝑜𝑐𝑐 + 𝑄𝑒𝑞 + 𝑄𝑐𝑜𝑛𝑣                                               (1) 

𝜌𝑎𝑖𝑟𝑉𝑟

𝑑𝑤𝑟

𝑑𝑡
=

𝑄𝑙𝑎𝑡𝑒𝑛𝑡

ℎ𝑓𝑔
− �̇�𝑠𝑢𝑝(𝑤𝑟 − 𝑤𝑠𝑢𝑝) − �̇�𝑃𝐸𝐶(𝑤𝑟 − 𝑤𝑃𝐸𝐶)                                     (2) 

Where the left side of Eq. (1) represents the transient heat stored in the room air; the first 

term of the right side is the net convective heat flow; Qocc is the sensible load generated 

by the occupants; Qeq is the sensible load generated by the lights and other electrical 
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equipment inside the space; Qconv is the convective heat transfer between the room air and 

the envelope of the space. 

 The left side of Eq. (2) represents the transient moisture stored 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; the last term of the right 

side represents the moisture flow from the air leaving the PEC nozzle to the room air.  

The walls’ surface and internal temperatures were found using the space model 

presented by Yassine et al. [24] and Hourani et al. [25] where 1D transient conduction is 

assumed, and each wall is divided into parallel layers. The temperature across these layers 

is found while taking into account the ambient and indoor conditions of the boundary 

layers of each wall. 

B. PCM Storage Model 

 The schematic of the PCM storage layer system is shown in Fig. 2. This system 

is decomposed of a single PCM layer and a parallel single air channel above it, both 

sandwiched between insulation layers.  
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The model of Lin et al. [26] was adopted in this work which was experimentally 

validated. The model used the enthalpy method to simulate the PCM performance while 

assuming 1-D transient heat transfer. Moreover, the PCM layer was made up 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). In addition, the 

conduction between two adjacent PCM bricks was assumed negligible due to the high 

contact resistance between the bricks. The ceiling of the occupied space was also 

assumed to be well insulated, so there was no heat transfer between the PCM and the 

ceiling. 

The energy balance equation at any time t for each element i of the air channel is as 

follows: 

𝜌𝑎𝑖𝑟𝑉𝑖𝐶𝑝

𝑑𝑇𝑎𝑖𝑟,𝑖

𝑑𝑡
= ℎ𝑎𝑖𝑟−𝑝𝑐𝑚𝐴𝑖(𝑇𝑃𝐶𝑀,𝑖 − 𝑇𝑎𝑖𝑟,𝑖) + �̇�𝑠𝑢𝑝𝐶𝑝(𝑇𝑎𝑖𝑟,𝑖−1 − 𝑇𝑎𝑖𝑟,𝑖)                 (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; the last term of the right side corresponds to the net convective heat flow; Tair,i 

and TPCM,i  are the temperatures of the considered air and PCM elements respectively; 

Tair,i-1 is the temperature of the element just before the considered element. 

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 sensible heat exchange, the PCM 

layer exchanges sensible heat with the air without any PCM phase change occurring and 

during which the PCM temperature is different than its melting temperature. The energy 

balance equation that was used to solve for the PCM temperature is the following:  
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𝜌𝑝𝑐𝑚𝑉𝑖𝐶𝑝−𝑝𝑐𝑚

𝑑𝑇𝑝𝑐𝑚,𝑖

𝑑𝑡
= ℎ𝑎𝑖𝑟−𝑝𝑐𝑚𝐴𝑖(𝑇𝑎𝑖𝑟,𝑖 − 𝑇𝑃𝐶𝑀,𝑖)                                                        (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 between the PCM and air layer.  

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
= ℎ𝑎𝑖𝑟−𝑝𝑐𝑚𝐴𝑖(𝑇𝑎𝑖𝑟,𝑖 − 𝑇𝑃𝐶𝑀,𝑚𝑒𝑙𝑡𝑖𝑛𝑔)                                                            (5) 

The left side of the equation represents the transient heat storage in the PCM layer; 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;  f is the melting fraction of the 

PCM in element i.  

