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This study examines the performance of an integrated evaporatively-cooled 

window (ECW) with a desiccant dehumidification system (DDS) combined with a 

photovoltaic/thermal (PV/t) system. The hybrid system (ECW-DDS) is applied on a 

glazed building surface to reduce its temperature and the associated space-cooling load. 

The system performance is studied during the summer months with hot and humid 

conditions in which the benefits of passive cooling systems are generally restricted. 

Mathematical models for each system component/process were integrated to predict the 

system effectiveness for a case study of a typical office space located in Jeddah, 

Kingdom of Saudi Arabia. The integrated system effectiveness was compared to two 

cases where the system was not installed for a clear double glass window and where 

only the ECW system is employed without the dehumidification of ambient air. The 

hybrid system (ECW-DDS) proved to reduce the inner window temperature by 5 °C, 7 

°C, 4 °C, and 5 °C for June, July, August, and September, respectively resulting in an 

11% decrease of the total cooling load over the summer months. In addition, the ECW-

DDS system performed much better than the ECW system when humid conditions 

prevailed in September. For instance, the air leaving the evaporative cooler on a typical 

day of September recorded a temperature reduction of 14% in the case of the ECW-

DDS system compared to 1% only in the case of the ECW system. 
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CHAPTER 1 

INTRODUCTION 
 

The building sector accounts for nearly one-third of global greenhouse gas 

emissions and for more than 40% of global energy demand [1, 2]. Due to the negative 

impact of increased energy consumption on global warming, architects are compelled to 

design more energy efficient buildings [3, 4]. Air conditioning loads have increased 

rapidly during last few decades primarily because of improvements in life quality, rapid 

urbanization, and availability of reliable and multi-sized air conditioning units [5, 6]. 

About 32% of the building sector’s electricity consumption is attributed to air-

conditioning systems worldwide [7] but in hot regions such as the Gulf, this percentage 

could be much higher.  During the summer in Abu Dhabi, United Arab Emirates, 80% 

of the electricity is used to meet the air-cooling demand [8].  Moreover, many studies 

have reported that glazed surfaces are among the main elements that contribute to the 

high air conditioning load in buildings in hot and humid climates [9, 10]. As a result, 

modeling air conditioning systems is necessary for studying and regulating the energy 

consumption in buildings [11]. 

In recent years, designing large glazing areas has become an essential feature 

of modern architecture especially in office spaces. In Dubai, United Arab Emirates, 

80% of buildings use fully glazed facades signaling a growing trend [3, 12]. This shift 

towards glazed envelope is a result of their contribution to adding esthetic features to 

the building facades, increasing the natural lighting, and ensuring a suitable 
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environment for employees in the offices that can increase their productivity [13]. 

Although glazed surfaces are essential in modern designs, they represent the weakest 

thermal component of the building envelope that can be easily affected by outdoor 

conditions. Direct solar radiation is transmitted through windows to the building 

environment, where part of it is absorbed by the space internal surfaces and then 

radiated to the indoor environment while the other part is absorbed by the glazed 

surfaces that increases their temperature [13]. Consequently, glazed surfaces are among 

the main parameters that contribute to the increase of cooling loads in buildings in hot 

climates [14-16]. 

Therefore, extensive research has been done on how to reduce the space load 

due to glazed surfaces with many solutions developed. These studies considered the 

orientation of the glazing surfaces in the buildings with results showing a required 25% 

savings in the cooling load [17]. However, this solution can only be implemented in the 

design and construction of new buildings since it may not be feasible for existing 

buildings [18]. Other solutions included the use of absorptive material like vanadium 

dioxide thermo-chromic glass, which could reduce the cooling load by 40% but this 

method proved relatively expensive [18]. Passive techniques have been also the focus of 

many researchers to reduce the space load [19]. Among them is the design of single and 

dual airflow windows to reduce the window surface temperature [20, 21]. These 

windows allow natural airflow through their cavities due to the presence of temperature 

difference between the inner and outer surfaces. However, this method requires 
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additional ventilation load of fresh air to the space in order to compensate for the air 

exhausted through the window. 

Each of the above-mentioned solutions has some limitations in its performance 

or cost, which brings the need to develop others that use a relatively cheap glazing 

system that is feasible to implement in existing buildings with good performance 

without compromising daylight. In this regard, Al Touma et al. [18] proposed a system 

that combined the principles of passive evaporative cooling and solar chimneys to 

reduce window surface temperature. Their system was applied to an office space located 

in the city of Riyadh in the Kingdom of Saudi Arabia (KSA) and was found to reduce 

the total cooling load by up to 19.8% in spaces having window-to-wall ratios of 40% 

when clear double pane windows were used. Moreover, the system was able to reduce 

the sensation of thermal discomfort due to radiation asymmetry with respect to an 

occupant seated one meter away from the window. However, when the proposed system 

was applied in the KSA city, Jeddah, energy savings decreased to 13.1%. This proves 

that the use of the proposed system was limited to dry weather conditions, which 

restricted its benefits in locations suffering from humid weather conditions such as 

Jeddah. Therefore, it is of interest to improve the proposed system of Al Touma et al. 

[18] by extending its applicability to humid weather conditions. This improvement can 

be achieved by integrating a dehumidification technique that allows the humidity of the 

ambient air to decrease before reaching the evaporative cooler of the window system. 
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Various dehumidification techniques are available. In mechanical systems, 

condensation dehumidification is commonly used. Nevertheless, reheat is needed to 

warm up the supply air temperature in the case when the cooling source temperature is 

lower than the dew point of the processed air, resulting in a large cold–heat offset loss 

[22]. Recently, solid desiccant wheels have received much attention [23, 24], where 

these wheels have been used for air humidity treatment, dehumidification and enthalpy 

treatment [25, 26]. Rotary desiccant wheels are effective approaches to air 

dehumidification that can avoid the cold–heat offset loss and be regenerated with low-

grade heat sources [27, 28]. Solid desiccant technology integrated with a solar source of 

energy is very appealing because it uses a renewable source of energy in the 

dehumidification process [17, 29, 30]. The importance of such a system is in its ability 

to remove high amount of moisture from air at low regeneration temperatures that can 

be easily attained from a solar source. [24, 31]. 

In the current study, a solid desiccant dehumidification system (DDS) is 

designed to be incorporated with the evaporative cooled window (ECW) system to 

dehumidify ambient air before entering the evaporative cooler. Lowering the humidity 

of air entering the system allows it to be more effectively cooled in the evaporative 

cooler. To ensure the continuous operation of the desiccant wheel, a regeneration heat 

source is required. Therefore, a photovoltaic/thermal (PV/t) panel is used to regenerate 

air and simultaneously supply electric energy to satisfy the electrical demand of the 

wheels and the fans [32]. Hence, the aim is to investigate the effectiveness of the ECW 
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when integrated with a desiccant dehumidification system regenerated by a PV/t system 

in hot and humid climates. Validated mathematical models of various system 

components are integrated to simulate the performance of the entire system. The 

integrated model is then used in a simulated case study to assess the window 

performance over the summer months of the hot and humid climate of Jeddah and will 

compare performance with and without the window dehumidification system. 

The proposed new passive evaporative cooling window system would 

overcome the issues associated with the hot and humid climate, which in general poses 

a challenge on implementing effectively any evaporative cooling solution. Hence, a 

sustainable passive evaporative cooling system design is applied based on incorporating 

different technologies (DDS and PV/t) to enhance the effectiveness of the ECW system 

in a typical hot and humid climate. 
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CHAPTER 2 

SYSTEM DESCRIPTION 

 
The main objective of the proposed DDS-ECW system is to reduce the 

temperature of an office space’s glazing surface in hot and humid climate conditions 

like in Jeddah, KSA. Jeddah is selected due to its diverse summer climate that varies 

between hot and dry (June and July), humid (August), and warm and high humidity 

(September) [33]. This allows for testing of the proposed system’s feasibility in a 

variety of summer conditions. 

