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ABSTRACT 

The evaporative cooling system has been considered as 

an alternative to the conventional vapor compression air 

conditioning system, which offers a simple, low cost, 

low energy and environmentally friendly solution for 

building’s cooling demand.  The aim of the paper is to 

present a new type of evaporative cooling system, 

which uses less mechanical equipment than common 

evaporative coolers. This system uses a fibrous wall as 

a medium for water evaporation, in order to cool down 

the air temperature. The paper starts with the state of 

the art of the evaporative cooling system, continues 

with the description of the proposed system and 

formulation of the associated model. The evaluation of 

the performance of the system under different 

parameters will also be presented. A case study in this 

paper showed that the system was able to reduce the air 

temperature by 4°C at night in city of Béchar, Algeria, 

with the average air temperature of a week reduced by 

2.3°C. The studies indicate that this system is 

interesting for application in hot and dry area.        

INTRODUCTION 

Nowadays, building sector contributes around 30-40% 

of total world’s energy consumption. In this sector, the 

energy use for HVAC systems is particularly significant 

(50% of building consumption in the USA) (Pérez-

Lombard et al. 2008).  

The cooling system, or air-conditioning system, 

becomes more and more important for buildings, 

particularly for the public ones, due to recent warm 

periods, high thermal insulation and heat generated by 

internal devices.  It is also becomes a necessity in daily 

lives for people in warm/dry regions. Furthermore, in 

areas with mild climate, such as European countries, its 

use is growing rapidly (Smith et al. 2011). 

The market of air conditioning system is currently 

dominated by the mechanical vapor compression 

refrigeration system. This technology is popular for its 

stability in performance. However, this system has a 

high demand of electricity for the operation of the 

compressor. Regarding the high dependency of fossil 

fuel burning for producing electricity, this technology is 

considered as neither sustainable nor environmentally 

friendly (Zhang 2006).  

The evaporative cooling system is an alternative to the 

conventional mechanical vapor compression system. 

This system became popular for its simplicity in 

structure and good use of natural energy (latent heat of 

water). It also offers a cooling solution with low energy 

consumption, by removing the needs for the power-

intensive compressor (Chen et al. 2010). 

STATE OF THE ART OF EVAPORATIVE 

COOLING SYSTEM 

Evaporative cooling techniques mainly distinguished by 

the contact between evaporated water and supplied air. 

There are mainly two types of evaporative cooling 

technique: direct and indirect. 

Direct evaporative cooling is performed using a fan to 

pull the warm air from the exterior of the building and 

passing it through an evaporation pad. The pad, consists 

of a wetted porous material, is maintained humid by the 

water flowing continuously on its upper edge. This 

technique reduces air temperature by converting the 

sensible heat to latent heat of evaporation of water. 

However, the humidity is increased. In humid climate, 

the humidity of the air leaving the system can be 

increased to over 80%. The humid air is not suitable for 

direct use in space, because it can cause rust and 

moisture sensitive materials. This technique will not 

work in humid area (Santamouris et al. 2013), (Xuan et 

al. 2013).  

In indirect evaporative cooling, two types of air flow 

are used. A secondary air is cooled with the same 

principles of direct evaporative cooling and used to cool 

down the primary air by sensible heat exchange within 

a heat exchanger. The secondary air is then discharged 

to the outside while the primary air is supplied into the 

© 2014 ASHRAE (www.ashrae.org). For personal use only. Reproduction, distribution, or transmission 
in either print or digital form is not permitted without ASHRAE’s prior written permission.

497



   

 

room. This system is capable of cooling air without 

adding moisture to the air, which makes it more 

attractive in more humid areas. 

However, several case examples showed that the 

efficiency on the indirect system is lower than direct 

system, since its efficiency also depends on the 

efficiency of heat exchanger to transfer the heat 

between two airflows. The system proposed in this 

paper use the cooling method similar to the direct 

system, to get good efficiency while the impact of 

added moisture should be considered. 