Regeneration 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 

regenerate the PCM:   

{
𝑖𝑓 𝑇𝑎𝑚𝑏 ≤ 𝑇𝑃𝐶𝑀,𝑚𝑒𝑙𝑡𝑖𝑛𝑔 − 1.5℃    𝑡ℎ𝑒𝑛     𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑜𝑙𝑒𝑟 𝑂𝐹𝐹

𝑒𝑙𝑠𝑒                                                              𝐸𝑣𝑎𝑝𝑜𝑟𝑎𝑡𝑖𝑣𝑒 𝑐𝑜𝑜𝑙𝑒𝑟 𝑂𝑁
                        (6) 

The direct single stage evaporative cooler was used and the model implemented to 

predict the temperature of the air leaving the evaporative cooler is the one adopted by 

Hourani et al. [25] and represented by the following equation: 

𝑇𝐸𝐶 = 𝑇𝑎𝑚𝑏 − 𝑃𝐹(𝑇𝑎𝑚𝑏 − 𝑇𝑤𝑏)                                                                                               (7) 
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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 as its 

effectiveness and has a typical value in the range between 80 to 90% as reported by 

Hourani et al. [25] and experimented by Refaie et al. [27], so an average efficiency of 

85% was used; Twb is the wet bulb temperature of the ambient air.  

Once the temperature of the last PCM element is below its melting temperature by 

1°C then the PCM is completely regenerated and the evaporative cooler and the fan 

used to circulate the air will be turned off.  

C. 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 in the vicinity of the occupants, 

consequently affecting the head and the trunk of the occupant. To calculate the thermal 

comfort of the occupants in a non-uniform environment, Zhang et al. [28] developed a 

model capable of predicting the overall thermal comfort level using the segmental skin 

and core temperatures. To find the skin and core temperatures, Salloum et al. [29] 

developed 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 temperatures are determined, the level of thermal 

comfort can be calculated and it is reflected by the scale, developed by Zhang et al. 

[28], ranging from -4 (very uncomfortable) to +4 (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 experimented by 
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Kulkarni et al. [30]. To estimate the temperature of the air leaving the PEC nozzle, the 

same model used for the evaporative cooler can be used. 

D. 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 [31]. Moreover, its adsorption 

characteristics over a wide range of humidity makes it the first choice for solid 

desiccants [31]. The psychometric model developed and experimentally validated by 

Beccali et al. [31] and used by Hourani et al. [25] 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 [32].  

The model predicts the conditions of the dehumidified air (enthalpy and relative 

humidity) given the conditions of the outdoor and the regeneration air, and the 

equations are shown below:  

𝐻𝑜𝑢𝑡 = 0.1312 𝐻𝑟𝑒𝑔 + 0.8688 𝐻𝑎𝑚𝑏                                                                                      (8) 

∅𝑜𝑢𝑡 = 0.9428 ∅𝑟𝑒𝑔 + 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 (kJ/kg), respectively; ϕout, ϕreg, 

and ϕamb are the relative humidity of the dehumidified air leaving the desiccant wheel, 

the regeneration air and the ambient air (%), respectively. 

The model correlations were reported to be valid for inlet temperatures between 20 

C and 34 C, regeneration temperatures between 40 C and 80 C, inlet air humidity 
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ratios between 8 and 15 g/kg, and regeneration air humidity ratios between 10 and 16 

g/kg [31].  

E. Regeneration of the Desiccant Wheel  

 A heat source is needed in order 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 made it a 

passive sustainable strategy to be employed. The Trombe wall heats the ambient air 

flowing through the channel between the wall and the glazing, and then the heated air 

passes through the desiccant wheel for regeneration. A similar configuration of the 

Trombe wall as Ong et al. [33] and Badawiyeh et al. [34] 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 glazing and the air channel. The 

flow rate passing through the air channel of the Trombe 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 air flow 

passing through it as the inputs (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 respectively: 

𝛼𝑔𝐼 + ℎ𝑟𝑎𝑑(𝑇𝑊 − 𝑇𝑔) + ℎ𝑐ℎ−𝑔(𝑇𝑐ℎ − 𝑇𝑔) = ℎ𝑎𝑚𝑏(𝑇𝑔 − 𝑇𝑎𝑚𝑏) + 𝑄𝑟𝑎𝑑−𝑎𝑚𝑏              (10) 

ℎ𝑐ℎ−𝑊(𝑇𝑊 − 𝑇𝑐ℎ) = ℎ𝑐ℎ−𝑔(𝑇𝑐ℎ − 𝑇𝑔) +
�̇�𝑐ℎ𝐶𝑝(𝑇𝑐ℎ − 𝑇𝑎𝑚𝑏)