To overcome high humidity reducing the effectiveness of evaporative cooling, 

solid rotary wheels are incorporated with the ECW system of Al Touma et al. [18]. The 

desiccant (Silica gel) wheel is used to decrease the humidity of the fresh air stream, 

which is followed by the sensible counter flow wheel consisting of a circular 

honeycomb matrix. The effect of improving window performance by adding a 

dehumidification process during hot and humid summer months is investigated and the 

associated reduction in the cooling load of the proposed system is compared with the 

load when the system is operated without the dehumidification system.  

As shown in Fig. 1, the proposed DDS-ECW system is comprised of the 

following main components: i) the photovoltaic thermal panel (PV/t); ii) the desiccant 

and the sensible wheels of the DDS system; iii) the evaporative cooler; iv) the glazing 

section of the ECW. The integrated system is applied to a case study of a typical office 

space located in Jeddah, KSA.   
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Fig. 2 shows (a) the airflow circulation through the integrated system and (b) 

the associated thermal processes of the air on the psychrometric chart. The circulations 

of the supply and the exhaust air are attained through two ducting systems, one 

supplying ambient air and the other supplying the regenerating air of the desiccant 

wheel. Thus, the integrated system can be divided into two main subsystems: (I) the 

dehumidification and window evaporative cooling systems and (II) the regeneration 

system. Both systems are described in this section. 
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2.1 The dehumidification and evaporative cooling systems 

Using an inlet supply fan, ambient air enters the desiccant wheel at state 1 

where it is dehumidified before it reaches the sensible wheel at state 2 (Fig. 2 (a)). The 

dehumidification process removes the humidity from the air before reaching the 
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evaporative cooler to enhance its cooling efficiency [29]. As the air temperature 

increases after dehumidification (state 2), a sensible wheel is used to exchange the heat 

at state 2 with the ambient air. The relatively dry cool air then leaves the sensible wheel 

at state 3 and passes through the evaporative cooler. The evaporative cooler consists of 

water absorbing sheets at the channel walls below the window, as well as, a water 

reservoir and a pump to ensure the continuous flow of water [18]. The evaporative 

cooler cools the incoming air by evaporating the water at the wet channel walls leading 

to a decrease of the air temperature to leave the evaporative cooler at state 4. 

Afterwards, the evaporatively cooled air at state 4 passes through the glazing 

section located above the evaporative cooler as shown in Fig. 2 (a). The temperature of 

the air increases along the window gap until it leaves the system to the environment at 

state 5. If the glazing is exposed to solar radiation, natural convection aids the forced 

convection increasing the upward flow of air. The psychrometric process of the 

proposed system shows the states of air from state 1 to state 5 (see Fig. 2 (b)).  

 

2.2 The regeneration and power supply system 

The photovoltaic/thermal panel (PV/t) simultaneously produces electricity and 

heat to effectively utilize the solar energy and achieve higher PV electrical efficiency 

while making use of the removed heat for regeneration purposes [34]. Therefore, the 

PV/t mounted at the roof of the building converts the solar radiation into electric energy 
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to drive one desiccant and one sensible wheel, one water pump, and three fans. The air 

fans allow (i) the flow of the ambient air through the system, and (ii) the continuous 

supply of hot air that is used to regenerate the desiccant wheel, (iii) the minimization of 

the air leakage inside the rotary wheels which can seriously degrade their performance 

[35]. As shown in Fig. 2(b), the ambient air enters the PV/t at state 1’ which is the 

ambient state and leaves at 2’ after being passively heated by solar radiation. The heated 

air is then used in the desiccant wheel for regeneration purposes and exists the system 

completely at state 3’. 
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CHAPTER 3 

MATHEMATICAL MODELING 

 

To study the performance of the proposed DDS-ECW system, the cooling load 

of the glazed space must be determined and compared to a reference case. However, the 

calculation of the cooling load necessitates the estimation of the temperature of the air 

layer adjacent to the glazing section. The air layer temperature is related to the 

properties of air flowing through the whole system from state 1 to state 4 (Fig. 2 (b)). 

Therefore, it is essential to solve the mass and heat balance equations of the air streams 

in each phase: i) dehumidification using desiccant wheel and PV/t, ii) sensible heat 

exchange using sensible wheel, latent heat exchange using evaporative cooler, and iii) 

heat convection through the glazing section. 

Phase 1: dehumidification using desiccant wheel (state 1 to 2) and PV/t (state 1’ to 2’): 

The dehumidification phase is produced using the desiccant wheel regenerated 

by PV/t panel. The schematics of the desiccant wheel and air-cooled PV/t panel are 

shown in Fig. 3. The desiccant wheel is a constant enthalpy device that exchanges latent 

energy for sensible energy, leading to dehumidification and heating of the process air 

stream simultaneously. As shown in Fig. 3(a), the desiccant wheel used in this study is 

a counter-flow wheel to increase the efficiency of the regeneration process; in one 

passage, the hot air regenerates the desiccant wheel and is then exhausted to the outside, 

while in the other passage the air is dehumidified before being supplied to the sensible 
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wheel.  The air required for the regeneration process is heated by the PV/t panels. The 

PV/t has the advantage of reducing the PV/t panels’ operating temperature, which 

increases the electrical efficiency [34]. The PV/t panel is shown in Fig. 3 (b) where 

ambient air (state 1’) enters the upper channel and leaves at a relatively high 

temperature (regeneration temperature) from the lower channel. 

 

 The model developed and validated by Makarem et al. [34] was adopted for 

the modeling of the dehumidification phase achieved by the desiccant wheel and the 

PV/t panel. Their model was based on a 1-D steady state heat transfer analysis of the 

PV/t panel by assuming that the temperature varied only along the length of the PV/T 

panel and the superstrate and the absorber (PV cells) had the same temperature. Based 

on the aforementioned assumptions, the energy balances were developed for each layer 

shown in Fig. 3(b); the upper glass, the airflow in the upper and lower channels, and the 

superstrate/absorber layers. 

The upper glass gains solar irradiance and radiative heat flux from the absorber 

of the glass cover while losing heat by radiation to the sky and by convection to both the 
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ambient air and the air flowing in the upper channel. Thus, the energy balance [34] of 

the upper glass is determined by  

𝐼𝑖𝑟𝑟 + ℎ𝑟𝑎𝑔 (𝑇𝑠 − 𝑇𝑔) = ℎ𝑟𝑔𝑠𝑘𝑦 (𝑇𝑔  − 𝑇𝑠𝑘𝑦) + ℎ𝑐𝑔𝑤  (𝑇𝑔  − 𝑇𝑎𝑚𝑏) + ℎ𝑐𝑔𝑎1 (𝑇𝑔  − 𝑇𝑎1)                                                                         

(1) 

where 𝐼𝑖𝑟𝑟  is the of solar irradiance hitting the surface of the PV/t, hrag, and 

hrgsky are the radiative heat transfer coefficients between the absorber/substrate and glass 

cover, and between the glass cover and the sky, respectively. hcgw and hcga1 are the 

convective heat transfer coefficients between the glass cover and outdoor air, and 

between the glass cover and air in upper channel, respectively. Ts, Tg, Tsky, Tamb, and Ta1 

are the temperatures of substrate, glass cover, sky, outdoor air, and air in upper channel, 

respectively. Similarly, the model developed all energy balances of the air flowing in 

the upper channel, the superstrate layer that is gaining power from PV cells, the air 

flowing in the lower channel, as well as, the back-plate layer [34]. 

The ambient air entering the PV/t panel (state 1’) was heated while flowing in 

the upper and lower channel and left the PV/t panel (state 2’) which was used in the 

regeneration of the desiccant wheel. In order to model the dehumidification process in 

the desiccant wheel, the model of Beccali et al. is adopted [36].   To predict the outlet 

temperature and humidity of the air stream passing through the rotary desiccant wheel, 

the adopted model was derived from the interpolation of experimental data obtained 

from the industry to come up with correlations that can accurately evaluate the 

performance of rotary desiccant wheels in terms of different parameters [36]. The 



 

14 

 

 

 

 

 

 

 

 

 

correlations were used by other researchers in the literature showing good results [37, 

38, 39] and are given as follows: 

𝐻𝑑𝑒𝑠−𝑜𝑢𝑡 = 0.1312𝐻𝑟𝑒𝑔 + 0.8688𝐻𝑖𝑛 (2) 

𝑅𝐻𝑑𝑒𝑠−𝑜𝑢𝑡 = 0.9428𝑅𝐻𝑟𝑒𝑔 + 0.0572𝑅𝐻𝑖𝑛 (3) 

where Hdes-out, Hin, Hreg are the enthalpies of the air leaving, entering, and 

regenerating the desiccant wheel, respectively. Likewise, RHdes-out, RHin, RHreg are the 

relative humidity of the air leaving, entering, and regenerating the desiccant wheel, 

respectively.  

