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A B S T R A C T

This paper presents an analysis of the performance of a direct evaporative cooling system incorporated into an 
industrial building, evaluated in various climates and weather conditions. This system is a simple and economical 
cooling solution widely used in industrial buildings that combines ventilation and water evaporation cooling. We 
characterized the system operation through the development of a coupled numerical model of the system and a 
typical industrial building, in a Mediterranean climate, in the mid-term horizon of 2050. A comparison without 
any system showed a 74 % reduction in degree-hours of thermal discomfort. Analysis of the building operation 
shows a predominance of nighttime free cooling, while the adiabatic operates during the occupancy hours. We 
compared the performance in four different locations, taking into account future weather and heatwaves. The 
system performed better in hot and dry climates if we consider only the thermal discomfort based on degree- 
hours, with a 48 % reduction in Abu Dhabi, compared to 41 % in Singapore. However, we observed very 
different tendencies with water consumption and cooling efficiency: with a cooling efficiency ratio to water use 
of 22.46 ◦Ch/m3 in the equatorial climate, which is almost double that obtained in the dry and arid climate. Arid 
climates were the most appropriate in terms of energy consumption. In Abu Dhabi, the performance (0.24 ◦Ch/ 
kWh) was 13 % higher than in an equatorial climate such as Singapore. The results also show that the system 
performs better under future weather conditions for all the locations studied. Under future conditions, the 
cooling gain per unit of water consumed rose to 1.48 ◦Ch/m3, while the thermal escalation factor decreased by 
0.054 points. These results highlight the ability of the system to effectively reduce thermal discomfort, while 
revealing trade-offs between thermal efficiency, energy consumption and use of water resources. This analysis 
underlines the relevance of the system to current and future climate challenges.

1. Introduction

On January 12, 2024, the World Meteorological Organization 
(WMO) officially declared that 2023 was the warmest year on record. 
The global average annual temperature was 1.5 ◦C above pre-industrial 
levels [1]. Human activities are driving the rise in temperature, partic-
ularly the extensive use of air conditioning. This solution, increasingly 
popular for cooling buildings during heatwaves [2], is also a significant 
contributor to global warming. Air conditioning (with refrigerants) ac-
counts for 7 % of the industrial building sector’s greenhouse gas emis-
sions [3]. Adiabatic cooling systems are an alternative to air 
conditioners that can help mitigate the impacts on global warming and 
overheating in buildings. This technique was considered for the resilient 
cooling of buildings in the work of the IEA (International Energy 

Agency), annex80 [4]. In contrast to air conditioning units (AC), this 
technology does not use refrigerants, and consumes a significantly lower 
amount of electrical energy than conventional AC units [5–7]. A typical 
evaporative cooling system consists of a watered porous material which 
supplies fresh air after passing through this watered media [8,9]. Water 
is sprayed onto the upper edges of the pads and then distributed evenly 
by gravity and capillarity. Falling water is recycled from the water basin 
by a pump. The system is adiabatic as the air transformation is isen-
thalpic (no external energy is needed except for the water and fan 
pumps). The adiabatic evaporation of water due to the influx of hot dry 
air increases humidity while decreasing air temperature. Direct adia-
batic systems deliver this refreshed humid air to the indoor environ-
ment, while indirect adiabatic systems prevent humidity buildup by 
adding an air-heat exchanger [10]. More complex adiabatic cooling 
systems combine both indirect and direct systems to improve 
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dynamically the performance with the system operation [11–13]. There 
are hybrid systems that combine an adiabatic cooling system with a 
conventional mechanical cooling system, which improves the efficiency 
of the conventional system. For example, an adiabatic cooling system 
can be used as a pre-cooling unit for a steam compression cooling system 
[14,15]. This combination increases the performance of the steam 
compression cooling cycle while reducing energy consumption.

Adiabatic cooling systems are particularly effective in hot and dry 
climates, as shown in the study by Chiesa et al. [16] which showed a 35 
% cooling effect quantified with overheating degree-hours (DH) in a 
Mediterranean climate (Eilat in Israel). Many studies have demonstrated 
the performance of simple direct adiabatic systems in reducing indoor 
temperature, including that of Morgado et al. who demonstrated that a 
direct system could maintain a building at a comfortable temperature 
48 % of the time in the month of June in Tarragona, Spain [11,17–20], 
while also increasing indoor humidity [19]. These systems are often 
considered as a practical alternative in large industrial buildings. This 
specific use for cooling industrial buildings can be explained by their 
environmental performance and their low energy consumption [11], 
and also their simplicity [12]. The main scientific challenge addressed 
here is the performance of direct adiabatic cooling (DEC) systems in 
industrial buildings, and more specifically: 

- the dynamics of this performance throughout the year;
- the impact of climate change;
- the possible adaptation of these systems for various climates.

The literature review [4–12] highlighted the very small number of 
papers dealing with these specific direct adiabatic systems in an indus-
trial building context, despite the fact that there are still challenges 
concerning the complex variations in the energy and thermal comfort 
performance of these systems in different climate contexts, and their 
water consumption. Considering their resilience to extreme weather 
events and the effects of climate change, we propose in this paper to 
address these research gaps with the use of a more complex and precise 
definition of thermal comfort performance with the standard effective 
temperature (SET*), and its variation with fan energy and water con-
sumption. Previous studies examined only the degree-hours results 
based on the operative temperature [16], or indoor air temperature and 
relative humidity [21], or the effective temperature (ET), as in Camargo 

and al. [22]. In addition, we present a numerical model of the system 
operating in an industrial building. Moreover, our numerical approach 
allows a wider approach to the operation of these systems in a building 
compared to more specific studies on the detailed experimental analysis 
of the system [23,24], or based on a simplified theoretical model 
[25,26].

The main objective of this paper was to evaluate these systems 
through specific performance indicators in order to better understand 
their efficiency in various environments, their influence on occupant 
comfort and their resource consumption. The article also analyzes their 
behavior in the context of climate fluctuations and demonstrates their 
ability to adapt to climate change.

In this work, we analyzed a typical industrial building, and the 
operation of a direct adiabatic system was first characterized for the 
Carpentras (France) Mediterranean climate, encompassing climate 
change up to 2050. In the proposed methodology, we defined six specific 
KPIs (key performance indicators) to assess the performance of the 
system for thermal comfort, climate resilience, and water and energy 
consumption. This analysis focused on the system operation and its 
complementarity with ventilative cooling. We carried out a parametric 
study and then investigated the influence of climate on the KPIs in four 
typical climates (Mediterranean, continental, subtropical, and equato-
rial), which gives a clear overview of the direct evaporative cooling 
system applicability in the industrial sector. Finally, we assessed the 
impact of climate change by comparing the system performance under 
historical and future climates.

2. Case study

2.1. Typical industrial building

The building studied is representative of a typical industrial building, 
a warehouse without any specific process that can be adapted to any 
location and climate zone. It is a steel structure with a floor area of 36 ×
36 m2 and 8 m high. Fig. 1 and Fig. 2 show the building used for this 
study.