𝐴𝑐ℎ
                                       (11) 



15 

 

 

 

𝜏𝛼𝑊𝐼 = ℎ𝑐ℎ−𝑊(𝑇𝑊 − 𝑇𝑐ℎ) + ℎ𝑟𝑎𝑑(𝑇𝑊 − 𝑇𝑔) + 𝑄𝑐𝑜𝑛𝑑                                                     (12) 

Where the first, second and last terms of the left side of Eq. (10) represent respectively 

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. The first and last terms of the right side correspond respectively to the 

convection between the ambient air and the glazing and the radiation between the 

glazing and the ambient; 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; Qcond is the heat 

conducted through the wall. A schematic of the Trombe wall along with the parameters 

used are illustrated in Fig.3.  
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The air leaving the channel of the Trombe wall at an elevated temperature (Tch) is 

used for regenerating the desiccant wheel. If the Trombe wall was not enough to heat 

the air to the required regeneration temperature, other means of heating were 

implemented such as auxiliary heating.  
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CHAPTER IV 

NUMERICAL METHODOLOGY 

  

The sequence of operation of the proposed system is summarized by the flow chart 

shown in Fig. 4. The input parameters of the system were first defined at each hour of 

operation. After that, the desiccant wheel model was implemented to find the 

characteristics of the dehumidified air using the ambient conditions along with the 

regeneration conditions. Next, the PCM model was used to find the supply temperature 

using Eq. (3) which represented 1D transient heat transfer between the PCM layer and 

the air channel, where the PCM layer was made up of PCM bricks that are 10 cm long, 

and the air channel was discretized accordingly into elements of equal length of 10 cm. 

After that, the space model was used to calculate the room macroclimate air temperature 

and humidity using Eq. (1) and Eq. (2), respectively, where each envelope component 

(walls, ceiling, and floor) was discretized into 24 elements. Then, 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 use of an implicit scheme allowed for a larger time step to be 

adopted, so a time step of 360 s was used to reduce the simulation runtime. The PCM, 

space and PEC models were coupled, so 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 
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time ends. 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.  
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CHAPTER V 

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 from June to September, in which a typical 

representative day for each month was simulated. The weather data was obtained using 

TMY (Typical Meteorological Year) for Beirut using Meteonorm (V7.3) database. The 

TMY produces typical weather data as it uses 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, and the data for a 

representative day for each month is shown in Table 1.  

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

 June July August September 

Time 
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 
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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 

 

The office was occupied from 8:00am to 5:00pm which is the typical working 

schedule in Lebanon. The occupancy schedule, shown in Fig. 5, was obtained such that 

the maximum number of occupants present in the office space at once was 3 following 

the recommendation of ASHRAE [6] with a minimum of 14 m2 of office area per 

occupant. According to ASHRAE [6], 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 [6]. 
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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 [35], and 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. [34]. 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, and their properties were obtained from the thermal standards for 

buildings in Lebanon [36]. The properties of the Trombe wall and the space envelope 

properties are found in Table 2. 

Table 2: Space envelope properties  

Parameter Properties 

Glazing Clear single glazing; α = 0.06; ε = 0.9; τ = 0.84 

South wall 5 cm polystyrene insulation layer; k = 0.032 W/m·K; α = 0.95; ε 

= 0.95; 

ρ = 70 kg/m3; Cp = 830 J/kg·K 

25 cm masonry concrete, k = 1.8 W/m·K; ρ = 2800 Kg/m3; Cp = 

1200 J/kg·K 

East wall 20 cm concrete Hollow block ; U = 3.03 W/m2·K; ρ = 600 

kg/m3; Cp = 1200 J/kg·K 

Internal envelope 10 cm concrete Hollow block ; U = 3.63 W/m2·K; ρ = 600 

kg/m3; Cp = 1200 J/kg·K 
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The supply of fresh air was chosen based on ASHRAE standards [6] of minimum 

required ventilation rate per occupant (7 l/s per person), and the flow rate of the air passing 

through the Trombe wall was equal to the supply of fresh air as recommended by Beccali 

et al. [32]. The PEC flow rate was selected based on human thermal comfort standards (7 