One of the problems associated with passive cooling by 

evaporation (particularly direct system) is the increased 

indoor humidity. The abnormal presence of moisture in 

the building has an impact on the quality of 

construction, as well as on the quality of the air and 

comfort. Moisture can be considered as a source of 

occurrence of pathologies in buildings (Berger et al. 

2012). 

For hygroscopic materials, the excess of relative 

humidity of a building increases heat loss at a wall. 

This is due to the thermal conductivity increases as the 

humidity is increased. 

Indoor humidity can degrade the indoor air quality 

because it is related to indoor pollutants that affect the 

health of occupants. These effects are either related to 

the development of biotic agents, or associated with the 

interaction of moisture with biotic pollutants. There 

may be four categories of pollutants related to excess of 

moisture in building: bacteria, viruses, fungi and mites 

(Berger et al. 2012). 

COOLING SYSTEM BY EVAPORATION 

OF WATER IN A FIBROUS WALL (CEWF) 

Description 

CEWF is a system that uses cooling effect of 

evaporation to cool air in the room. This system uses an 

operating principle similar to the system of direct 

evaporative cooling, where the air is cooled by 

evaporation of water on a porous material. However, 

while the direct systems use fan to pass the air through 

the wetted material, the CEWF utilizes heat and mass 

transfer from the fibrous wall for cooling purpose. In 

other words, the CEWF could use less mechanical 

equipment and therefore consume less energy. It could 

also benefit from easier installation and maintenance. 

The CEWF also have better cooling potential as the 

surface of the wetted material will be as big as the 

surfaces of the room where the system is installed. 

Meanwhile, moisture addition effect of the evaporation 

could be controlled with the moisture storage capacity 

of the fibrous wall (taking into account the properties of 

material). Figure 1 shows the schematic of CEWF. 

The room is represented by an air zone with a fibrous 

wall, which is supplied with water. The fibrous wall 

absorbs the water, and generates the evaporation of 

water in the surface of the wall due to a fluid 

imbalance. The evaporation of water provides cooling 

of the surface of the fibrous wall, which leads to the 

cooling of the other surfaces by radiative exchange, and 

therefore, cooling of the air by convective heat 

exchange with the surface. 

 

 
Figure 1 Diagram of CEWF 

Physical formulation - The transfer of heat 

and moisture  

In order to evaluate the potential of CEWF, the 

formulation of the system should be determined. These 

formulations will be partial differential equations, 

which express the evolution of air humidity and 

temperature with respect to time. The physical 

formulations of the system will be later implemented to 

a simplified model of a room using the software 

COMSOL Multiphysics to perform several simulations. 

There are several examples of the formulation that 

express transfer of heat and moisture of the air in 

building. Xiaoshu Lü (Lü 2002), Menghao Qin et 

al.(Qin et al. 2009), express the heat transfer and taking 

account of the humidity of air renewal by ventilation, 

the contributions of the building envelope and the 

heat/humidity generation. The formulation used by 

Fitsum Tariku et al. (Tariku et al. 2010) corresponds the 

most to our study which considers the impact of water 

evaporation on the air temperature in the building. 

For the formulation of our model, we will base on the 

model by Fitsum et al., considering two contributing 

factors: the walls and ventilation. 

Humidity and heat balance of the air zone 

1. Humidity balance 

The mass exchange between wall and air ( ̇  
 ) [kg s

-1
]: 

 ̇
  

 
        

  ( 
 
   

 
 )  (1) 

 
 
   

 
    (2) 
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With (   ) is the surface area of the fibrous wall [m
2
]; 

(   
 ) is the convective mass transfer coefficient [m s

-1
]; 

(  
 ) is the vapor concentration at the surface of the wall 

[kg m
-3

]; (  
 ) is the vapor concentration in the air [kg 

m
-3

]; (  ) is the air density [kg m
-3

]; and (  ) is the 

ratio of the indoor air humidity [kg kg.dry_air
-1

]. 

The equation (1) applies to the fibrous wall. It will be 

assumed that there is no moisture transfer in the other 

walls. 