The building stores merchandise (paperboard, metal and pallet 
boxes) on metal shelves. The vertical walls and the roof are made of two 
2 mm thick steel claddings, covering a 5 cm thick layer of rock wool. The 
lower floor is a 20 cm concrete slab that rests directly on the ground 

Nomenclature

Latin letters [Unit]
AWD Ambient Warmness Degree [◦C]
C Energy consumption [kWh]
CDD Cooling Degree Day [◦C.h]
DH Overheating Degree Hours above an operative temperature 

threshold [◦C.h]
IOD Indoor Overheating Degree [◦C]
p Air pressure [Pa]
PMV Predicted Mean Vote [-]
Qv Volume flow rate [m3/h]
Re Evaporative heat resistance for thermal comfort [m2.Pa/ 

W]
RH Relative humidity [%]
SET* Standard Effective Temperature [◦C]
SETH Overheating Degree Hours above a SET* threshold [◦C.h]
T Temperature [◦C]
t Time [h]
Uw Heat transmission coefficient of windows [W/(m2.K)]
v Air velocity [m/s]
Vw Volume of evaporated water [L]

w Humidity ratio [kgw/kga]

Greek symbols
ε Saturation effectiveness [%]
φ Heat flux [W/m2]
α Overheating escalation factor [-]

Subscripts
a Air
AI Indoor air
AO Outdoor air
ASH Humid supply air
cl Clothing
mr Mean radiant
op Operative
ref Reference
sk Skin
sp Set point
vs Saturated vapor
w Water
wb Wet bulb
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without insulation. The building is equipped with skylights (Uw = 2.82 
W/(m2.K)) evenly distributed on the roof; this window area represents a 
surface of 103 m2 (8 % of the roof surface). The roof has a solar 
reflectance of 0.3, and a thermal emissivity of 0.9. The infiltration rate 
was determined from the air permeability, 2.6 (m3/h)/m2 under 4 Pa, 
which is typical for medium watertightness [27]. Required airflow 
during occupied hours is 45 (m3/h)/occ [28]. The occupancy density of 
this type of building is low, 60 m2/occ in our case study. Thermal 
discomfort hours were determined during the occupancy period, from 
7:00 AM to 10:00 PM, except on Sundays. This schedule was chosen to 
coincide with the working hours of the people who work at the plant. 
The building ventilation was designed to maintain the building at a 
positive pressure during occupied hours, which limits infiltration, 
especially when the direct evaporative cooling system is operating at a 
much higher flow rate than required by the sanitary rate.

The internal thermal inertia of the building is mainly due to storage 
(paperboard, metal and pallet boxes) on metal shelves (Fig. 3).

The thermal inertia of the shelves, merchandise and partitions was 
considered as an additional internal mass of the building zone. For this 
case study, 11 storage racks were evenly distributed, 2 m between each 
rack, with a volume of 6 m in height, 31 m in length and 1 m in width. 

These racks occupied a floor area of 341 m2, i.e. 26 % of the total 
building area.

2.2. Direct evaporative cooling system and free cooling mode

A direct adiabatic cooling system composed mainly of wet pads, a fan 
and a pump, were installed on the warehouse roof (Fig. 4).

The effectiveness of the system depends on outside conditions (air 
outdoor AO). The system blows humid air into the building (ASH), 
which impacts the conditions inside the building (air indoor AI), in 
particular the comfort of the occupants. This system can operate in two 
ways. In the adiabatic mode, the air is cooled by the evaporation of 
water, thus lowering the temperature of the air blown into the space. In 
the free-cooling mode, the fan operates without air humidification, 
when the outside air is sufficiently cool. Unlike the adiabatic mode, this 
mode has the advantage of preventing humidity buildup inside. The 
free-cooling and direct adiabatic mode regulation were then adjusted 
with indoor and outdoor temperature sensors according to Table 1.

The system uses a two-mode control system where the fan adjusts its 
air flow rate according to a proportional range of 2 ◦C. In free-cooling 
mode, this range was determined by two deviations: firstly, the differ-
ence between the indoor temperature (TAI) and a specific setpoint 
(TAI− Tsp,fc), and secondly, the difference between the outdoor temper-
ature (TAO) and the indoor temperature (TAO− TAI). In adiabatic mode, 
the control was based on a further deviation between the indoor tem-
perature (TAI) and a different setpoint (TAI− Tsp,ad), as well as on the 
difference between the outdoor wet bulb temperature (TAI) and the in-
door temperature (TAI− Twb, AO). This approach optimizes system effi-
ciency by making the most of temperature differences between the 
inside and outside to maximize available cooling potential [29,30].

2.3. Climate zones and adiabatic system sizing

In order to study the climate resilience of the system, and to highlight 
its performance variations, we chose four very different climates from 
the generated extreme weather files in the IEA annex 80 methodology 
[31,32]. The climates studied have four distinct characteristics. The 
Mediterranean climate, represented by Carpentras (France), is marked 
by hot, dry summers and mild winters. The continental climate, 
observed in Paris (France), is characterized by fairly hot summers and 
moderate winters. The arid subtropical climate, such as in Abu Dhabi 
(United Arab Emirates), is hot and dry throughout the year. Finally, the 
equatorial climate (Singapore) is defined by stable temperatures ranging 
from 22 to 32 ◦C, a high relative humidity of 70 to 80 % and cool nights. 
The typical historical weather data are based on 20 years of meteoro-
logical data (Table 2).

In this article, we used historical (2001 to 2020) and midterm pe-
riods (2041 to 2060), taking a typical year with extreme heatwaves for 
each period, as defined by the annex 80 method [33]. The midterm 
climate given by this method was provided by Cordex data [32] and uses 

Fig. 1. Diagram of the building.

Fig. 2. Picture of the building.

Fig. 3. Storage rack distribution in warehouse case study for internal thermal inertia.
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the high emission scenario for future climate change.
The correct sizing of the direct adiabatic system is crucial for our 

study in terms of energy performance in the dynamic mode, and strongly 
depends on the building location. So, the number of adiabatic boxes 
installed on the roof of the warehouse was correlated with the maximum 
airflow required in nominal conditions, which we determined for our 

case study under the various climate zones (Table 3).
We determined the optimum steady-state airflow rate QvASH

MAX , taking 
into account the typical extreme outdoor temperatures for each climate 
zone, and the equivalent indoor temperature SET* was computed for 
various airflows in order to size the fan and the number of adiabatic 
boxes. Fig. 5 illustrates this problem with the typical case of Carpentras 
(Mediterranean climate). The problem here is that even with an infinite 
flowrate (QvASH=∞), the minimum achievable cooling, given by SET* 
(QvASH=∞) = SET*min, is generally above the target setpoint in extreme 
conditions (26 ◦C). Moreover, even if this target could be reached, the 
design airflow might be prohibitive in terms of fan energy consumption, 
and a reasonable compromise has to be reached in the system sizing 
method.