l/s) [20], and it was maintained constant throughout the occupancy hours and throughout 

the simulations for all of the months. The supply flow rate of air to the space was chosen 

based on ASHRAE minimum ventilation rate (92 l/s) [6]. A control strategy was adopted 

to supply the outdoor air to the space 3 hours prior to the occupancy schedule to refresh 

the room air with the cooler and less humid ambient air with a flow rate equal to the 

supply flow rate during occupied hours (92 l/s). For the other unoccupied hours, a small 

flow rate of outdoor air was infiltrated to the space (2 l/s). The flow of the air used to 

regenerate the PCM during nighttime was 11.5 l/s. It was selected such that a complete 

regeneration was obtained just before the occupancy schedule at the month that had the 

peak ambient conditions for temperature and humidity. For Beirut climate, it was the 

month of August. 

A. 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. In this case, the highest outdoor air 

temperature and the most humid weather throughout daytime and nighttime were in 

August. The PCM melting temperature was selected such that the room macroclimate 

temperature does not exceed the maximum limit for thermal comfort which is 29 °C while 

using a PEC to provide thermal comfort to the occupants [16].  However, to completely 
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regenerate the PCM during unoccupied hours, even with the aid of evaporative cooling, 

the minimum melting PCM temperature was 25 °C. To sustain comfort for the entire 

occupied hours, a minimum of 7.87 kg (5.5m × 6.5m with a thickness of 0.25 mm) of 

PCM should be present. The PCM properties were obtained from Thambidurai et al. [37] 

and are listed in Table 3. 

Table 3: PCM properties 

PCM property  

Specific heat  2000 J/kg·K 

Density  880 kg/m3 

Latent heat of fusion  210/kg 

 

B. 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 recommended by Beccali et al. [31]. 

The regeneration temperature was fixed throughout the day for each month while 

maintaining a room relative humidity below 65 % which is the maximum allowable limit 

to preserve thermal comfort as set by ASHRAE [6]. Simulations were performed for June, 

July, August, and September, and the minimum regeneration temperature to keep the 

relative humidity of the space just below the maximum allowable limit was found to be 

55 °C, 51 °C, 57 °C, and 40 °C, respectively. Whenever the Trombe wall was not enough 
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to obtain the required regeneration temperature, the auxiliary heater was utilized to 

provide the desired regeneration throughout the day.  
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CHAPTER VI 

RESULTS AND DISCUSSION 

 

The proposed system is assessed based on the simulations of the developed 

mathematical model, and the level of the indoor thermal comfort and the energy 

consumption for each summer month was evaluated. The effectiveness of the Trombe 

wall in reducing energy consumption was assessed by comparing the energy 

consumption of the system with and without the Trombe wall. 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.  

Fig. 6 to Fig. 9 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. The desiccant wheel, 

Trombe wall and PEC were turned on during the occupied hours, while they were off 

during the unoccupied hours. The flow rate of air passing through the desiccant wheel 

and the Trombe wall varies per the occupancy schedule, while the PEC flow rate was 

maintained constant throughout the occupancy hours.  

For the month of June (Fig. 6), the room temperature varies between 24.8 °C and 

26.3 °C during occupancy hours (see Fig. 6 (a)) which is below the maximum allowable 

room temperature of 29 °C. The room temperature was observed to increase steadily as 
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the occupancy hours begin while decreasing slightly towards the end of the occupancy 

schedule which is due to the change of the occupancy schedule and thus a decrease in 

the internal load. During unoccupied hours, the room temperature slightly decreases 

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 hours of the occupancy schedule, 

the supply fan is turned on to refresh the ambient air which is cooler and less humid 

than the room air, hence a noticeable decrease in the temperature and humidity of the 

room air. The PEC outlet temperature varies slightly between 19.4 °C and 21.5 °C (see 

Fig. 6 (a)). The overall thermal comfort of the occupants was found using Zhang’s 

thermal comfort model [28] and it was between -0.34 and +0.32, which falls above the 

limit of the minimum acceptable thermal comfort of -1 or slightly uncomfortable. Even 

though the PEC increased the moisture generation in the space, desiccant 

dehumidification maintained the room relative humidity between 58% and 63% below 

the maximum allowable limit of 65%.  