The moisture movement by ventilation ( ̇ 
 ) [kg s

-1
]: 

 ̇
 

 
  ̇        (       )  (3) 

With ( ̇       ) is the air flow rate (dry air) [kg.dry_air s
-

1
]; and (    ) is the humidity ratio of the outdoor air 

[kg kg.dry_air
-1

]. 

Thus, the humidity balance equation: 

 
 
    

   

  
  ̇

  

 
  ̇

 

 
  (4) 

With (  ) is the volume of the indoor air [m
3
] 

2. Heat balance 

Heat exchange between walls and air: 

a. The heat exchange by convection between the 

air and the walls ( ̇   
 ), ( ̇  

 ) [W]:  

For the fibrous wall  

  ̇
  

 
        

  (      )  (5) 

For the other wall 

  ̇
 

 
      

  (     )  (6) 

With (   
 ), (  

 ) are the walls’ convective heat transfer 

coefficients [W m-2 K-1]; is (  ) is the temperature of the 

surface [K]; (  ) is the indoor air temperature [K]. 

b. The energy exchange due to enthalpy transfer 

by moisture movement (for fibrous wall) 

( ̇
  

  
) [W]: 

 ̇
  

  
  ̇

  

 
   

 
 (      )  (7) 

With (   ) is the specific heat of water vapor [J Kg-1 K-1] 

c. Transfer of latent heat between wall and air 

due to evaporation of water ( ̇
  

  
) [W] 

 ̇
  

  
      ̇  

 
  (8) 

With (   ) is the latent heat of evaporation [J kg-1] 

Heat transfer by ventilation: 

a. Movement of the dry air ( ̇ 
 
       

) [W]: 

 ̇ 
 
       

  ̇                (       )  (9) 

With (         ) is the specific heat of dry air [J Kg-1 K-1]; 

and (    ) is the outdoor air temperature [K]. 

b. Movement of air humid ( ̇ 
 
 

) [W]: 

 ̇ 
 
 
   ̇            (               )    (10) 

c. The latent heat transfer by ventilation ( ̇ 
  ) 

[W]: 

 ̇ 
       ̇ 

     (11) 

Thus, the heat balance of the zone air: 

      
   

  
  ̇  

   ̇ 
   ̇  

    ̇  
   

 ̇ 
 
       

  ̇ 
 
 
  ̇ 

     (12) 

Humidity and heat balance of the air fibrous wall 

To describe the heat and mass transfer of the fibrous 

wall, the model developed by Abdelkrim Trabelsi 

(Trabelsi 2010) will be used: 

Heat balance of the fibrous wall: 

       
    

  
  (     )           

    
 

  
  (13) 

The moisture balance of the fibrous wall: 

     
    

 

  
  (     

        ) (14) 

With (   ) Wall density [kg m
-3

]; (    ) Heat capacity 

[J kg
-1

 K
-1

]; ( ) Thermal conductivity [W m
-1

 K
-1

]; ( ) 

Ratio between the flow of water vapor and the total 

mass flow; (   
 ) Vapor concentration [kg m

-3
]; (  ) 

Humidity storage [m
3
 kg

-1
]; ( ) Moisture diffusion 

coefficient [m
2
 s

-1
]; ( ) Thermal gradient [kg m

-3
 K

-1
] 

PERFORMANCE ASSESSMENT OF CEWF 

The model presented in the previous section is 

implemented in the COMSOL software, to study the 

behavior of a local provided with a fibrous wall. Some 

simulation parameters will be modified for a case study 

to assess the evaporative cooling system proposed for 

different conditions. 

General description of studied cases 

The local area is illustrated in 2D on COMSOL. This 

local consists of the air zone and two surfaces that 

represent the walls as shown in Figure 2. The area 

consists of an air zone of 9 m
3
, wherein installed a 

ventilation system, with flow rate of 0.01 kg/s. 

 

 

Figure 2 Schematic of the study 

© 2014 ASHRAE (www.ashrae.org). For personal use only. Reproduction, distribution, or transmission 
in either print or digital form is not permitted without ASHRAE’s prior written permission.

499



   

 

The local also consists of a 3 m
2
 fibrous wall supplied 

with water at a rate of 0.2 l/h*m
2
, and a concrete wall 

with the same surface area without any moisture 

activity. The characteristics of the air and the fibrous 

wall are considered constants (see Table 1). 