So, we defined the design airflow QvASH
MAX with a reasonable value, 

which is the airflow that provides a cooling effect of (2 / 3) × [SET* 
(QvASH = 0) – SET*(QvASH=∞)] in steady-state conditions. The choice of 
the 2/3 coefficient was based on an analysis of the curve obtained. 
Actually, beyond this limit, the increase in airflow no longer produces a 
significant cooling gain with regard to the potential SET* decrease. The 
key element in this choice is the relationship between the gain in SET* 
and the increase in airflow. The sizing approach of the system adopted 
here in order to be able to compare it under all climates, is to determine 
in the same systematic way the optimum maximum fan power required 
to achieve a balance between the indoor comfort gain provided by the 
system and its energy consumption.

3. Model and methodology

3.1. Adiabatic system and building model

The thermal simulation was developed using the TRNSYS software, 
which has the advantage of being very modular when incorporating the 
equations of our direct adiabatic system into the regulations and the 
detailed building model in the software.

The evaporative cooling process reduces the air temperature and 
consumes water. The sensible heat of hot air is converted to latent heat 
as the air passes through a wet media, which draws heat from hot air to 
evaporate water that is converted to vapor in the air supplied to the 
building. This process reduces the air temperature (TAO, dry bulb tem-
perature) while increasing its humidity, keeping enthalpy constant in an 
ideal adiabatic cooling scenario. The lowest achievable temperature 
corresponds to the thermodynamic wet bulb temperature (Twb,AO) of the 
incoming air. Saturation efficiency is measured from the ratio between 
the actual decrease in TAO and the maximum theoretical decrease in Twb, 

AO that could be achieved if cooling were fully efficient, with saturated 
outlet air.

The direct adiabatic model supposes a constant saturation efficiency 

Fig. 4. Direct adiabatic system (a), and system integration onto the building (b).

Table 1 
Indoor and outdoor temperature conditions.

Free cooling conditions Adiabatic conditions

Air temperature 
conditions

Indoor Outdoor Indoor Outdoor

Occupancy hours TAI > 22 ◦C 
(Tsp,fc)

TAO <

TAI

TAI > 24 ◦C 
(Tsp,ad)

Twb, AO <

TAI

Unoccupied hours TAI > 19 ◦C 
(Tsp,fc)

TAO <

TAI

TAI > 28 ◦C 
(Tsp,ad)

Twb, AO <

TAI

Table 2 
Climate characterization.

Locations Carpentras 
(France)

Paris 
(France)

Abu Dhabi Singapore

Climates Mediterranean 
(3A)

Continental 
(4A)

Arid 
subtropical 
(0B)

Equatorial 
(0A)

CDDs [◦C.h] 
(Tb = 26 ◦C)

7723 1691 47,298 33,678

Cooling season 
(Tb = 26 ◦C)

May 1 to 
October 15

May 1 to 
October 15

April 1 to 
November 
15

February 28 
to 
November 1

Average daily 
maximum 
outdoor 
temperature 
[%]

34.2 34.6 43.5 34

Average daily 
outdoor 
relative 
humidity 
[%]

64 70 59 84

Table 3 
System airflow sizing (QvASH

MAX ) for the industrial warehouse, and various climate 
zones.

Locations Carpentras 
(France)

Paris 
(France)

Singapore Abu Dhabi

Design airflow 
QvASH

MAX [m3/h]
22 000 (2.1 
ACH)

22 500 (2.1 
ACH)

23 000 (2.2 
ACH)

21 500 
(2.1 ACH)
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εwb = 0.85 [29], and is defined in relation to the outdoor air temperature 
TAO, supplied airflow TASH, and wet bulb temperature Twb, AO; see 
equation (1). 

∊wb = 100
TAO − TASH

TAO − Twb, AO
(1) 

The constant efficiency simplification could be refined depending on the 
variation in air velocity and exchange area between the airflow and the 
watered media [30]. The air temperatures can be represented on a 
psychrometric chart (Fig. 6).

This graph shows that the air transformation was isenthalpic. The 
saturation efficiency εwb was calculated using the cooling potential be-
tween the dry bulb outdoor air temperature and the wet bulb outdoor air 
temperature.

This adiabatic system was then coupled to the building model in 
TRNSYS, as represented on Fig. 7.

The building model is based on a single air node per zone, taking into 
account the various heat transfers (radiative, conductive and convec-
tive) between the building walls, interior and exterior.

In this study, the ground thermal model takes into account both the 
thermal mass of the soil, and the heat losses with the outdoor environ-
ment through the definition of the slab on ground equivalent thermal 
bridge [34,35].

The thermal mass of the interior equipment such as cardboard boxes, 
metal shelves or other materials present in the building is taken into 
account through their thermal properties (density, thermal conductivity, 
thermal mass capacity). Finally, internal heat gains, including those 
from occupants and electrical equipment, are modelled as heat flows 

[W/m2], taking into account convective and radiative contributions. 
The coupling procedure is iterative at each time step in order to have a 
strong coupled simulation in line with the regulation of the system, 
which depends on the building response itself and the 15 min time step. 
Thanks to this numerical model, we were able to evaluate the perfor-
mance of this system through different indicators of comfort, perfor-
mance and resilience.

3.2. Key performance indicators (KPI)

In this paper, the objectives were achieved using a variety of comfort 
and resilience indicators. According to ASHRAE 55-2013 [36], thermal 
comfort is defined as “that state of mind which expresses satisfaction 
with the thermal environment” and is generally assessed subjectively. 
Thermal comfort is described using three main approaches: physiolog-
ical, physical and psychological [37]. The thermal environment and the 
perception of thermal comfort under steady-state conditions depend on 
environmental factors such as indoor air temperature, mean radiant 
temperature, air velocity and relative humidity, alongside behavioral 
aspects such as clothing insulation and metabolic heat rate. In our 
approach, we used the operative temperature Top, which is widely used 
in most building regulations, and the Standard Effective Temperature 
SET*, which is a much more precise definition of thermal discomfort, 
especially for direct adiabatic cooling and variations in humidity. A 
summary of the indicators used is presented in Table 4.

The Top indicator was developed in the 1930s [38] and takes into 
account the convective and radiative effects of the interior. The opera-
tive temperature is defined as the uniform temperature of an imaginary 
black enclosure in which an occupant would exchange the same amount 

Fig. 5. Sizing methodology for the fan nominal airflow illustrated for the typical heatwave year of Carpentras (Mediterranean climate).

Fig. 6. Psychrometric chart.
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of heat by radiation and convection as in the non-uniform real envi-
ronment [39]. This temperature can be determined by satisfying two 
conditions (vAI < 0.2 m/s and |Tmr− TAI| < 4 ◦C) (2). 

