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ABSTRACT 
 

This paper presents an analysis of the resilience to climate change of a direct adiabatic cooling system integrated 

within an industrial building. The system is a solution that utilizes humidified porous material to lower the air 

temperature without requiring external energy. In this study, the system is evaluated for two typical climate periods 

(historical and future) for a Mediterranean climate, using indicators of energy performance, thermal comfort and 

water consumption. The results reveal that compared to the reference case, the system reduces indoor overheating 

almost similarly between the typical historical climate (76%) and typical future climate (71%). In addition, climate 

change would increase total system energy consumption by 40% and double water consumption. However, climate 

change increases the performance of the system, particularly with regard to the reduction of interior overheating 

in relation to the energy consumption of the fan (+90%) and the volume of water evaporated (+19%). To finish, 

the system is resilient in the face of climate change, even if this is 38% weaker between typical historical and 

future climate.  
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1 INTRODUCTION 

 

On 12 January 2024, the World Meteorological Organisation (WMO) officially declared that 

2023 had been the warmest year on record. The average annual temperature across the world 

was 1.5 °C above pre-industrial levels (WMO 2024). Human activities are increasing the 

phenomenon of rising temperatures, particularly the intensive use of air conditioning. This 

solution, which is becoming increasingly popular for cooling buildings during heat peaks 

(Batiweb 2023), is also one of the problematic factors exacerbating global warming (Salamanca 

et al. 2014). Air conditioning accounts for 12% of the building sector's greenhouse gas 

emissions (PROMEE 2023). To tackle the impact of global warming and reduce the use of air 

conditioners, passive adiabatic cooling methods are being developed. 

 

Adiabatic cooling is emerging as a promising solution to address environmental challenges, 

particularly in ensuring resilient building cooling amidst climate change, as suggested by the 

work of Annex 80 of the International Energy Agency (IEA) (Zhang et al. 2021). Unlike 

traditional air conditioners, this technology avoids the use of refrigerants and consumes 

considerably less electrical energy (Ford et al. 1998; Mckenzie et al. 2013). Adiabatic cooling 

systems cool building interiors by harnessing the energy from water evaporation produced by 

the passage of hot, dry air through a wet porous material (Watt 1997). This isenthalpic process 

requires minimal external energy for the water pump and fan. Direct adiabatic systems supply 

cool and humid air to the building, while indirect adiabatic systems prevent moisture buildup 
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by using an air heat exchanger (Xuan et al. 2012). The combination of both direct and indirect 

approaches is more complex, though this allows to dynamically optimize the system 

performance (PROFEEL 2021). 

 

These systems are particularly effective in hot, dry climates (Chiesa et al. 2017). Our previous 

studies have demonstrated the effectiveness of direct adiabatic systems in reducing overheating 

inside buildings (Breteau et al. 2022; 2023). In terms of energy performance, these systems are 

often considered as a robust and practical alternative for cooling industrial buildings, due to the 

low energy consumption of direct adiabatic systems (Kowalski et Kwiecień 2020), although 

water consumption is an aspect to be taken into account (Sahai 2012; Kowalski et Kwiecień 

2020). 

 

The aim of this paper is to examine the resilience of a direct adiabatic system integrated into an 

industrial building in response to climate change, specifically in a Mediterranean climate 

context. We compare the system performances for the both historical (before 2020) and mid-

term (around 2050) periods. We then analyse the behavior of the system, highlighting the 

different operation phases. Finally, we give a detailed analysis of the direct adiabatic system 

performance, regarding thermal comfort and resilience indicators. 

 

2 CASE STUDY  

 

2.1 Typical industrial building 

 

The building studied is a warehouse-type industrial building, consisting of a steel structure with 

a floor area of 36 × 36 m2 and a height of 8 m (Figure 1). 

 

 

Figure 1 : Geometry of the industrial building 

The building stores merchandises (paperboard, metal and pallets box) on metal shelves whose 

inertia is considered as an internal mass. The vertical walls and roof are made up of two 2 mm 

thick steel claddings covering a 5 cm thick layer of rock wool. The floor consists of an 

uninsulated 20 cm concrete slab. The building has 103 m2 of skylights evenly distributed across 

the roof (8% of the roof surface). The building has an air permeability equivalent to 2.6 m3.h-

1.m-2 (under 4 Pa) without a ventilation system, but a hygienic flow rate of 45 m3.h-1.occ-1 has 

been set up to comply with standards. It is designed to accommodate an occupancy density of 

60 m2.occ-1 during opening hours, from 7 a.m to 10 p.m. every day except Sunday. For 

ventilation and cooling, the building uses a direct adiabatic cooling system. 