Table 1 Characteristics of air and the fibrous wall 

PROPERTY VALUE UNIT 

Density of air 1.2 kg/m3 

Density of fibrous wall (fw) 1000  kg/m3 

Heat capacity of air 1012  J/(kg·K) 

Heat capacity of water vapor 1.8  J/(kg·K) 

Heat capacity of fw 1000  J/(kg·K) 

Thermal conductivity of fw 1  W/(m·K) 

Moisture storage of fw 0.01  m3/kg 

Moisture diffusivity of fw 10-7  m2/s 

Temperature gradient of mass 

flow 

0.01  kg/(m3·K) 

Simulation 

To assess the impact of the cooling solution, we 

conducted a parametric study based on different factors.  

First of all, we looked at three different case studies. In 

the first case, the study was conducted without coupling 

the humidity balance, where only the sensible heat 

transfer considered (reference case for validation and 

comparison). In the second case, latent heat transfer 

was introduced but in simplified manner, to see the 

impact of the evaporation of water to the air 

temperature (simplified case). Then, in the third case, 

the interaction with walls also the heat and mass 

transfer was taken into account (complete case). 

Outdoor air humidity and temperature were fixed at 

constant values for these three case studies. 

Then, in the next step of study, several parameters such 

as the external conditions (temperature and humidity of 

the outside air vary with time), and the ventilation rate 

were varied in order to evaluate the proposed cooling 

system for different situations. 

Study of interaction between air and walls in CEWF 

 1st case: sensible heat transfer in the air zone 

In this case, only the sensible heat transfer was 

considered. The heat balance of the zone air described 

in the previous section was simplified by neglecting the 

moisture transfer. The initial temperature of the indoor 

air and the walls was set at 20°C. The outdoor air 

temperature was considered constant at 27°C. 

The ventilation system, which brought new air from 

outside of the local, heated the indoor air. The indoor 

air temperature rose towards the outdoor air 

temperature, and reached a constant value after some 

time. 

The result of this simplified case was validated by 

another simulation using a well-known software 

TRNSYS, using the exact same configurations (see 

figure 3). The only differences on the results were the 

air temperature evolution for several first hours of 

simulation, due to different response time of simulation 

with TRNSYS. In general, the result of the conducted 

study with COMSOL could be considered valid, with 

error below 3%. 

 

 
Figure 3 Comparison of 1st case study with TRNSYS 

 

 2nd case: Sensible and latent heat transfer in 

the zone air 

Using the same configuration with the first case, we 

added the water evaporation effect to the simplified 

air’s heat balance in the first case. This latent heat is the 

transfer of energy due to direct water evaporation in the 

air, written by the following equation ( ) [W]: 

       ̇    (15) 

With ( ̇ ) is the mass flow of water [kg s-1]. 

 

 
Figure 4 Evolution of the indoor air temperature for the 

three studied cases 
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Here, the rise of indoor air temperature stopped at 

26.2°C. The evaporation of water circulated at 0.04 l/h 

allowed a temperature reduction of 0.8°C. 

In this study, the evaporation was not generated in the 

fibrous but directly in the air, and the moisture storage 

in the wall was not considered. For the next case, the 

water would be supplied to the fibrous wall, not directly 

into the air. The coupling with the humidity balance 

will be considered. 

 3rd case: Coupling of heat and humidity 

balance 

In the 3rd case, the moisture transfer would be 

considered. The heat balance was not simplified in this 

case. The humidity of the outdoor air was set constant 

at 0.007 kg/kgdry air, with initial indoor air humidity set 

at 0.01 kg/kgdry air. 

Like in previous case, the evaporation in the wall 

generated cooling of the indoor air. In this case, the 

cooling effect was less powerful. Temperature 

reduction in 3rd case was 0.4°C, compared to 0.8°C in 

the 2nd case (see figure 4). In the 3rd case, the cooling 

of air was not generated directly in the air, but in the 

fibrous wall. Besides, there was also the limit of 

moisture storage in the wall, which reduced the 

evaporation cooling effect. As we showed in the 

previous case, the cooling effect of the system could be 

increased using higher water flow into the fibrous wall. 