Furthermore, their model established an empirical correlation for the outlet air 

temperature that was used as an inlet to sensible wheel model in the next phase [36]: 

𝑅𝐻𝑑𝑒𝑠−𝑜𝑢𝑡𝑒0.053𝑇𝑑𝑒𝑠−𝑜𝑢𝑡−1.7976

18671
=

𝐻𝑑𝑒𝑠−𝑜𝑢𝑡−1.006𝑇𝑑𝑒𝑠−𝑜𝑢𝑡

2501−1.805 𝑇𝑑𝑒𝑠−𝑜𝑢𝑡
   (4) 

As mentioned earlier, the adopted model is based on correlations developed 

from experimental data. Therefore, these equations (2-4) are only valid for the 

following ranges: 20 oC to 34 oC for the inlet air temperatures; 40 oC to 80 ºC for the 

regeneration temperatures; 8 to15 g/kg for the inlet air humidity ratio; and 10 to 16 g/kg 

for the humidity ratio of the regeneration air [36]. 

Phase 2: sensible heat exchange by means of sensible wheel (state 2 to 3): 

In this phase, the air stream leaving the desiccant wheel at state 2 is being 

introduced to a sensible wheel in order to drop its temperature. From the equation of the 
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sensible effectiveness 𝑒𝑠, the temperature of air leaving the sensible wheel is estimated 

by the following equation: 

𝑇𝑠𝑒𝑛𝑠−𝑜𝑢𝑡 =
𝑒𝑠×𝑉𝑚𝑖𝑛 (𝑇𝑎𝑚𝑏−𝑇𝑑𝑒𝑠−𝑜𝑢𝑡)

𝑉𝑠𝑢
+ 𝑇𝑑𝑒𝑠−𝑜𝑢𝑡 (5)  

where Tsens-out, Tdes-out, and Tamb are the temperature of air leaving the sensible 

wheel, the temperature of air leaving the desiccant wheel, and the air ambient 

temperature, respectively. Vsu is the supply air volumetric flow rate and Vmin is the 

minimum between the exhaust and the supply volumetric flow rate (cfm).  The sensible 

effectiveness, 𝑒𝑠, of the heat recovery wheel was selected at 85% based on the 

experimental data of Alghamdi et al. [40]. Since Phase 2 is based on the sensible heat 

exchange, the air stream flowing through the sensible wheel does exchange latent heat 

as follows: 

 𝑤𝑠𝑒𝑛𝑠−𝑜𝑢𝑡 = 𝑤𝑑𝑒𝑠−𝑜𝑢𝑡 (6) 

where wsens-out and wdes-out are the humidity ratio of air leaving the sensible 

wheel and the humidity ratio of air leaving the desiccant wheel. 

Phase 3: Evaporative cooler (state 3 to 4) 

The schematic of the horizontal evaporative cooler is shown in Fig. 4. Air 

enters the horizontal evaporative cooler at Tdes-out and wdes-out (state 3). The moving air in 

the evaporative cooler’s channel exchanged mass through convection with the water 

absorbing sheets installed in the evaporative cooler internal surfaces. The governing 

equations of this current phase were those developed by Al Touma et al. [18]. In their 
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model, they assumed a channel width much larger than its gap, which allowed for 

treating the system as airflow between two parallel plates. Consequently, the mass 

balance equation of the air in this section is given by 

 𝜌𝑎𝑖𝑟−𝑒𝑣𝑎𝑝 × 𝑢𝑎𝑖𝑟−𝑒𝑣𝑎𝑝 × 𝑡𝑔𝑎𝑝 ×
𝑑𝑤𝑎𝑖𝑟−𝑒𝑣𝑎𝑝

𝑑𝑥
= 2 × 𝜌𝑎𝑖𝑟−𝑒𝑣𝑎𝑝 × ℎ𝑚(𝑤∗ − 𝑤𝑎𝑖𝑟−𝑒𝑣𝑎𝑝)  (7) 

The left side of equation (7) represents the mass flux of the air passing through 

the evaporative cooler whereas the right side represents the moisture gain as the air 

evaporates the water circulating at the sides of the evaporative cooler, where 𝑤∗ is the 

humidity ratio of saturated air at water temperature. 

The energy balance equation of the air passing through the evaporative cooler 

is governed by the following equation [18]: 

𝜌𝑎𝑖𝑟−𝑒𝑣𝑎𝑝 × 𝐶𝑝𝑎𝑖𝑟−𝑒𝑣𝑎𝑝 × 𝑢𝑎𝑖𝑟−𝑒𝑣𝑎𝑝 × 𝑡𝑔𝑎𝑝 ×
𝑑𝑇𝑎𝑖𝑟−𝑒𝑣𝑎𝑝

𝑑𝑥
= 2 × ℎ𝑐(𝑇𝑤𝑎𝑡 − 𝑇𝑎𝑖𝑟−𝑒𝑣𝑎𝑝) +

2 × 𝜌𝑎𝑖𝑟−𝑒𝑣𝑎𝑝 × ℎ𝑚 × ℎ𝑓𝑔(𝑤𝑎𝑖𝑟−𝑒𝑣𝑎𝑝 − 𝑤∗)     (8)   

where hc and hm are the heat and mass convection transfer coefficient. 

𝑇𝑎𝑖𝑟−𝑒𝑣𝑎𝑝 and 𝑇𝑤𝑎𝑡 are the temperatures of air in the evaporative cooler channel and the 

water supplied to the evaporative cooler. 𝑇𝑤𝑎𝑡 is assumed constant due to the 

continuous water supply through the pump and  ℎ𝑓𝑔  represents the latent heat of water 

supplied to the evaporative cooler. The left side of equation (8) represents the heat flux 

of the air whereas the right side represents the heat losses of the air due the latent and 

sensible convection heat transfer as the air moves through the channel of the 
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evaporative cooler. Using the heat/mass transfer analogy and assuming a Lewis number 

of unity, the convection mass transfer coefficient (hm) is given by  

ℎ𝑚 =
ℎ𝑐

𝜌𝑎×𝐶𝑝𝑎
   (9) 

 

 

Phase 4: heat convection through the glazing section (state 4 to 5) 

As shown in Fig. 5, the glazing section is divided into three main layers: the 

outer glass, the air gap, and the window layers. Thus, as air flows in the glazing section 

it exchanges heat with the inner layer of the outer glass and the outer layer of the 

window by means of forced convection. Therefore, the energy balance of the air layer is 

given by 

𝜌𝑎𝑖𝑟−𝑔𝑙𝑎𝑧𝑖𝑛𝑔 × 𝐶𝑝𝑎𝑖𝑟−𝑔𝑙𝑎𝑧𝑖𝑛𝑔 × 𝑢𝑎𝑖𝑟−𝑔𝑙𝑎𝑧𝑖𝑛𝑔 × 𝑡𝑔𝑎𝑝 ×
𝑑𝑇𝑎𝑖𝑟−𝑔𝑙𝑎𝑧𝑖𝑛𝑔

𝑑𝑦
= ℎ𝑐(𝑇𝑜𝑔,𝑖 −

𝑇𝑎𝑖𝑟−𝑔𝑙𝑎𝑧𝑖𝑛𝑔) + ℎ𝑐(𝑇𝑤𝑖𝑛,𝑜 − 𝑇𝑎𝑖𝑟−𝑔𝑙𝑎𝑧𝑖𝑛𝑔)     (10)  

where 𝑇𝑜𝑔,𝑖,𝑇𝑤𝑖𝑛,𝑜, and 𝑇𝑎𝑖𝑟−𝑔𝑙𝑎𝑧𝑖𝑛𝑔 are the temperatures of the outer layer of 

the outer glass, the temperature of the outer surface of the window, and the temperature 

of air circulating. ℎ𝐶  is the convection heat transfer coefficient due to the air passing 
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between the window and the outer glass mainly driven by the inlet air fan considered 

running at a constant speed [41]. 