Top =
TAI + Tmr

2
(2) 

From ASHRAE-55, 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-bulb temperature of an isothermal environ-
ment at 50 % relative humidity where the occupants would have stan-
dardized clothing for the activity in question, which would have the 
same thermal stress (skin temperature) and thermoregulatory constraint 
(skin wetness) as in a reference environment. Skin temperature Tsk and 
skin wetness wsk are derived from a two-node model of human physi-
ology (Pierce’s model) [40], which gives the total heat flux density φsk 
for the convective, evaporative and radiative contributions of the skin 
(3). 

φsk =
1

Ra + Rcl
(Tsk − SET*)+

w
Rea + Recl

(psk − 0.5pvs(SET*) ) (3) 

Rcl and Ra correspond to the heat resistance of the clothing and air. Recl 
and Rea correspond to the evaporative heat resistance of the clothing and 

air. The saturation vapor pressure difference is given by psk at skin 
temperature, and pvs(SET*) at SET* as the air temperature.

The cumulative thermal discomfort can be characterized by the cu-
mulative degree-hour above a threshold Ti,lim, which gives a standard-
ized assessment of overheating with Top. For each equivalent 
temperature Ti, Top or SET*, the discomfort limit can be defined from 
building regulations or equivalent neutral discomfort limits in order to 
compute the discomfort degree-hours DH or SETH as defined by equa-
tion (4). 

DH or SETH =
∑n

h=1

(
Ti − Ti,lim

)

Ti>Ti,lim
(4) 

The temperature threshold Ti,lim for Top and SET* were determined by an 
equivalence method using the PMV indicator [41]. We chose a PMV 
indicator between − 0.5 and 0.5 for a neutral thermal sensation. This 
choice was supplemented by several hypotheses (vAI = 0.2 m/s, meta-
bolism 1.4 met, clothing insulation 0.59 clo). According to the psycho-
metric comfort diagram defined by ASHRAE, an operating temperature 
Top (26 ◦C) and its equivalent in SET* (28 ◦C) was determined [36].

For the study of resilience, S. Attia et al. [42] showed that the impact 
of climate change on the risk of overheating in buildings with different 
cooling strategies can be assessed using the methodology proposed by 
M. Hamdy et al. [43]. The method is based on three indicators: AWD, 

Fig. 7. TRNSYS model.

Table 4 
KPIs.

Analysis context KPIs Physical value unit Normalized(*) KPI value [%]

Comfort Overheating Degree Hours above a SET* threshold SETH ◦C.h 1 −
SETHsys

SETHref
Overheating Degree Hours above an Top threshold DH ◦C.h 1 −

DHsys

DHref
Daily Maximum Perceived Cooling SET*dailymax

◦C
1 −

SET*
dailymax,sys − 28

SET*
dailymax,ref − 28

Resilience Overheating escalation factor α − 1 −
αsys

αref
Performance Reduction of overheating by the system compared to fan consumption ΔSETH/Cfan

◦C.h/kWh

1 −

⎛

⎜
⎜
⎝

1
ΔSETH

Cfan max

×
ΔSETH

Cfan

⎞

⎟
⎟
⎠

Reduction of overheating by the system compared to the volume of water evaporated ΔSETH/Vw
◦C.h/m3

1 −

⎛

⎜
⎜
⎝

1
ΔSETH

Vw max

×
ΔSETH

Vw

⎞

⎟
⎟
⎠

(*) 100% indicates the best system performance.
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IOD and α.
The IOD is an average overheating temperature which is the sum of 

the positive values of the difference between the operating temperature 
(Top) of the zone and the limit comfort temperature of the same zone 
(26 ◦C), averaged over the sum of the total number of occupied hours 
(Nocc). 

IOD =

∑Nocc
i=1

(
Top,i − 26

)
Δt

∑Nocc
i=1 Δti

(5) 

where Δt is the time step [h], i is the occupation hour counter taking into 
account the calculation period.

AWD is used to quantify the severity of outdoor thermal conditions. 
It’s the positive sum of the difference between the outdoor air temper-
ature TAO and the base temperature Tb reduced to the number of hours of 
occupation. The choice of the base temperature is context specific, 
depending on the building typology and the climate. 

AWD =

∑Nocc
i=1 (TAO − Tb)Δti

∑Nocc
i=1 Δti

(6) 

where the base temperature Tb is set at 26 ◦C. A value of Tb = Tlim was 
chosen because the α indicator is designed to take the value 1 to 
distinguish between resilient (α < 1) and non-resilient (α > 1) buildings. 
With this choice, we obtained a linear regression of the α indicator, 
which simplified the interpretation of the resilience of the building [44].

The α indicator was used to evaluate the resistance of a building to 
climate change and the associated risk of overheating. It corresponds to 
the slope of the regression curve between IOD and AWD. 

α =
IOD
AWD

(7) 

The α indicator shows the potential of cooling technologies to withstand 
the effects of climate change. α < 1 means that the building will be able 
to cope with the external thermal stress in the long term and α > 1 means 
that the building will be unable to cope with the external thermal stress 
in the long term.

The ΔSETH/Cfan indicator allows an assessment of the ratio of the 
cooling gains assessed by the SETH reduction, and the energy con-
sumption of fan (8). 

ΔSETH
Cfan

=
SETHref − SETHsys

Cfan
(8) 

Following the same principle, the ΔSETH/Vw indicator allows an 
assessment of the cooling gains in relation to the volume of water 
evaporated by the system (9). 

ΔSETH
Vw

=
SETHref − SETHsys

Vw
(9) 

The daily maximum perceived cooling SET*dailymax indicator is the 
maximum daily average SET* temperature over the year. This indicator 
was evaluated in relation to the comfort limit of 28 ◦C (optimum value) 
and the value of the reference case (without the system).

To display these indicators on a radar chart and compare the per-
formance of all indicators, each value was normalized on a scale from 0 
% for the base case scenario without the adiabatic system, to 100 % for 
the best performance. The normalized formulas are shown in

Table 4.

4. Results and discussion

The results of the study are presented in three sub-sections, corre-
sponding to the main objectives of the paper: system characterization, 
climate and location, and climate change. Table 5 provides an overview 
of the case studies.

4.1. Analysis of the system and building operation

For this section, the system was analyzed using the Mediterranean 
climate of Carpentras (France) with typical scorching weather. The 
Mediterranean climate was chosen to characterize the system as the 
warm, arid outdoor conditions are particularly well-suited to the default 
design of this system. These conditions make it possible to analyze the 
system operation in a typical environment where it is widely used. The 
operation of the system was studied, as well as its impact on indoor 
discomfort.

4.1.1. Weather conditions
Daily and annual variations of ambient air temperature, humidity 

and solar radiation are given for a heatwave year (HMY) in Fig. 8, using 
the historical weather data.