In this case, however, the impact to air humidity should 

be considered, as the system increase the indoor air 

humidity. 

Study of the influence of climate 

In this section, the weather data from different climates 

is taken to vary the external conditions (temperature 

and humidity data from the outside air for 8 days). First, 

we'll take the climate of Lyon, France. In summer, the 

city Lyon has warm climates with high humidity in the 

air. Then we will compare with the town of Béchar, 

Algeria, which has a hot and dry climate. The influence 

of climate on the system will be studied, by comparing 

the evolution of the zone air temperature without using 

CEWF, and with CEWF. 

 Climate of Lyon 

In summer, Lyon has a very warm climate and high 

humidity. For this study, we took the weather data of 

Lyon for eight days in summer (approximately between 

July-August), with the average temperature of 20.6°C 

and maximum temperature of the day up more than 

27°C. The average relative humidity of the week was 

74% with the maximum relative humidity up to 90%. 

The effect of cooling varied for each day (see figure 5). 

For the seventh day, the system reduced the room’s 

maximum temperature of 0.8°C. The average 

temperature of the week was reduced by 0.5°C. The 

system was not very powerful to reduce the peak 

temperature as the water supplied was not sufficient for 

cooling compared to the heat brought by air renewal. 

 

Figure 5 Impact of the system on the air temperature of 

the room - Climate of Lyon 

 

The humidity also affected the cooling capacity of the 

system. For example, for the eighth day, with the high 

temperature of outside air (up to 28°C) and relative 

humidity inside the room more than 95%, the system 

was not able to cool the air (see figure 6). 

 

 

Figure 6 Impact of the system on the air humidity- 

Climate of Lyon 

 

In this case, the increase of humidity must be 

considered. With the flow of water at 0.2 l/h*m
2
, the 

relative humidity of the indoor air increased more than 

7% compared to the relative humidity of the outdoor 

air. With high humidity of outdoor air, use of CEWF 

carries the risk of moisture excess. Thus a drying 

system in the air supplied through the ventilation could 

be appropriate. 

 Climate of Béchar, Algeria 

The city of Béchar has a desert climate, with very high 

temperatures. Its average temperature of the week was 

33°C, with a maximum temperature up to 40°C. The 
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humidity of the outside air is low, with an average 

relative humidity of 26%. The same amount of water 

used in the previous study would not be sufficient for 

cooling the room. However, since the humidity of the 

outside air is very low, it is possible to increase the 

supply of water without less risk of moisture excess. 

a. For a water flow of 0.2 l/h*m2, we obtained 

the following result: 

 

 

Figure 7 Impact of the system on the temperature of the 

room air - Climate of Béchar (a) 

 

For the fifth day, the maximum temperature was 

reduced by 1°C. The proposed cooling system reduced 

the average temperature of the week with a mean 

difference of 1.16°C. It was even better at night, with a 

reduction in temperature up to 3°C. 

Due to the dry climate in Béchar, the impact of the 

system on the humidity was not risky (Toftum et al. 

1998). Figure 8 below showed that even with the 

amount of water injected, the average relative humidity 

of the room is below 70%. 

 

 

Figure 8 Impact of the system on the humidity of the air 

– Climate of Béchar (a) 

 

Considering that the risk of excess moisture was less 

important, we could further improve the system 

performance by increasing the flow of water on the 

wall. 

b. With a flow of water of 1 l/h*m
2
: 

 

Figure 9 Impact of the system on the air temperature - 

Climate of Béchar (b) 

 

Figure 9 showed that the system was even more 

powerful by increasing the water flow with a reduction 

in the average temperature of the week to 2.3°C. The 

temperature at night was reduced by 4°C. 

The impact of the system on the humidity of the room 

became more important. The relative humidity of the 

room was 16% higher than outdoor relative humidity. 

However, it was still acceptable with maximum 

humidity less than 70% (see figure 10). 