 

Energy balance equations were also carried out for each of the remaining layers 

to solve for the outer glass, and window outer (𝑇𝑜𝑔,𝑜, 𝑇𝑤𝑖𝑛,𝑜) and inner (𝑇𝑜𝑔,𝑖,𝑇𝑤𝑖𝑛,𝑖) 

surface temperatures as detailed in [18] and are not to be repeated here. These energy 

balances consider radiation absorbed and transmitted by surfaces, radiation exchange 

between surfaces, conduction through the outer glass and window, as well as, the 

convection of outdoor, induced, and indoor air with different surfaces.  
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CHAPTER 4 

NUMERICAL METHODOLOGY 

 
The objective of this section is to present the numerical methodology used to 

solve the temperatures and humidity as applicable at the different exit states of each 

system in the integrated models in an office equipped with the proposed system in hot 

and humid ambient conditions. The flow chart of the numerical methodology for each 

hour is presented in Fig. 6. 

For each hour i, all the weather conditions (temperature, humidity, irradiance), 

as well as, the dimensions of PV/t and the electrical power needs were first entered into 

the PV/t model where the energy balances of the PV/t layers were discretized along the 

longitudinal direction.  Once all the energy balances were solved for each node, the 

properties of the leaving air at the last node of the lower channel were considered as the 

regeneration properties at this hour and were used as input values to the desiccant model 

as shown in the flow chart of Fig. 6.  Therefore, the hourly regeneration properties were 

related to the PV-t dimensions, power, and the outdoor conditions of the office space. 

The desiccant model used the regeneration properties as inputs to predict the air 

conditions leaving the desiccant wheel. Likewise, the sensible wheel model used the 

desiccant wheel model output parameters and estimated the properties of the air leaving. 

The evaporative cooler needed the water temperature, the air flow rate, as well as, the 

evaporative cooler characteristics as input to calculate the properties of air leaving the 

evaporative cooler. The evaporative cooler model was based on discretizing the air layer 
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into several nodes and on solving the energy balance for each node. The outlet 

conditions of the air leaving the evaporative cooler were used as input for the glazing 

section.  

 

Moreover, the space dimensions and the heat load of each component in the 

room were required as input to the glazing section for the calculation of the window and 

the wall temperatures of the room. The calculated temperatures of the inner, outer glass, 
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window, and walls were assigned initial arbitrary temperatures while the mass and heat 

balance equations were discretized into algebraic equations. The temperatures of the 

room walls and the window were then used to calculate the space model cooling load at 

each hour i using the following equation: 

𝑄ℎ𝑣𝑎𝑐 = ∑ 𝑄𝑤𝑎𝑙𝑙 + ℎ𝑐𝑟 × 𝐴𝑤𝑖𝑛(𝑇𝑤𝑖𝑛,𝑖 − 𝑇𝑟𝑜𝑜𝑚) + 𝑄𝑖𝑛𝑡𝑒𝑟𝑛𝑎𝑙       (11)  

where ℎ𝑐𝑟 is the convection heat transfer coefficient between the air inside the 

room and the inner window surface, 𝐴𝑤𝑖𝑛 is the surface area of the glazing, 𝑇𝑟𝑜𝑜𝑚 is the 

room air temperature, ΣQwall is also the sum of the convective heat transfer rate between 

the air inside the room and the walls, and Qinternal is the internal heat gain within the 

space. 
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CHAPTER 5 

CASE STUDY 

 
The proposed DDS-ECW system is applied to a case study of a typical office 

space (6 m × 5 m × 3 m) in the hot and humid climate of Jeddah. The office is 

maintained at a room temperature of 22 °C with a constant occupancy of two people 

from 8:00 until 18:00. The DDS-ECW performance and effect on office thermal load 

were considered during the summer months from June to September using a typical 

representative day for each month. The weather data of the four representative days of 

summer months are presented in Table 1. The office space had its South and West walls 

exposed to the outdoor conditions while the other walls were partitioned with 

conditioned spaces. The West facade had a window with dimensions 5.5 m × 1.4 m 

installed at its center. The characteristics of the space envelope used in this case study 

are summarized in Table 2. The evaporative cooler was installed horizontally to benefit 

from a larger contact area between the flowing air and the evaporative cooler channel. 

This is achieved by an inlet air fan with the ability to move the air regardless of the 

orientation of the air channel. Therefore, the evaporative cooler was designed with 

dimensions of 5.5 m in length and a width of 0.7 m. The temperature of the water 

supplied to the evaporative cooler was set as the night temperature of the studied day. 
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Table 1: Ambient conditions for typical days in each summer month [42]. 

 June July August September 

Time 
Tamb 

(°C) 

RHamb 

(%) 

I 

(W/m²) 

Tamb 

(°C) 

RHamb 

(%) 

I 

(W/m²) 

Tamb 

(°C) 

RHamb 

(%) 

I 

(W/m²) 

Tamb 

(°C) 

RHamb 

(%) 

I  

(W/m²) 

8:00 30 55 110 31 55 104.63 33 63 99.35 35 82 93.00 

9:00 32 46 147 32 52 143.08 35 49 139.62 36 81 132.00 

10:00 34 44 175 34 41 172.51 37 50 170.04 35 81 160.30 

11:00 36 37 194 35 32 192.71 38 50 190.65 36 79 180.52 

12:00 35 39 309 35 34 328.43 40 45 317.52 35 79 301.32 

13:00 34 44 345 35 34 330.84 40 45 346.27 35 73 329.10 

14:00 34 46 548 36 34 540.45 39 50 562.47 34 75 550.00 

15:00 34 46 705 37 32 705.57 38 46 729.26 33 77 718.65 

16:00 34 49 789 38 30 796.52 35 53 812.54 33 77 800.50 

17:00 34 46 757 36 30 770.48 34 67 756.78 33 77 750.50 

18:00 35 39 515 36 32 527.17 34 67 405.67 33 77 395.30 

 

 

 

 

Table 2: Space envelope used in the case study [18] 

Parameter Material 

Internal Walls 2 cm gypsum board + 28 cm air gab + 2 cm gypsum board 

External Walls 2 cm plaster + 20 cm concrete + 2 cm plaster 

Floor and Ceiling 15 cm light concrete 

Window  Clear double glazing 

Outer Glass Clear single glazing 
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5.1 Selection of the system components 

The selected desiccant wheel model was RVB-700 with a diameter of 70 cm, 

which fit perfectly inside the duct [43]. The wheel’s electrical consumption was 93 W. 

The associated sensible wheel was a HRW-19-250 EcoFresh heat recovery wheel with 

an electrical consumption of 82 W [44]. The ducts are made of insulated galvanized 

steel [45, 46]. The insulation is applied to control heat loss through duct walls. The 

fiberglass insulation is resistant to mold growth and fiber erosion in accordance with 

industry standards and will avoid the distribution of airborne mold or glass fibers [47]. 

The moderate water requirements of the evaporative cooling channel are met 

with a small pump whose electrical consumption is minimal. For instance, a positive 

displacement pump that suited such an application and which met the water flow rate 

requirements (0.4 L/hr) typically had a nominal power of less than 90 W.  