The diagram shows that the hot period is in summer (June −
September). During this period, the outdoor temperature is the highest, 
with an average of 29 ◦C. At the same time, relative humidity decreases 
to an average of 47 %. The days with the highest average solar radiation 
are in the summer period (June 1 to September 1), with an average of 
103 Wh. The sunniest day during this summer period is the 6th of 
August, with an average daily solar radiation of 278 Wh.

4.1.2. System operation
First, we characterized the operation of the system over two days at 

mid-season with hot weather. The building is equipped with a direct 
evaporative cooling system with a maximum airflow of 22 000 m3/h 
(2.1 ACH). Fig. 9 shows the temperature, relative humidity (indoor and 
outdoor) and the operating mode of the system (adiabatic or free- 
cooling).

Fig. 9 shows how the system worked based on the indoor and out-
door conditions of the building and also the regulation with the different 
set temperatures (Tsp,ad and Tsp,fc). By comparing the change in absolute 
humidity with and without a system, we observed a sudden increase in 
absolute humidity when starting the adiabatic mode due to air humid-
ification; at the same time the indoor air temperature stabilized. The 
system was controlled to operate mainly in free cooling mode when the 
building was unoccupied (Tsp,fc lower than Tsp,ad). This reduced the 
water consumption of system. The adiabatic mode operated mainly 
during busy periods because the cooling potential is highest (dry out-
door conditions). With the same approach, we analyzed the system 
operation for the summer and winter periods. Our results (see Appendix) 
show intensive (air flow max) use of the system in adiabatic and free- 
cooling mode during the summer period, while it was not used at all 

Table 5 
Summary of case studies.

Main focus Locations Weather files KPIs

System 
operation

Carpentras (France) – 
Mediterranean climate

Heatwave year (HWY) at 
mid-term horizon of 2050

SETH 
DH 
ΔSETH/ 
Cfan 

SET*dailymax 

α
Impact of 

climate
Continental (Paris – 
4A) 
Mediterranean 
(Carpentras – 3A) 
Arid subtropical (Abu 
Dhabi – 0B) 
Equatorial (Singapore – 
0A)

Heatwave year (HWY) at 
mid-term horizon of 2050

SETH 
DH 
ΔSETH/ 
Cfan 

SET*dailymax 

α 
+

ΔSETH/Vw

Climate 
change

Carpentras Actual and future typical 
meteorological year 
(TMY)

This table provides a summary of the case studies discussed in this paper, 
highlighting the different parts covered and the data used, such as climate, 
weather files, and key performance indicators (KPIs).
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during the winter.
Secondly, the operation of both modes of the system was studied. 

Fig. 10 shows a stacked bar chart representing the average daily power 
consumption of the system fan and pump (Cons) and the average daily 
evaporated water flow (Qv,w). The percentage fan power in each mode is 

represented by the intensity of the colors as a function of time of the day 
(ordinate) and day of the year (abscissa).

During this period, the system was in adiabatic mode for 1895 h (55 
% of the operating time), compared to 1500 h in free-cooling mode (45 
% of the operating time). It can be seen that the free-cooling mode was 

Fig. 8. Outdoor conditions of a Carpentras heatwave (2050).

Fig. 9. System operation over 2 consecutive days (mid-season).

Fig. 10. Operation of the system from April 15 to October 20.
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used frequently during periods of inactivity, typically from 10:00 PM to 
7:00 AM, with a significant air supply rate, especially during the summer 
season. It’s worth noting that the adiabatic mode was activated during 
the day, while the free-cooling mode was preferred at night. This 
observation is the result of an operating strategy dictated by the dif-
ference in setpoints during periods of inactivity, set at 19 ◦C for free- 
cooling and 28 ◦C for adiabatic cooling. The adiabatic mode started 
early in the morning, when the efficiency of free-cooling decreased due 
to high indoor temperatures. At the same time, variations in the fan and 
pump consumption were noted based on the duration of use of the 
different modes. Over the studied period, the total electricity con-
sumption of the system amounted to 11 374 kWh, mainly due to the 
adiabatic mode (6 708 kWh), free-cooling (4 151 kWh) and hygienic 
flow (515 kWh).

In this particular climate, the system preferred to use free-cooling to 
reduce water consumption, given that the daily evaporation rate often 
exceeded 100 L/h in summer. The total volume of water evaporated was 
250 m3. Including drainage, this volume rose to 474 m3. The water 
management in this system relies on various cycles and drainage to 
efficiently move storage water.

4.1.3. Thermal comfort
The overheating of the SET* compared to a setpoint temperature 

limit (SET*lim = 28 ◦C) is shown in Fig. 11 based on days and hours of 
operation with and without the system. Additionally, the difference in 
this overheating, both with and without the system, is depicted daily in 
the form of a bar histogram. The results are displayed for the period from 
15 April to 20 October, with this selection made for the external con-
ditions conducive to the system’s operation.

We observed significant overheating during the hot period (June- 
September), with a low point at the end of July due to reduced external 
contributions. There was a substantial reduction with and without the 
system. In terms of severity, the number of degree-hours without the 
system per year was 4869 ◦Ch, whereas with the system, it was 
2119 ◦Ch, representing a 56 % reduction. This reduction is significant at 
high temperatures (June− July and August), occasionally reaching 
around 50 ◦Ch/day. During this period, the average reduction was 
14 ◦Ch/day. These results are different from those of the DH indicator, 
which were calculated using the operative temperature Top, taking into 
account only the sensitive part (Fig. 12).

If we look at the internal overheating assessed at the operative 
temperature (Top) (Fig. 12), we notice that it was higher than with the 
SET* for an equivalent comfort limit temperature. The severity of this 
overheating without the system was 9526 ◦Ch, which is 96 % more than 
with the SET*. In this assessment, the system reduced internal over-
heating by 74 % (2444 ◦Ch). This reduction is 18 points higher than that 

achieved with the SET*. Some days, this reduction could reach 100 ◦Ch/ 
day. During this time of the year, the average reduction was 39 ◦Ch/day. 
These results show that the system helps reduce indoor discomfort, but 
to a lesser extent when relative humidity is taken into account.

To conclude, we carried out an analysis of indoor discomfort for 
different configurations. Three scenarios were considered: no system 
(Reference, red), free-cooling mode (FC, green), and combined adiabatic 
and free-cooling mode (AD + FC, purple). The absolute values obtained 
are presented in Table 6:

Table 6 shows that the system performed better when it operated in 
adiabatic and free-cooling mode (AD + FC) than with free-cooling alone 
(FC). Using both modes (FC + AD) saved 65 % (DH) and 41 % (SETH) 
compared with a system operating with free-cooling only (FC). The 
SET*dailymax decreased by 1.5 ◦C with both modes and by 0.9 ◦C with 
only the free-cooling mode. When operating in free-cooling mode only, 
the system saved 0.15◦Ch/kWh, i.e. 0.9◦Ch/kWh more than when 
operating in adiabatic and free-cooling mode. The resilience of the 
building was very low when the system was not in place (α ≈ 1). The 
building was more resilient when the system operated in both modes (α 
= 0.24).