 

 

Figure 10 Impact of the system on the humidity of the 

air - Climate of Béchar (b) 

 

Study of the influence of air change rate 

In this section, we studied the impact of different air 

change rates on the performance of CEWF. For this 

study, we based on the study with Béchar’s climate. 
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 Base: Case Béchar (a) 

In the previous section, we saw that the use of CEWF 

with climate Béchar (a) allowed cooling of the local 

with a mean difference of 1.16°C with an increase of 

7% of average relative humidity. 

Considering that the heat from the outside limits the 

cooling effect of the system, a study is made by 

reducing the ventilation rate of 0.01 kg/s to 0.005 kg/s. 

The result is shown in Figure 11. 

 

 

Figure 11 Influence of the air change rate in the room 

temperature - Case Béchar (a) 

 

With this configuration, ventilation brought less heat 

into the local. As a result, the local’s air temperature 

was reduced further, compared to the basic version. The 

decrease in the average temperature was 0.2°C. 

 

 

Figure 12 Influence of the air change rate on the air 

humidity - Case Béchar (a) 

 

With the ventilation rate two times lower, we have less 

moisture extraction and thus further increase of the 

indoor humidity. The average relative humidity was 7% 

higher compared to the base version (see figure 12). 

 

 

 Base: Case Béchar (b) 

This time, we based on the study of Béchar (b) with 

injected water flow of 1 l/h*m
2
, which gave more 

cooling effect, but an increase in the relative humidity 

of 16%. 

In this case, we evaluated the influence of higher air 

change rate on the room’s temperature and humidity. 

By increasing the rate of 0.01 kg/s to 0.02 kg/s, the 

result was obtained as follows: 

 

 

Figure 13 Influence of the air change rate in the room 

temperature - Case Béchar (b) 

 

Conversely to the previous case, a higher ventilation 

flow rate brought more heat from the outside. The 

system had less time to cool the ambient air. The 

cooling effect was reduced. The average temperature 

was 0.5°C higher (see figure 13). 

 

 

Figure 14 Influence of the air change rate on the air 

humidity - Case Béchar (b) 

 

However, the increase rate of air exchange can extract 

more moisture from the room. The impact of the system 

on the indoor relative humidity was reduced, with a 

difference of 11% compared to the basic version (see 

figure 14). 
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The antagonistic effects of the air change rate and the 

amount of water injected into the fibrous wall implies 

the existence of an optimum. To find its location, it is 

necessary to implement an optimization methodology 

adapted to the problem. 

CONCLUSION 

The performance of CEWF depends on different 

factors. The studies we have performed on different 

climates have shown that the effect on moisture of 

CEWF is more important in a humid area. In the 

climate of Lyon, with average relative humidity of 

74%, the use of CEWF with 0.2 l / h m2 of water flow 

increases the relative humidity of the indoor air up to 

7%. In Béchar, with the flow of water twice than that 

we used in Lyon’s climate (0.2 to 0.5 l/hm2) the 

increase of humidity does not exceed 7%. The increase 

of relative humidity effect is less important because the 

air change can extract the local humidity, by replacing 

inside air with the outside air with low humidity. In dry 

climate, the use of CEWF carries less risk of moisture 

excess. It also allows us to supply more water into the 

system, thus increasing the cooling effect of the system. 

The humidity of the indoor air, a factor limiting the 

performance of CEWF, is mainly controlled by the 

ventilation system. Increasing ventilation rate can 

evacuate more humid air, thus limiting the risk of 

moisture excess. For example, previous study showed 

that the impact of the system on the moisture has been 

reduced up to 11%, by increasing the ventilation rate 

from 0.1 kg/s to 0.2 kg/s. 

The study that we conducted using COMSOL was a 

feasibility study of the CEWF, as the first step study, 

using a simplified configuration of the local. This study 

showed that the CEWF has potentials as a promising 

alternative to conventional cooling/air-conditioning 

systems. Further development of the model can be 

made in the future, with more complicated 

configuration of the local that corresponds better to 

buildings in real-life, in order to obtain results that is 

closer to real condition. 
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