The regenerated air flowing from PV/t system to the desiccant wheel and the 

ambient air supplied to the desiccant and sensible wheel was supplied by using three 

inlet air fans of minimal electrical consumption not exceeding 15 W [34]. Typical 

mono-crystalline silicon 1.65×1 m2  PV modules with a nominal power rating of 350 

Wp each at 21.49 % efficiency were used in this study [48]; however, the number of 

PV/t panels needs to be determined using the PV/t model as detailed in the next sub-

section. 
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5.2 Number of PV/t panels in parallel 

A number of PV/t panels is used to regenerate the desiccant wheel and to provide the 

 electrical power needed to operate the wheels, fans, and pump. These PV/t panels are 

connected in parallel as shown in Fig. 7 with a common header where the air mass flow 

rate is divided into n panels and then collected to regenerate the desiccant wheel. It is 

important to highlight that finding the optimal number of parallel PV/t panels needed to 

regenerate the desiccant wheel and to provide the power to operate the wheels, fans, and 

pump is necessary. Since electric power needs are minimal, the thermal energy delivery 

at desired regeneration temperature is the controlling parameter for the number of 

parallel panels to meet this requirement.  

 

To avoid oversizing the system, the optimal number is considered as the 

minimum number of parallel PV/t panels that can deliver sufficient thermal energy to 

regenerate the desiccant wheel for all the summer months. This minimum number of 

parallel PV/t panels must ensure sufficient dehumidification of the ambient air such that 

that the temperature of the air leaving the evaporative cooler and flowing adjacent to the 
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glazing section is significantly less than the ambient temperature.  This is achieved by 

simulating the integrated model of the DDS-ECW for different number of panels until 

reaching the desired outputs. The regeneration temperature varies hourly since it 

depends on the hourly solar radiation and ambient temperature. Thus, when the system 

is sized by means of PV/t panels’ number, the design should always be effective even 

when solar radiation is low during the early hours. Hence, the minimum regeneration 

temperature is analyzed for its ability to regenerate the desiccant wheel at all operational 

hours. 

The methodology of choosing the number of parallel PV/t panels was based on 

incrementing n by 1 starting from 1 until that the hourly average temperature of the air 

flowing adjacent to the glazing section was less than the ambient temperature by at least 

5°C for all summer months. The second constraint was based on Beccali et al. [36], 

stating that the minimum regeneration temperature must exceed 40°C to be able to 

regenerate the desiccant wheel. When these two constraints were met, the number of 

parallel PV/t panels was no longer incremented, and the optimal value of n was reached 

as shown in the flow chart of Fig. 8.  

The total mass flow rate of air flowing through parallel PV/t panels that was 

used in the simulations was around 0.01 kg/s which was the typical air mass flow rate 

reported in the literature [49, 50]. 
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CHAPTER 6 

RESULTS AND DISCUSSION 

 
The proposed system was evaluated based on the simulations of the developed 

mathematical model during typical days of the summer months from June to September 

and for a typical office space in Jeddah, KSA. In addition, the effectiveness of the 

proposed system was assessed by comparing the cooling load of the office space in 

three cases:  

i) Case I: The current proposed integrated DDS-ECW system where the 

ambient humid air is undergoing a dehumidification before reaching the 

evaporative cooler. 

ii) Case II:  The ECW system without dehumidification of the ambient air 

entering the evaporative cooler [18]. 

iii) Case III: Conventional clear double pane window. 

The accuracy of the obtained results depends on the accuracy of the PV/t 

model, desiccant model, evaporative cooler model, and heat convection in the glazing 

section model. These models are experimentally validated models with a small relative 

error compared to the experimental findings shown in Table 3. Moreover, the overall 

operation has a small error of measurement and high accuracy, which makes the 

obtained model results reliable. 
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Table 3: Reported relative error of measurement of each model  

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

PV/t model [51] ± 2.78 - 

Desiccant model [36] ± 1.85 ±1.00 

Evaporative cooler [18] ± 1.07 ±1.08 

Glazing model [18] ± 1.16 - 

 

The analysis started by determining the optimal number of PV/t panels 

followed by consideration of effectiveness of the DDS, the air cooling through the 

evaporative cooler, and finally the impact of cooled air on the glazing section and space 

cooling load. 

 

6.1 Optimal number of parallel PV/t panels 

As described in section 5.2, the optimal number of parallel PV/t panels was 

found by repeating the mathematical model simulations for a number of panels starting 

from n =1 and incremented by 1 until the constraints shown in the flow chart of Fig. 8 

were met. The simulation results for different number of PV/t panels over the summer 

months are summarized in Table 4. 
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Table 4: Comparison of the hourly average temperature of the air leaving the 

evaporative cooler and the minimum regeneration temperature for different number of 

PV/t panels during summer months  

 

Number June  July  August September 

of PV/t (𝑻𝒂𝒎𝒃
̅̅ ̅̅ ̅̅ ̅=33.8 °C) (𝑻𝒂𝒎𝒃

̅̅ ̅̅ ̅̅ ̅=35 °C) (𝑻𝒂𝒎𝒃
̅̅ ̅̅ ̅̅ ̅=36.6 °C) (𝑻𝒂𝒎𝒃

̅̅ ̅̅ ̅̅ ̅=34.3 °C) 

Panels Min (𝑻𝒓𝒆𝒈) 𝑻𝒂𝒊𝒓−𝒆𝒗𝒂𝒑
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  

Min 

(𝑻𝒓𝒆𝒈) 
𝑻𝒂𝒊𝒓−𝒆𝒗𝒂𝒑
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  Min (𝑻𝒓𝒆𝒈) 𝑻𝒂𝒊𝒓−𝒆𝒗𝒂𝒑

̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  
Min 

(𝑻𝒓𝒆𝒈) 
𝑻𝒂𝒊𝒓−𝒆𝒗𝒂𝒑
̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅  

/ (°C) (°C) (°C) (°C) (°C) (°C) (°C) (°C) 

n=1 37.20 27.125 37.03 26.23 39.97 30.23 40.77 31.32 

n=2 38.74 26.67 38.51 25.86 41.41 29.68 42.12 30.63 

n=3 39.57 26.40 39.33 25.67 42.20 29.36 42.86 30.39 

n=4 40.13 26.34 39.86 25.52 42.72 29.17 43.35 29.75 

n=5 40.53 26.26 40.26 25.53 43.10 29.04 43.71 29.3 

 

 

 

6.1.1 Constraint regarding the minimum regeneration temperature  

The lowest regeneration temperature for all summer months increased as the 

number of PV/t panels increased (see Table 4). Evidently, when the number of PV/t 

panels increased, the air mass flow rate passing in each PV/t panel decreased leading to 

an increase in the difference of temperature between the air flowing and the panel 

surface. Thus, the regeneration temperature increased.  

It is important to point out that observing the difference in regeneration 

temperature between the summer months is necessary. September, for example, reached 
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the desired Treg using one PV/t panel while August needed two panels. July and June 

needed four and five panels, respectively. The optimal panel number was related to the 

hour in the day at which the minimum regeneration temperature occurred for each 

month. All the summer months had minimum regeneration temperature at 8:00 in the 

morning because of the relatively low solar radiation. However, even during this time 

September had the highest ambient temperature of 35 °C followed by August (33 °C), 

July (31°C), and lastly June (30 °C) (see Table 1).  September was only 5 °C away 

from the minimum regeneration temperature of 40 °C, which proves why one panel was 

sufficient. Thus, to meet the minimum regeneration temperature constraint over all the 

summer months, five PV/t panels were selected which corresponded to the month of 

June. 

 

6.1.2 Constraint regarding the hourly-average temperature difference between the air 

flowing adjacent to the glazing section and the ambient air  

When the regeneration temperature increased, the humidity ratio of air 

decreased thus increasing its ability to absorb water vapor and releasing heat in the 

evaporative cooler. When using one PV/t panel, the reductions of the hourly average 

temperature of air leaving the evaporative cooler were 7.24 °C, 9.24 °C, 7.07 °C, and 

3.99 °C for June, July, August, and September, respectively. This reduction in air 

temperature was maximum in July because it had the highest hourly average solar 

radiation (419 W/m²) followed by June (417 W/m2), and then August (411 W/m2) while 
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September had the lowest value of 401 W/m². In addition, September was considered 

the most humid month in Jeddah based on weather and climate [33]. These two factors 

resulted in having the lowest reduction in the temperature of air leaving the evaporative 

cooler in September. Therefore, one panel was insufficient to regenerate the desiccant 

wheel in September and more panels were needed to increase this reduction in 

temperature. Furthermore, when the number of panels reached five, the temperature of 

the air leaving the evaporative cooler was reduced by 7.55 °C, 9.48 °C, 7.5 °C, and 5 °C 

for June, July, August, and September, respectively. Therefore, the two constraints (i) 

min(𝑇𝑟𝑒𝑔) ≥  40 °C and (ii) (𝑇𝑎𝑚𝑏 − 𝑇𝑎𝑖𝑟 𝑒𝑣𝑎𝑝)̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅ ≥ 5 °C were satisfied when the number 

of PV/t panels reached five.  