Finally, we plotted the relative values (reference 0 % without the 
system) of these indicators on a radar chart (Fig. 13).

Fig. 13 shows the system performance as a function of the mode used. 
We can see that the trend is the same for the relative and absolute values. 
The graph shows that the surface area where adiabatic and free-cooling 
were employed (AD + FC) is twice as large as the surface area where 
only free-cooling was employed (FC). This shows that the system per-
formed better with both modes in operation. The system with the two 
modes makes it possible to reduce the discomfort (Top) by 74 % in the 
reference case while with only free-cooling the discomfort was reduced 
by 25 %. The trend was similar for the SET*, with a reduction of 56 % of 
the system with both modes and 26 % with free-cooling only. The system 
reduced the daily maximum perceived cooling by 26 % with the two 
modes used and 14 % with free-cooling alone. The reduction in degree 
hours as a function of fan consumption was greatest when the system 
was operating in adiabatic and free-cooling mode. It was 36 points lower 
when only free-cooling was used.

4.2. Impact of climate

This section examines the effect of the climate in which the system is 
installed. The system operated in both modes (AD + FC). Four locations 
were chosen because of their different climates: Carpentras, Paris, Abu 
Dhabi and Singapore. For this study, the weather data used are char-
acteristic of a typical heat wave climate.

Fig. 11. Interior overheating (SET*− SET*lim).
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4.2.1. Weather conditions
First, we characterized the external conditions of each location. 

Different heat maps show the change in outdoor temperature as a 
function of the day (x-axis) and the time (y-axis).

Fig. 14 shows the significant differences in outdoor temperatures 
during the year for different locations. We can see many differences for 
outdoor conditions between continental, Mediterranean and oceanic 
climates. For Carpentras, the outdoor temperature remained high for a 
longer period in summer compared to other French locations, with an 
average outdoor temperature of 17.3 ◦C throughout the year compared 
to 14.4 ◦C in Paris. Carpentras has a drier climate with an average 
relative humidity of 64 % over the year compared to 70 % in Paris. The 
hottest climates are Abu Dhabi and Singapore, with an annual average of 

30.1 ◦C and 29.8 ◦C, respectively. Abu Dhabi’s climate is drier than 
Singapore’s, with 59.6 % and 84.5 % average relative humidity, 
respectively, over the year. The maximum outdoor temperature reached 
in each city was: 35.8 ◦C (Singapore), 51.5 ◦C (Abu Dhabi), 44.6 ◦C 
(Carpentras) and 43 ◦C (Paris). We chose these different climates 
because they are very different from each other. The effectiveness of the 
system in reducing summer discomfort will depend on these external 
conditions.

4.2.2. System operation
Fig. 15 presents the operating time and annual consumption of the 

fan for adiabatic (purple) and free-cooling (green) modes.
As expected, the operating time and annual consumption of the fan 

behaved similarly. As illustrated in Fig. 15, the adiabatic mode was 
employed most frequently in the various climates, with the exception of 
Paris, where the external conditions are conducive to the free cooling 
mode. Quantitatively, for the Abu Dhabi climate, the adiabatic mode 
was used three times more often (6 447 h) than the free-cooling mode (1 
862 h), as reflected in the annual fan consumption. This phenomenon is 
due to the dry climate both at night and during the day in Abu Dhabi. In 
Carpentras, the consumption scale was much smaller: the fan consumed 
only 6 632 kWh in adiabatic mode, 1.6 times more than in the free- 
cooling mode (4 151 kWh). The consumption was lower than for the 
climate of Abu Dhabi because the climate of Carpentras is similar to that 

Fig. 12. Interior overheating (Top− Top,lim).

Table 6 
Absolute values representing the performance of the system for the Carpentras 
climate.

Reference FC AD + FC

DH [◦Ch] 9526 7126 2445
SETH [◦Ch] 4870 3596 2119
SET*dailymax [◦C] 33.8 32.9 32.3
ΔSETH/Cfan [◦Ch/kWh] 0 0.15 0.24
α [-] 0.94 0.7 0.24

Fig. 13. Radar graph representing the performance of the system for the Carpentras climate.
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Fig. 14. Change in the annual outdoor temperature for a typical scorching weather year and for different locations.

Fig. 15. Operating time and annual consumption of the fan in two modes (AD and FC).

Fig. 16. Quantitative analysis of different indicators (Thermal and performance).
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of Abu Dhabi but much less extreme in temperature and a little more 
humid. For Singapore, which is more humid and hotter, the adiabatic 
mode was almost always used (98 % of the system’s operating time), 
with an annual consumption of 36 549 kWh compared to 448 kWh for 
the free-cooling mode.

4.2.3. Thermal comfort
Thermal comfort was assessed using the SET* temperature and the 

operating temperature (Top) via the SETH and DH discomfort degree 
hours, respectively. The performance of the system was assessed by the 
volume of evaporated water (Vw) and the power consumption of the fan 
(Cfan) (Fig. 16).

This graph shows a similar trend for each climate for the comfort 
indicators (DH and SETH). Paris is the city with the lowest level of 
discomfort, while Singapore is the city with the highest level of 
discomfort. Quantitatively, it was observed that the severity of 
discomfort is more significant in extreme climates (Abu Dhabi and 
Singapore) compared to the French climate (Paris and Carpentras). It is 
also noticeable that the impact of the system on this discomfort varied 
between climates. In terms of DH severity, the system reduced discom-
fort by 84 % in Paris and by 74 % in Carpentras. There was also a dif-
ference in severity in terms of DH and SETH; in general, the severity was 
higher for DH, mainly due to the inclusion of relative humidity in the 
SET* calculation. This results in a less significant reduction in discomfort 
by the system when the severity was calculated using SET*. Taking the 
city of Singapore as an example, the reduction in discomfort was 15 % 
with SETH compared to 40 % with DH. In terms of severity with SETH, 
the system could reduce overheating by a maximum of 69 % in Paris, 
while this reduction was 56 % for Carpentras.

We note that in arid climates the system evaporated a lot of water 
(for example, 730 m3 was evaporated in Abu Dhabi); this phenomenon 
of water evaporation through the media is important. In contrast, in 
humid climates (Singapore) the consumption was quite low (348 m3), 
and quite similar to Carpentras (250 m3), while the external conditions 
were more extreme in Singapore. Outdoor air humidity reduced the 
energy for water evaporation. At the same time, the fan consumption of 
the system was greater for the climate of Singapore (36 997 kWh) and 
20 % more than in Abu Dhabi (30 841 kWh). Therefore, in humid cli-
mates, the system consumed little water but a lot of fan energy, while in 
the subtropical climate the phenomenon was inversed.

The absolute value of performance indicators like α, SET*dailymax, 
ΔSETH/Cfan and ΔSETH/Vw are presented on a histogram (Fig. 17).