 

8 m

36 m36 m

103 m² of skylights System



2.2 Direct evaporative cooling system 

 

We have developed a numerical model and integrated into the thermal simulation software for 

buildings (TRNSYS©) based on the saturation efficiency εwb , see equation (1). 

 

𝜖𝑤𝑏 = 100
𝑇𝐴𝑂 − 𝑇𝐴𝑆

𝑇𝐴𝑂 − 𝑇𝑤𝑏,𝐴𝑂
 (1) 

 

with TAO, TAS, and Twb,AO respectively the outside air temperature, the supply air temperature 

and the wet bulb temperature of the outside air.  

 

The system reduces the dry bulb temperature of the outside air to its wet bulb temperature by 

means of the energy of evaporation of the water produced as the air passes through a porous 

material.  

 

(a) (b) 

  

Figure 2 : direct adiabatic system (a), and system integration onto the building (b) 

An adiabatic box (Figure 2) is composed of several wet media with a saturation efficiency of 

85%, a fan (12 000 m3/h for this box), and a water pump. This box is installed on the roof of 

the building (Figure 2), and can operate either in free-cooling mode (fan only), or in adiabatic 

mode (with humidification). The regulation of both modes of the system remains similar, where 

the fan adjusts its airflow based on a proportional band of 2 °C with different temperature 

conditions (Table 1). 

Table 1 : Indoor and outdoor temperature conditions 

 Free cooling conditions Adiabatic conditions 

Air temperature conditions Indoor (TAI) Outdoor (TAO) Indoor (TAI) 
Outdoor 

(Twb,AO) 

Occupancy hours > 22 °C < TAI > 24 °C < TAI 

Unoccupied hours > 19 °C < TAI > 28 °C < TAI 

 

In free-cooling mode, this proportional band applies between the indoor temperature (TAI) and 

a set indoor target temperature, as well as the outdoor temperature (TAO). In adiabatic mode, 

however, the proportional band applies between the indoor temperature (TAI) and a target 

temperature, and also with the outdoor wet-bulb temperature (Twb,AO). This control makes it 

possible to optimise the use of the cooling potential offered between the outdoor and indoor 

conditions. 

 

           

       

             

          

          

                      
                               

               
               

    

                   
                     

          

     

   
                      

       
                           

           

        
          

           

          



In this study, the resilience of the system was assessed regarding the historical climate 

(1990 – 2019) versus the mid-term climate change (2040 – 2069). We used the typical weather 

files (TMY) generated from the hourly historical weather data and the mid-term future climate 

from Cordex data (Machard et al. 2020). The method considers the high emissions scenario for 

future climate change. 

 

The sizing of the direct adiabatic system is crucial for our study in terms of energy performance 

in dynamic mode, and is highly dependent on the location of the building. To this end, we 

determined the optimum steady-state airflow rate, taking into account typical outdoor 

conditions for the climate studied and the equivalent indoor temperature (SET*) obtained from 

different airflow rates of the direct adiabatic system. As the efficiency of the system is not 

100%, the cooling effect tends towards an asymptotic ideal value, and we have chosen the 

cooling effect of 2/3 to define the maximum fan airflow rate. Sizing the system for a 

Mediterranean climate (Carpentras) resulted in a maximum airflow of 22 000 m3/h (2.1 ACH). 

 

2.3 Key Performance Indicators (KPI) 

 

In this article, various comfort, performance and resilience indicators were used. To assess 

indoor thermo(hydric) comfort, the Top and SET* indicators were chosen. 

 

The SET* temperature is defined as an operating temperature of a reference environment that 

would cause the same physiological responses as the real environment. The SET* is defined as 

the equivalent of the dry temperature of an isothermal environment at 50% relative humidity 

where the occupants would have standardised clothing for the activity under consideration, 

which would have the same thermal constraint (skin temperature) and the same 

thermoregulatory constraint (skin humidity) as in a reference environment (Gagge, Fobelets, et 

Berglund 1986). 