Five PV/t panels were more than enough to meet the electrical requirement of 

the proposed system components. The total electrical consumption of the system 

components (one desiccant wheel, one sensible wheel, three fans, and one water pump) 

in a working day of 10 hours (from 8:00 hr. to 18:00 hr.), was estimated to be at 3.1 

kWh. The electrical energy afforded by one PV/t panel module was around 1.4 kWh on 

a typical day in July in Jeddah, thus three PV/t panels were sufficient to meet the 

electrical requirements of the system components. Furthermore, the electrical power of 

the remaining PV/t panels could be used for office electrical needs [52]. The PV/t 

panels are used to afford both electricity and thermal energy, however, the electrical 

consumption of the system components is minimal, while the thermal energy needed is 
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significant. Thus, the regeneration temperature (the thermal energy) is the tradeoff for 

the proposed system. 

 

 6.2 The effect of regeneration temperature on humidity ratio for Case I 

5 PV/t panels oriented towards the west as described in the case study were 

used to regenerate the desiccant wheel to increase its ability to absorb water vapor and 

therefore release more heat in the evaporative cooler. Fig. 9-12 show the hourly 

distribution of the regeneration temperature compared to the ambient temperature, as 

well as, the humidity ratio of air leaving the desiccant wheel for the summer months in 

Jeddah.  

The regeneration temperature is related to the ambient air temperature and the 

outdoor solar radiation. It is clear from Fig. 9-12 that the regeneration temperature 

profile was always increasing and reached its peak between 15:00 hr. and 17:00 hr. 

exceeding 75 °C for all summer months [52]. This is because the solar radiation always 

increased from the morning (at 8:00 hr.) to reach a maximum between 15:00hr. and 

17:00 hr. exceeding 700 W/m2 for all summer months (see Table 1). On the other hand, 

the humidity ratio of the air leaving the desiccant wheel showed an opposite trend to the 

regeneration temperature over all months. It was observed that the humidity ratio 

decreased from the morning to reach its minimum between 15:00 hr. and 17:00 hr. 

when the regeneration temperature was reaching its maximum (see Fig. 9-12). This was 

justified by the effect of regeneration in decreasing the humidity ratio of the air flowing 
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through the desiccant wheel even though the regeneration temperature did not exceed 

45 °C for all months during the early morning hours (e.g. 8:00 and 9:00 hr). 

The highest regeneration temperature was reached during a regular day in July 

at 16:00 hr; 88 °C when the solar radiation was around 800 W/m2 and the ambient air 

temperature was 38 °C. Although August showed higher solar radiation than July (812 

W/m2) at the same time, the ambient temperature was 3 °C less. Therefore, July 

presented the highest regeneration temperature, which led to a maximum decrease in 

humidity ratio at this time between the air leaving the desiccant wheel and the ambient 

air, at 54%. 

Moreover, the thermal energy absorbed from the five PV/t panels over the 

summer months were as follows: 3 kWh/day, 2.9 kWh/day, 2.22 kWh/day, and 2.8 

kWh/day for the typical days of June, July, August and September, respectively. This 

thermal energy was related to the difference between the ambient temperature and the 

regeneration temperature (see Fig. 9-12). 

September is the most humid summer month (see Fig. 12) where the ambient 

air humidity varied between 0.024 at hour 15:00 (kg of H2O/kg of dry air) and 0.031 (kg 

of H2O/kg of dry air) at hour 9:00 while solar radiation varied between 93 W/m2 at 8:00 

hr. to 800 W/m2 at 16:00 hr. Consequently, the regeneration temperature varied between 

43 °C at 8:00 hr. and 85 °C at 16:00 hr. Since the regeneration temperature was 

relatively low at 8:00 hr., the humidity ratio was only reduced by 1%; thus, the system 

was ineffective at this time. Nevertheless, the humidity ratio was further reduced as time 
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increased. At noon when the regeneration temperature reached 55 °C, the humidity ratio 

decreased by 11 %. The maximum reduction in humidity ratio exceeded 37% for 

September at 16:00 hr. and this was justified by the relatively high regeneration 

temperature related to the high solar radiation at this time (800 W/m2). This major 

reduction in humidity ratio affects the temperature of the air leaving the evaporative 

cooler as will be discussed in the next sub-section. 
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6.3 Comparison of the temperature of the air leaving the evaporative cooler (Case 

I and Case II) 

The temperature of the air leaving the evaporative cooler is compared between 

Case I (DDS-ECW system) where the ambient humid air undergoes a dehumidification 
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before reaching the evaporative cooler and Case II (ECW system) where the ambient air 

is not dehumidified before entering the evaporative cooler. The results of the four 

summer months are summarized in Table 5. All the summer months achieved a 

reduction in the temperature of the air leaving the evaporative cooler compared to the 

ambient conditions. However, Case I and Case II have different effects in the 

temperature reduction of the air leaving the evaporative cooler. All the summer months 

had higher temperature reduction in Case I when dehumidification was incorporated 

compared to Case II when no dehumidification took place.  

 

Table 5: Comparison of the air temperature leaving the evaporative cooler between 

Case I and Case II for all summer months 

Time 

(hr) 

June July August September 

Tamb  T air-evap (°C) Tamb  T air-evap (°C) Tamb  T air-evap (°C) Tamb  T air-evap (°C) 

 (°C)  Case I 
Case 

II 
 (°C)  Case I 

Case 

II 
 (°C)  Case I 

Case 

II 
 (°C)  Case I 

Case 

II 

8:00 30.00 24.66 25.94 31.00 25.51 25.60 33.00 27.41 27.45 35.00 33.6 34.9 

9:00 32.00 25.68 26.38 32.00 26.10 26.61 35.00 27.52 27.75 36.11 33.71 36.01 

10:00 34.00 28.09 29.05 34.00 26.50 27.45 37.00 31.1 31.34 35.00 31.4 35 

11:00 36.00 29.32 30.51 35.00 25.71 26.89 38.00 32.73 33.09 36.11 31.3 36.01 

12:00 35.00 27.31 29.45 35.00 25.14 27.35 40.00 33.29 35.11 35.00 30.63 34.91 

13:00 34.00 26.67 29.10 35.00 25.13 27.38 40.00 33.2 35.14 35.00 29.11 34.9 

14:00 34.00 25.55 29.51 36.00 25.42 28.82 39.00 30.9 34.84 33.89 27.76 33.86 

15:00 34.00 25.12 29.42 37.00 25.77 29.75 38.00 27.15 31.97 32.78 25.74 32.16 

16:00 34.00 25.43 30.09 38.00 26.50 30.67 35.00 23.58 28.71 32.78 25.8 32.15 
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As shown in Case II, the average reduction in the temperature of the air leaving 

the evaporative cooler compared to ambient was 14%, 20%, 14%, and 1% for June, 

July, August, and September, respectively. July presented the largest reduction of the air 

temperature while September presented the lowest reduction of the air temperature, 

which could be neglected. This was expected since air was not dehumidified before 

reaching the evaporative cooler in Case II. The relatively high humidity ratio of 

September led to less latent heat exchange of outdoor air with the water sheets in the 

evaporative cooler resulting in relatively higher air temperature. On the other hand, 

since July was the driest summer month (see Table 1) the system in Case II was able to 

reduce the air temperature because of the high capability of air to absorb latent heat in 

the evaporative cooler. 

When the DDS-ECW system of Case I was adopted, the average reduction in 

the temperature of the air leaving the evaporative cooler for September increased from 

1% to 14%. This is related to the reduced humidity ratio (see Fig. 12). In addition, the 

average reduction in the temperature of the air leaving the evaporative cooler for July 

increased from 20% to 27%. This modest increase was related to the dry weather 

conditions of Jeddah in July compared to the other summer months. 