Fig. 17 shows the absolute values of the performance indicators. We 
notice that the difference between the exterior conditions of the French 

(Carpentras and Paris), equatorial (Singapore) and arid subtropical (Abu 
Dhabi) climates impacts the performance of the system and the interior 
discomfort of the building. The daily maximum average during occu-
pancy (SET*dailymax) was highest in Abu Dhabi (41.7 ◦C). Furthermore, 
the gain in SETH per volume of evaporated water was highest for the 
climate of Singapore at 22.53 ◦Ch/m3, which is 54 % more than Abu 
Dhabi and 49 % more than Carpentras. This shows that in a humid 
climate, the system reduced indoor discomfort more effectively while 
consuming the least amount of water. A comparative analysis of the 
degree-hours gained relative to fan consumption indicated that Car-
pentras (0.25 ◦Ch/kWh) and Abu Dhabi (0.24 ◦Ch/kWh) had more 
conducive climates than Singapore (0.21 ◦Ch/kWh). For arid climates, 
the system helped reduce indoor discomfort with minimal energy con-
sumption by the fan. Finally, we note that for the climate of Singapore 
alone, the system didn’t manage to eliminate the external thermal 
constraint (α > 1).

Finally, we plotted the relative values of these indicators on a radar 
diagram (Fig. 18). Relative performance maxima (100 %) were specif-
ically set for the ΔSETH/Cfan and ΔSETH/Vw indicators, given the 
maximum performance we obtained for these two indicators using 
simulations in a set of various locations (midterm periods). We therefore 
obtained the maximum performance for the Buenos Aires site for the 
indicator ΔSETH/Vw = 31.56 ◦Ch/m3, and the maximum performance 
for the city of Carpentras for ΔSETH/Cfan = 0.25 ◦Ch/kWh.

Fig. 18 shows that the system was more efficient in Paris compared to 
the other cities studied. The surface of the curve for Paris is slightly 
larger than that of Carpentras, particularly for the gain in degree hours 
(Top and SET*) compared to the reference case. The daily maximum 
perceived cooling was the best for the climate in Paris (36 %) and the 
worst in Abu Dhabi (14 %). The trend was a same with the overheating 
escalation factor: it was the best for the climate in Paris (85 %) but the 
worst in Singapore (41 %). The extreme climates of Abu Dhabi and 
Singapore were the least suited to the system studied, particularly 
because of the high external temperatures all year round. However, we 
note that for humid climates (Singapore), the gain in discomfort 
compared to the consumption of evaporated water was the best. For 
these climates, high water evaporation energy was not necessary to 
reduce indoor discomfort.

4.3. Climate change

In this part, the impact of climate change on the system operation 
was studied, and in particular its ability to reduce indoor thermal 
discomfort. Two different weather files (actual and midterm period) 

Fig. 17. Quantitative analysis of different indicators (performances).
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were used for Carpentras.

4.3.1. Weather conditions
Outdoor conditions (temperature and relative humidity) were 

plotted as a heatmap with the days of the year on the x-axis and the 
hours of the day on the y-axis (Fig. 19).

Fig. 19 illustrates the disparity between historical and projected 
future meteorological conditions. The analysis indicates an increase in 
nighttime temperatures in the future weather scenario compared to 
historical data. While the seasonal trend remains unchanged, charac-
terized by periods of intense heat from late May to early October, the 
average annual temperature significantly increases in the future sce-
nario, showing an increase of 2 ◦C. The maximum temperature is 37 ◦C 
for the historical period and 41 ◦C for the future period. At the same 
time, the average relative humidity over the year decreases by 2 points 
in the future scenario.

4.3.2. System operation
The operating modes of the system were analyzed for the Carpentras 

climate under two different weather conditions (historical typical and 
future typical). The results are presented in the form of various maps, 
illustrating the system mode operating hours and the percentage fan 
operation based on days (x-axis) and hours (y-axis).

Fig. 20 shows that free-cooling was most frequently employed during 
unoccupied periods, while adiabatic cooling took over during occupied 
periods, especially when free-cooling had not sufficiently cooled the 
interior of the building. However, the free-cooling occupied periods 
during the historical period shifted to adiabatic mode for the future 
period due to the increase in exterior and interior temperature.

It was also observed that for future weather conditions, the use of 
both modes was more pronounced in terms of both operating hours and 
fan airflow rates. In the historical weather data, free-cooling (1 282 h) 
was used more than adiabatic cooling (1 009 h). However, this trend 
reversed with changing meteorological periods, with 1605 h of adiabatic 
operation and 1 526 h of free-cooling for future weather conditions. The 
free-cooling operating time increased by 16 %, while the adiabatic 
operating time increased significantly by 59 %.

This increase in operating time also led to significant changes in 
energy consumption, with pump consumption increasing by 60 %, from 
40 kWh in the historical period to 64 kWh in the future period. As a 
result, the total annual energy consumption increased by 51 %, from 6 
317 kWh to 9 568 kWh. The increase in the operating time of the 
adiabatic mode led to an increase in the amount of evaporated water, 
from 80 m3 to 181 m3. Taking into account the drain cycles, the annual 
water consumption increased by 2.2 times, from 152 m3 to 345 m3 per 
year.

Fig. 18. Radar chart representing system performance for different climates.

Fig. 19. Outdoor conditions for the city of Carpentras for a typical historical and future weather.
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4.3.3. Thermal comfort
Fig. 21 presents the SET* indicator for the climate of Carpentras for 

historical and future weather scenarios. The results are displayed on 
various heatmaps representing indoor overheating with a color gradient 
based on the intensity of this overheating. The days of the year are 
depicted on the x-axis, and the hours of the day on the y-axis. For each 
weather period, the upper figure illustrates indoor overheating without 
the system, while the lower figure represents indoor overheating with 
the system.

In the absence of the system, we observed a significant increase in the 
length and intensity of daily overheating periods in future weather 
forecasts. This trend was particularly evident in the months of July and 
August. The number of degree hours in the future climate was almost 
three times that of the historical climate, largely due to external inputs. 
Furthermore, it’s notable that the impact of the system on reducing in-
door discomfort decreased when considering future weather forecasts. 
The observed reduction was 69 % (from 751 ◦Ch to 234 ◦Ch) for current 
weather, compared to 61 % (from 2 344 ◦Ch to 914 ◦Ch) for future 
weather.

We then analyzed the efficiency of the system using comfort and 
performance indicators. The absolute values of these indicators are 
shown in Table 7.

We note that the number of degree hours (DH) remained very high 
for the typical future period (5 266◦Ch), more than 2.4 times higher than 
the typical historical period (2 128 ◦Ch). Consequently, the average 
daily maximum SET* for the year was 32.5 ◦C for the future weather 
period and 31.4 ◦C for the historical weather period (+1.1 ◦C). The gain 
in degree-hours per kWh consumed by the fan was greater in the future 
climate, reaching 0.14 ◦Ch/kWh, an improvement of 0.06 points 
compared with the historical climate. Similarly, for the reduction in 
SETH in relation to the volume of water evaporated, the system 

performed better in the future climate, with a gain of 7.7 ◦Ch/m3, 
compared with 6.22 ◦Ch/m3 in the historical climate. It can also be seen 
that the system is well adapted to climate change, particularly by 
observing the resilience indicator α, which remained low (α < 1), despite 
taking into account a typical future climate scenario.