 

Indoor thermo(hydric) discomfort was assessed by the number of degree-hours above the limit 

temperature (Ti,lim). Ti,lim values for Top and SET* were determined by an equivalence method 

using the PMV indicator (Zare et al. 2018). We chose a PMV indicator equal to 0 (neutral 

thermal sensation) and the following parameters: vAI = 0.2 m/s; metabolism 1.4 met; clothing 

0.5 clo. According to the psychometric comfort diagram (ASHRAE 2013), an operating 

temperature Top of 26 °C has a SET* equivalence of 28 °C. 

 

The system's performance was assessed using indicators to reduce internal overheating, based 

on water consumption (ΔSETH/Vw) (2) and fan energy consumption (ΔSETH/Cfan) (3). 

 
𝛥𝑆𝐸𝑇𝐻

𝑉w
=
𝑆𝐸𝑇𝐻𝑟𝑒𝑓 − 𝑆𝐸𝑇𝐻𝑠𝑦𝑠

𝑉w
 (2) 

Δ𝑆𝐸𝑇𝐻

𝐶fan
=
𝑆𝐸𝑇𝐻𝑟𝑒𝑓 − 𝑆𝐸𝑇𝐻𝑠𝑦𝑠

𝐶fan
 (3) 

 

with ΔSETH, Cfan and Vw respectively the reduction in internal overheating by the system, the 

fan energy consumption and the volume of water evaporated. 

 

The system resilience was analysed using the α indicator, which assesses a building ability to 

withstand the impacts of climate change and the resulting risk of overheating (4). This is 

determined by the slope of the regression between the IOD and the AWD (Hamdy et al. 2017). 

IOD quantifies interior overheating relative to a limit (Tlim = 26 °C) and AWD is used to 

quantify the severity of outdoor thermal conditions relative to a base temperature (Tb = 26 °C). 



 

𝛼 =
𝐼𝑂𝐷

𝐴𝑊𝐷
 (4) 

 

If α < 1 then the building is able to eliminate external thermal stress in the long term and if 

α > 1 then the building is unable to eliminate external thermal stress in the long term. 

 

3 RESULTS AND DISCUSSIONS 

 

3.1 Climate data 

 

Climate data (temperature and relative humidity) of the historical (left) and future (right) 

climate are displayed on a heatmap with the days on the x-axis and the times of day on the y-

axis (Figure 3). 

 

 

Figure 3 : Outdoor conditions  

Figure 3 shows the disparity between historical and future climate. The analysis reveals an 

increase in night-time temperatures in the future climate scenario compared with historical data. 

Although the seasonal trend remains stable, with periods of intense heat from late May to early 

October, the average annual temperature rises significantly in the future scenario, showing an 

increase of 2 °C. Maximum temperatures rise from 37 °C in the historical period to 41 °C in 

the future period. At the same time, average relative humidity over the year falls by 2 points in 

the future scenario. 

 

3.2 System operation 

 

The study examined the behaviour of the system by analysing variations in water consumption 

and changes in free-cooling (green) and adiabatic (purple) operating modes over historical and 

future climate periods. These results are presented in the form of a heatmap showing the 

percentage of fan flow for each mode by color intensity as a function of time of day (y-axis) 

and day of year (x-axis) (Figure 4). 



  

Figure 4 : The operation of both modes 

Figure 4 indicates that free-cooling is generally used during periods when the building is not 

occupied, while adiabatic cooling is used during periods of occupancy, especially when free-

cooling has not lowered the indoor temperature sufficiently. However, for the typical future 

period, the times when free-cooling was used during occupancy are now considered to be in 

adiabatic mode due to the increase in outdoor and indoor temperatures. Quantitatively, there 

was a 53% increase in the number of hours of operation in adiabatic mode and a 16% increase 

in free-cooling mode between the typical historical and future meteorological periods.  

 

The increase in running time has led to significant changes in energy consumption. Pump 

consumption increased by 53%, from 43 kWh to 66 kWh, while total annual energy 

consumption increased by 40%, from 7 013 kWh to 9 812 kWh. The quantity of water 

evaporated more than doubled, from 75 m3 to 161 m3. Including emptying cycles, it went from 

143 m3 to 220 m3 per year. 

 

3.3 Thermal comfort and system performance 

 

Thermo(hydric) comfort was analysed using SET*. The results represent indoor overheating 

with a color gradient based on its intensity. The days of the year are depicted on the x-axis, and 

the hours of the day on the y-axis. For each climate period, the upper figure illustrates indoor 

overheating without the system, while the lower figure represents indoor overheating with the 

system (Figure 5). 