17:00 34.00 24.93 29.45 36.00 23.95 29.84 34.00 25.05 30.1 32.78 25.72 32.17 

18:00 35.00 26.10 29.39 36.00 25.07 28.31 34.00 27.56 30.1 32.78 27.85 32.15 
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It is of interest to focus on the performance of the system in Case I and II for 

September, the most humid summer month. In the early hours, the temperatures of the 

air leaving the evaporative cooler were very close to the ambient conditions for both 

Case I and II. This was due to the high humidity of the air not being dehumidified in the 

absence of the desiccant wheel in Case II and the insignificant solar radiation in Case I. 

When the solar radiation became sufficient enough to regenerate the desiccant wheel of 

Case I, the temperature of the air leaving the evaporative cooler decreased to a 

minimum of 25.72 °C compared to 32.17 °C in Case II at 17:00 hr. Therefore, in humid 

conditions like September, the system adopted in this study (Case I) was effective in 

decreasing the temperature of the air leaving the evaporative cooler to flow over the 

glazing section unlike Case II where dehumidification did not take place. 

 

6.4 Analysis of the glazing temperature  

The novelty of the DDS-ECW system has been argued in its ability to 

overcome the harsh and humid conditions for effective window cooling in which Case 

II’s system developed in the literature [18] did not significantly decrease the glazing 

temperature. Hence, a comparison is performed of the hourly distributions of the 

window inner surface temperature between three cases; Case I (DDS-ECW), Case II 

(ECW), and Case III (conventional glazing) when applied to the office space in Jeddah 

for the summer months as shown in Fig. 13. 
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The inner window temperature is related to different factors: (i) inner 

convection with the air in the room (set at 22 °C) (ii) solar radiation (iii) radiation from 

the outer layer of the inner window ,and most importantly (iv)  the convection with the 

air flowing adjacent to the glazing section. Therefore, the inner window temperature 

depends on the temperature of air flowing adjacent to the glazing section which in turn 
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depends on the system adopted. For instance, in Case III the air flowing adjacent to the 

glazing section is the ambient air while it is the air leaving the evaporative cooler in 

Case I and II. 

Fig. 13 shows that for all summer months and in all cases, the inner window 

temperature was increasing until 17:00 hr and then started decreasing. It was clear that 

the inner window temperature was affected by the ambient temperature and the solar 

radiation. Although the ambient temperature did not have a daily and large temperature 

difference in the summer months, the solar radiation had significant daily variation from 

8:00 hr. to 17:00 hr., which then decreased after this time interval. Therefore, the profile 

of the inner window temperature was primarly affected by the solar radiation. When no 

system was installed (Case III) for all summer months the inner window temperature 

was relatively high compared to other cases exceeding 31 °C. The glazing section’s 

relatively high temperature increases the sensible space load which will be further 

explained in the next section. The inner temperature for all summer months reached its 

maximum at 16:00 hr. in Case III and were 31.4 °C, 33.99 °C, 33.9 °C, and 31.5 °C for 

June, July, August, and Sptember, respectively.  

When the ECW system without dehumidification of the ambient air entering 

the evaporative cooler (Case II) was adopted, all the summer months presented a 

reduction in the glazing temperature of about 9%, 14%, 9% for June, July, and August, 

respectively compared to Case III as shown in Fig. 13 (a), (b), and (c). Only 1% 

reduction in September occurred (see Fig. 13(d)). These findings were consistent with 



 

43 

 

 

 

 

 

 

 

 

 

those of the evaporative cooler temperatures presented in section 6.3. The largest 

decrease was achieved by July because of the dry characteristics that allowed air to 

absorb more water vapor, increasing the release of latent heat in the evaporative cooler 

and thus, increasing the reduction in the inner window temperature. However, the 

humid condition of September limited the performance of the system adopted in Case II 

and only 1 % of reduction was recorded.  

The DDS-ECW system (Case I) in this study anticipated the effect of the 

dehumidification phase of the air before reaching the evaporative cooler to increase the 

latent heat exhange with the water sheets and consequently increased the ability of air to 

extract heat from the window surface leading to a decrease in inner window 

temperature. Although the system adopted in Case II led to a reduction of the inner 

window temperature for June, July, and August further reductions were recorded when 

dehumidification took place (Case I). This is clearly seen in Fig. 13 (a-c) where the 

reductions in inner window temperature became 14%, 19%, and 12% for June, July and, 

August respectively. Any further reduction in the air humidity ratio before reaching the 

evaporative cooler led to an additional improvement of the water vapor exchange with 

the water sheets of the evaporative cooler and consequently increased the reduction in 

the air temperature leading to a decrease of the inner window temperature.  

Since the reduction of the humidity took place at the desiccant wheel that 

needed regeneration, the maximum effect of dehumification in increasing the reduction 

in the inner window temperature took place between 15:00 hr. and 17:00 hr. where the 
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solar radiation was sufficient enough to regenerate the desiccant wheel. As shown in 

Fig. 13 (a-c), the large difference in the inner window temperature occured at this time 

interval and reached 5 °C, 7 °C and 4 °C for June, July, and August, respectively.  

September recorded a reduction of 14% of the inner window temperature in 

Case I compared to 1% in Case II. When applying the DDS-ECW system (Case I), the 

inner window tempereature decreased by a maximum of 5°C compared to 1.5°C  in 

Case II when the dehumdification system was excluded (see Fig. 13 (d)). Nonetheless, 

this improvement when dehumidication was applied occurred in the time interval of 

15:00hr. -17:00 hr where relative humidity was significant but also was solar radiation 

intensity. Note that the substantial increase of the regeneration temperature at this time 

interval (see Fig. 12 (d)) resulted in a substantial decrease in humdity ratio (up to 40%), 

as well as, a substantial decrease in the temperature of air leaving the evaporative cooler 

reaching 6 °C as shown in Table 5. Therefore, air was dehumidified at this time interval 

allowing for a major enhancement of exchange in latent heat and a major decrease in the 

window air temperature.  

Therefore, it is clear that the system adopted in Case I recorded major 

improvement in decreasing the inner window temperature for the summer months 

especially for September where the humid conditions limited the ability of the system 

adopted in Case II to decrease the inner window temperature. 
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6.5 Analysis of the space cooling load  

The cooling load of the office case study in Jeddah was estimated using 

equation (11) for all cases. The cooling load is related to the office wall temperatures, 

the glazing temperature, and other fixed internal loads. As a result, the cooling load 

should vary between the different cases in a similar manner as the inner window 

temperature. 

Fig. 14 (a-d) illustrates the cooling variation during the summer days of June, 

July, August, and September for the three different cases. When no system was installed 

(Case III), the total cooling load needed was around 5 kWh/m2. When the system was 

installed without dehumidification (Case II), the total cooling load of the summer 

months decreased by 7%; however, when the dehumidification phase is integrated (Case 

I), the total cooling load of the summer months decreased by 11%. For all summer 

months, the maximum decrease of the space load between the case of non-

dehumidification (Case II) and the case with dehumidification (Case I) occurred 

between 15:00 hr. and 17:00 hr. when the solar radiation was sufficient to dehumidify 

the air before entering the evaporative cooler. Even when the ambient conditions were 

not humid, the DDS-ECW system (Case I) still resulted in a reduction of the cooling 

load which reached 10% compared to 8% in Case II at 16:00 hr. Evidently, this was 

related to the increased capacity of air to absorb water vapor and remove sensible heat 

at glazing section resulting in a decrease of the inner window temperature. 
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September recorded the maximum reduction in the cooling load when Case I 

and Case II were compared. Note that the cooling load on the typical day of September 

was only reduced by a maximum of 0.6% in Case II whereas it reached 11% in Case I at 

16:00 hr. This shows the importance of applying the system adopted in Case I especially 

during the time when the space load attained the peak due to the significant solar 

radiation (800 W/m2). 
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6.6 Psychrometric chart of the air states for each summer month  