Finally, a comparison of the system performance for two weather 
periods (typical historical and typical future) was made using a radar 
graph (Fig. 22). To define the maxima (100 %) of the ΔSETH/Vw and 
ΔSETH/Cfan values on this diagram, we took the highest value among all 
the locations for the historical and future weather periods. In this case, 
we found values of 35.26 ◦Ch/m3 and 0.85 ◦Ch/kWh, respectively, for 
the city of Singapore.

Fig. 22 shows that the system was most effective under typical future 
weather conditions. The relative values obtained show that the differ-
ence between the two weather periods was small regarding the reduc-
tion in indoor discomfort. The cumulative cooling section shows that the 
system significantly reduced indoor degree hours (DH), with a reduction 
of 88 % in a historical climate and 81 % in a future climate. The results 
were slightly worse when the SET* was considered in the comfort 
analysis (cumulative cooling sensation), with a difference of 19 points 
compared with the cumulative cooling for the historical climate (69 %). 

Fig. 20. Analysis of the operation of the two system modes.

Fig. 21. Internal overheating (SET*− SET*lim).

Table 7 
Absolute performance value for two weather periods.

Historical Future

DH [◦Ch] 246 (2128) 1019 (5266)
SETH [◦Ch] 234 (751) 914 (2344)
SET*dailymax [◦C] 30.2 (31.4) 30.9 (32.5)
ΔSETH/Cfan [◦Ch/kWh] 0.08 0.14
ΔSETH/Vw [◦Ch/m3] 6.22 7.7
α [-] 0.078 (0.679) 0.132 (0.685)
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However, the system still performed well in future weather conditions. 
By comparing performance indicators, we can see that the system was 
more efficient in a future climate. The gain in degree-hours per cubic 
meter of water evaporated (ΔSETH/Vw) was 8 points higher in a future 
climate than in a historical climate. In a warmer, drier climate, the 
evaporation phenomenon was amplified, improving the effectiveness of 
system in reducing indoor discomfort. This trend was also seen when we 
related this gain in degree hours to the electricity consumption ΔSETH/ 
Cfan, the system performing slightly better in a future climate (22 % 
compared with 18 % in a historical climate). These results indicate that 
the system performed better in an arid climate and under extreme 
weather conditions. In addition, the system is expected to be more 
effective in future years with significantly more challenging external 
conditions.

5. Conclusions

The objective of this study was to analyze the performance of a direct 
adiabatic system incorporated into an industrial building under different 
climates and weather periods using several performance and comfort 
indicators.

Firstly, the performance of the system was studied for a scorching 
climate in a French city (Carpentras). The results showed that the system 
performed better with both modes enabled, significantly reducing in-
ternal discomfort (DH). The addition of the adiabatic mode made it 
possible to reduce interior discomfort 3.9 times more (− 74 %) compared 
to the case where free-cooling worked alone (− 25 %). These results 
confirm previous studies on the subject, including those of Chiesa and al. 
[16], which examined the impact of a direct cooling system on reducing 
discomfort in a Mediterranean climate, and Guan and al. [45], who 
explored the cooling potential of a direct system in Australian climates. 
Taking humidity into account in the analysis of indoor comfort (SET*) 
shows that blowing humid air through the system increased indoor 
humidity and degraded indoor thermo-hydric comfort. The system was 
more resilient with both modes working.

Subsequently, the impact of the localization on the system was 
studied. The results show that French climates were the most suitable for 
this system, particularly for the reduction in discomfort, which was 
greater (DH and SETH). The results show that for humid climates 
(Singapore), the system significantly reduced indoor discomfort by 
consuming very little water (22.42 ◦Ch/m3), unlike arid climates like 
Abu Dhabi (10.21 ◦Ch/m3, − 54 %). In arid climates, the system helped 
reduce indoor discomfort by consuming the least amount of energy for 

the operation of the fan. For all climates, the building was not resilient 
when the system was inactive. However, once the system was activated, 
the building acquired long-term resilience to external thermal con-
straints, except in the climate of Singapore.

Finally, the results of the impact of climate change on system per-
formance show that the system was more efficient and resilient in future 
external conditions, particularly on the performance of reducing indoor 
discomfort in relation to water consumption and fan consumption. The 
reduction in indoor discomfort (SETH) was significant for both weather 
periods, with a 69 % reduction for the historical period and 61 % for the 
future period.

To conclude, the system as defined in this study made it possible to 
significantly reduce the interior discomfort of an industrial building 
despite the fact that blowing humid air increased the thermal-hydric 
interior discomfort. The system performed better with both operating 
modes active. French climates are well suited to the system, particularly 
the climate of Carpentras. The system was efficient for more extreme 
climates, particularly in terms of water consumption for humid climates, 
but the absolute reduction in indoor discomfort was less significant. The 
system was resilient to predicted climate change, particularly in terms of 
performance in reducing indoor discomfort in relation to water and fan 
consumption. Future studies could investigate the performance of the 
system by modifying the control parameters, especially the setpoint 
temperature, or by analyzing its efficiency with a different design. In 
addition, it would be relevant to evaluate the performance of the system 
in a scenario with a purely indirect adiabatic operation in order to 
compare its efficiency with that of the current system.

CRediT authorship contribution statement

Antoine Breteau: Writing – review & editing, Writing – original 
draft, Visualization, Validation, Software, Methodology, Investigation, 
Formal analysis, Conceptualization. Emmanuel Bozonnet: Writing – 
review & editing, Validation, Supervision, Resources, Project adminis-
tration, Methodology, Funding acquisition, Formal analysis, Conceptu-
alization. Patrick Salagnac: Writing – review & editing, Validation, 
Supervision, Resources, Project administration, Methodology, Funding 
acquisition, Formal analysis, Conceptualization. Jean-Marie Caous: 
Supervision, Resources, Project administration, Funding acquisition, 
Conceptualization.

Fig. 22. Radar chart representing system performance for two weather periods.

A. Breteau et al.                                                                                                                                                                                                                                 Energy & Buildings 332 (2025) 115472 

15 



Declaration of competing interest

The authors declare that they have no known competing financial 
interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Acknowledgement

This study was funded by the National Association of Research and 
Technology (ANRT, France) (Project grant No. 2022/1087).

Appendix 

System operation on two representative days, winter and summer, is illustrated in Fig. 24 and Fig. 23 respectively.

Fig. 23. System operation over 2 consecutive days (winter season).

Fig. 24. System operation over 2 consecutive days (summer season).
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