 

 

Figure 5 : Internal overheating (SET* - SET*lim) 

In the absence of the system, in a future climate, there is a clear increase in the duration and 

intensity of daily overheating periods, particularly in July and August. The number of degree 

hours in the future climate is almost three times that of the historical climate, largely due to 

external inputs. It is also notable that the system effect on reducing indoor discomfort decreases 



according to future climate. The observed reduction is 76% (from 1 017 °Ch to 241 °Ch) for 

the historical climate, compared with 71% (from 2 837 °Ch to 818 °Ch) for the future period. 

 

Then we compare the multiple aspects of the system performances for both typical historical 

and typical future climate, which we synthetized in a radar chart (Figure 6 - left) for the relative 

performances (reference without system 0%), and a table (Figure 6 - right) for the absolute 

performances (absolute values without system in brackets). The relative performance maxima 

(100%) have been specifically set for ΔSETH/Vw and ΔSETH/Cfan indicators, given the 

maximum performance that we obtained for these two indicators with the help of simulations 

in a set of various locations (historical and future climates). Hence, we obtained the maximum 

performance for Singapore location (ΔSETH/Vw = 35.26 °Ch/m3, and 

ΔSETH/Cfan = 0.85 °Ch/kWh) for Singapore. The other indicator maxima are consistent with 

the parameters, i.e., 100% performance in degree-hour (DH) reduction means that DH = 0 °Ch. 

 

 

Figure 6 : System performance for two climate periods 

Figure 6 show that the system performs equally well in historical and future climate conditions. 

The relative values obtained compared with the reference case (without system) show little 

difference in the system impact on reducing indoor overheating between the two climate 

periods. Nevertheless, the performance results (ΔSETH/Vw and ΔSETH/Cfan) show that the 

system has a better impact in future climate conditions with respectively 12 and 6 points more 

reduction than in the historical climate. In absolute terms, we can see that the number of degree 

hours (DH) remains high for the typical future period (612 °Ch), more than 3 times higher than 

the typical historical period (181 °Ch). This phenomenon is more significant when we look at 

the SETH, which is due to the increase in outdoor temperatures at night and during the day. As 

a result, the maximum daily average occupancy of SET* for the year is 30.7 °C for the future 

period and 30.2 °C for the historical period. It can also be seen that the system is well adapted 

to climate change, particularly by observing the resilience indicator α, which remains low 

(α < 1), despite taking into account a typical future climate scenario. 

Finally, we note that the reduction of internal overheating relative to fan consumption 

(ΔSETH/Cfan) is better for the future period (0.21 °Ch/kWh) than for the historical period 

(0.11 °Ch/kWh). The trend is similar if we relate the reduction of internal overheating to the 

volume of water evaporated (ΔSETH/Vw); we observe a 19% increase in this gain between the 

historical period (10.4 °Ch/L) and the future period (12.4 °Ch/L). 

These results indicate that without a system, in both climate scenarios, the building is able to 

eliminate external thermal stress in the long term. However, this phenomenon is accentuated in 

the presence of the system. In terms of reducing indoor overheating, the system performs 

similarly between historical and future climate conditions. However, when this reduction is 

                

                           

                             

             
    

                      

         
        

       
        

   
                        



related to the system consumption (water and fan), the system performance is better in future 

climate conditions. The system should be more efficient in the years to come, when outdoor 

conditions are more important. 

 

4 CONCLUSION 

 

The aim of this study was to assess the ability of a direct adiabatic cooling system integrated 

into an industrial building, located in a mediterranean climate, to meet the challenges of climate 

change. The results demonstrated the resilience and efficiency of the system under projected 

future climate conditions. Analysis of the system behaviour revealed an increase in the 

operating time of the adiabatic and free-cooling systems to face the increased external heat 

input, resulting in higher fan energy consumption and higher water consumption. In a future 

climate, the system adapted to maintain its effectiveness in mitigating indoor overheating 

compared with historical climate data. Despite an increase in the severity of external thermal 

conditions, the resilience indicator remained low. Finally, the system performed better under 

future climate conditions, with a significant reduction in indoor overheating compared with the 

energy consumption of the fan (+90%) and the volume of water evaporated (+19%). 
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