As for the months of July, August, and September (Fig. 7 to Fig. 9), 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. 8(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.  
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For September, the humidity ratio of the room has a different trend than the other 

months (see Fig. 9(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 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 occupancy schedule. Hence, dehumidification was 

needed to maintain the thermal comfort limit for the maximum allowable humidity in 

the space. Hence, the desiccant dehumidification increases to offset of the humidity in 

the space. In addition, the Trombe wall provided extra regeneration above 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%. 
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 As for the PCM, it completely regenerated 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 regeneration and the evaporative cooler was 

unnecessary. The flow rate of the air used for regeneration was the minimum flow rate 

to obtain complete regeneration just before the occupancy hours begin for the most 

critical month (August). The PCM completely melted only during August, and it melted 

at the end of the occupied hours lasting the whole duration of the occupancy (9 hours). 

Regeneration occurred faster in the months other than August as the PCM did not 

completely melt. Table 4 summarizes the melting fraction at the end of the occupancy 

hours for each month, and the duration needed for complete regeneration with the 

number of hours when the evaporative cooler. 

Table 4: Melting fraction at the end of the occupancy hours and the duration needed for 

complete regeneration and number of hours when evaporative cooling was used 

 

Melting fraction 

at the end of the 

occupancy 

hours 

Duration of 

complete 

regeneration in 

hours 

Number of hours 

when the 

evaporative cooler 

was on 

June 0.26 3.1  0.0  

July 0.93 7.8 7.8 

August 1.00 8.3  8.3 

September 0.53 5.7  5.7 

 

If the heat from Trombe wall was not enough to heat the air to the minimum needed 

regeneration temperature for each month, the auxiliary heater was used. Table 5 

presents the hourly energy consumption of the auxiliary heater (Qaux) and the 
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temperature of the air leaving the Trombe wall channel (Tchannel). The temperature of the 

air leaving the Trombe wall varied hourly due to the time-variation of the solar 

irradiance and ambient temperature. The energy consumption of the auxiliary heater 

also varied hourly as per the occupancy schedule as 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 highest solar irradiance compared to other months, the 

Trombe wall alone was nearly 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. 

Table 5: Temperature of the air leaving the Trombe wall and the needed auxiliary 

heater power for regeneration during each month 

Month June (Treg = 55 °C) July (Treg = 51 °C) August (Treg = 57°C) Sep (Treg = 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 
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The use of Trombe wall for regeneration purposes has not been reported in 

literature. Hence, it is of interest to assess its effectiveness in reducing the energy 

consumption for the simulated case study for each summer month. 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. 10.  

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 relying only on the auxiliary heater for regeneration. Over 

the entire summer period, the Trombe wall reduced the total thermal energy 

consumption by 55 % compared with using the auxiliary heater solely for regeneration. 
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The performance of the proposed cooling system was evaluated by 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 [34] to obtain 

the same comfort level. The average thermal comfort obtained using the proposed system 

on Zhang et al. [28] 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 regenerate 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 6 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 amount 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.  

Table 6: Electrical energy consumed by a conventional AC unit compared with the 

proposed system during the entire month 

Electrical 

consumption (kWh) 

Conventional AC 

unit  
Proposed system  
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June 95.6 6.0 

July 158.3 6.2 

August 165.7 6.3 

September 118.5 6.1 

 

The cost of operation of each system per month was calculated and the results are 

shown in Fig. 11.  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 costs $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 passive system achieved savings 

amounting to 87% over the entire summer period from the conventional AC system. 
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CHAPTER VII 

CONCLUSION 

 

This paper evaluated the integration of a hybrid cooling system in an office 

space made up of a PCM layer, a personalized evaporative cooler, and a solid desiccant 

wheel regenerated using an auxiliary heater aided with a Trombe wall. The system 

proved its feasibility as an 87% reduction of the total operating cost was achieved 

compared with a conventional cooling system over the entire cooling season. The 

novelty of the proposed system stems from using Trombe wall for regeneration. 

Accordingly the Trombe wall savings were evaluated and it was found that the Trombe 

wall can save up to 55% of the thermal energy consumption of the proposed system 

over the entire summer period compared with having to rely only on the auxiliary heater 

for regeneration. It should be noted that another source of heating could be implemented 

simultaneously with the Trombe wall instead of the auxiliary heater, such as solar 

energy or a waste heat source, to improve the performance of the system in terms of 

energy savings.  
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