Fig. 15 (a-d) shows the psychrometric charts of the air flowing in the system 

for June, July, August, and September while also showing the thermodynamic air states 

at hour 16:00. As described in Fig. (2b), the air enters the system at state 1 with a 

relatively high temperature and a humidity ratio corresponding to the ambient condition 

for each summer month. After passing through the desiccant wheel, the humidity ratio 

decreases dramatically (by an average of 40%) while the temperature increases 

significantly (by an average of 17°C) at state 2.  Subsequently, air enters the sensible 

wheel where the temperature decreases to be close to the ambient temperature 

conserving the same humidity ratio (state 3).   Air then enters the evaporative cooler 

where its temperature is reduced (by an average of 12°C) because of the latent heat 

released. However, its humidity ratio is increased (by an average of 60%) to reach state 

4 at the inlet of the glazing section. Finally, the forced convection in the air gap between 

the two glazed surfaces allows the air to exchange heat with the window. Therefore, the 

air temperature increases (by an average of 2°C) from cooling down the window before 

leaving to the outside environment at state 5. 
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6.7 Water consumption in evaporative cooler  

When the air enters the evaporative cooler, it absorbs water vapor from the 

water sheets and release its latent heat leading to a decrease in the air temperature (state 

3-4 in Fig. 15). In order to ensure the continuous flow of water to the water sheets, a 

small pump (0.4 l/hr) is used and the excess of water is thrown in a reservoir. Therefore, 

it is of interest to study the water consumption in the evaporative cooler. Fig. 16 

illustrates the hourly water consumption of a typical day of July considered as a typical 

summer month. As shown in Fig. 16, the water consumption ranges from a minimum of 
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0.09 l/hr in the morning to a maximum of around 0.22 l/hr at hour 17:00. This is 

because when the air is relatively dry at the inlet of the evaporative cooler, it has a large 

potential to absorb the moisture from the water sheets [53]. In the morning, for instance 

at hour 8:00, the relative humidity reaches 49.68% compared to a relative humidity of 

11.1% at hour 17:00. Therefore, this maximum moisture absorption at hour 17:00 

reflects a maximum water consumption at the same hour. 

The daily water consumption of June, July, August and September are 1.5 

l/day, 1.8 l/ day, 1.5 l/ day and 1.2 l/day, respectively during the 10 operating hours. 

Evidently, the water consumption is minimum in September since this month is the 

most humid summer month and maximum in July since this month is the driest summer 

month. This minimal daily amount of water consumption could be due to the 

condensate drain of the air conditioning systems [54]. The water collected in the 

reservoir could be treated using chlorine to disinfect it and kill all the germs so that it 

could be recycled again to the evaporative cooler by means of the pump. 
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CHAPTER 7 

ECONOMIC IMPLICATIONS AND BENEFITS OF THE 

PROPOSED SYSTEM 

 
In this section, an economic feasibility study of the proposed system is 

developed to assess its pay-back period and savings over the conventional cooling 

system. For this reason, the life cycle cost NPV (initial + operational) of both systems 

(Case I and Case III) are calculated [55]. The real discount rate of return is selected as 

2% [55] and the period is considered as 20 years. 

Since the mechanical cooling system used in the office is common for both 

cases, its cost is not included in the initial cost. However, since the double glazing used 

in the conventional system (case III) is replaced by two single-glazing (Case I) (see 

Fig. 1). Therefore, only the difference between these two glazing costs is considered as 

the initial cost of the conventional system (case III) and it is equal to 825 $. The initial 

cost of the proposed system (case I) is 2,000 $ including the cost of PV/t system [48], 

the rotary wheels, the water pump, the galvanized ducts and the air fans. The 

replacement of the water pumps and rotary wheels is assumed to take place once every 

15 years to last for the building lifecycle. 

To determine the yearly electrical consumption, the cooling load is estimated 

over the whole year for both cases I and III. The results show a total cooling load of 11 

MWh/year for case I compared to 12.4 MWh/year for case III. Moreover, PV/t panels 

afford electricity of about 3370 kWh/year; all the system components consume around 

1.132 kWh/year leading to an excess of 2.238 MWh/year that is used for the office 

electrical components. Thus, the total electrical consumptions for the conventional 

system (case III) and the proposed system (case I) are respectively 14.7 and 11 

MWh/year.    

The average tariff rate of electricity in Jeddah is currently of 48 US cent/kWh 

[48] with a 2% assumed electricity price growth rate [56]. Therefore, the net present 
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value or life-cycle cost (NPV) of the conventional system (case III) over 20 years was 

$14,660, compared to 12600 $ for the proposed system (case I) inducing a resultant 

reduction of 14%. Finally, the payback period of the proposed system was computed by 

plotting the cumulative net present value for both cases as shown in Fig. 17. It is shown 

that the pay-back period occurs between 6 and 7 years. 
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CHAPTER 8 

LIMITATIONS AND APPLICABILITY 
 

The proposed study aims to construct a passive window cooling system 

concurrent with the tendency of new architectural building designs to use facades with 

large windows. However, there are some limitations like other hybrid systems. The PV/t 

system is to occupy a roof space not exceeding 20% of the office floor area. Moreover, 

both the desiccant and the sensible wheel sizes should be selected such that they fit 

inside the duct system which can be hidden in the false ceiling used for the air 

distribution system. The remaining duct transporting the air from the sensible wheel to 

the evaporative cooler could be installed inside the hollow concrete block between the 

inner and outer glazing. 

The applicability of ECW-DDS proposed system design in humid and hot 

climates has been shown in a case study where the sizing and selection approach as well 

as their performance prediction models of the various subsystems components were 

presented for PV/t, the glazing parameters, and the desiccant system parameters under 

different environmental conditions.. However, any improvement of the design 

parameters should be investigated while considering life cycle cost analysis. 
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CHAPTER 9 

CONCLUSION 

 
A new DDS_ECW passive technique for reducing the temperatures of glazing 

surfaces is established and investigated to decrease the cooling load of office spaces 

especially in hot and humid conditions. The DDS-ECW system is based on 

dehumidifying the humid air by means of a desiccant wheel regenerated by PV/t panels 

and conducting the air into an evaporative cooler before flowing adjacent to the glazing 

surface. A mathematical model integrating the desiccant wheel, PV/t system, sensible 

wheel, evaporative cooler, and space model, was developed to assess the performance 

of the system. The proposed system was assessed based on the simulations of the 

developed mathematical model during the typical days on the summer months from 

June to September and for a typical office space in Jeddah. The effectiveness of the 

proposed system was evaluated by comparing the office space cooling load of the 

proposed DDS-ECW system (Case I) with two other cases: the ECW system without 

dehumidification of the ambient air entering the evaporative cooler (Case II) and the 

conventional clear double pane window (Case III). 

The results show that the dehumidifying air before reaching the evaporative 

cooler in the DDS-ECW system brings about a further decrease of the inner window 

temperature for all the summer months leading to a significant decrease in the cooling 

load. The key findings of the study are summarized as follows: 
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1. In humid conditions like in September, the system proposed in this study 

(Case I) was effective in decreasing the temperature of the air leaving the 

evaporative cooler to flow over the glazing section (14%) unlike Case II 

where dehumidification did not take place (1%).  

2. The proposed system recorded major improvement in decreasing the inner 

window temperature during the summer months especially in September 

where the humid conditions limited the ability of the system adopted in Case 

II to decrease the inner window temperature. For instance, July recorded a 

decrease of the inner air temperature by an average of 19% when DDS-ECW 

system was adopted compared to 14% when no dehumidification occurred 

(ECW). Moreover, September, which is considered as the most humid 

summer month, recorded a negligible reduction of the inner window 

temperature not exceeding 1% when ECW system was adopted compared to 

14% when dehumidification was integrated (DDS-ECW). 

3. The proposed system recorded a decrease of 11% on the summer cooling 

load compared to 7% when the system was installed without 

dehumidification (Case II). 

4. A total of 14% reduction in the life cycle cost over 20 years with a 6.5 years 

payback period. 

Therefore, (DDS-ECW) system was found to be very efficient during the 

summer months of Jeddah especially in September when humidity levels were highest.  
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