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A B S T R A C T

Heatwaves increasingly endanger public health, underscoring the urgent need for low-energy cooling strategies 
suitable for emergency use. Among them, evaporative cooling (EC) systems represent a promising solution to 
create temporary thermal refuge areas with minimal energy and infrastructure requirements, especially under 
hot and dry conditions. However, experimental evidence on their real cooling potential, particularly under 
different ventilation and boundary conditions, remains limited. This study investigates the thermal performance 
of two EC systems, a whole-room unit and a personal-scale device, through laboratory tests in a controlled 
climate chamber (5 × 5 × 2.53 m) set at 32 ◦C. We assessed: (i) indoor air temperature and humidity offsets, (ii) 
spatial airflow and turbulence distributions, and (iii) cooling effects (CE) measured using a thermal manikin. We 
found that the whole-room EC reduced air temperature by up to 2.8 K and increased relative humidity from 
15–20% up to 52%, while producing an average CE of 3 K on the manikin and over 5 K in upper body regions. 
When combined with a personal EC, the CE rose to 6 K, despite limited additional air temperature reduction. 
Spatial mapping revealed heterogeneous airflow and turbulence, which enhanced convective heat transfer. 
Energy demand was small (220 W and 10 W for the whole-room and personal ECs, respectively), while water 
consumption averaged 2.6 L/h (0.034 L/h⋅m³). These findings show that evaporative cooling can provide rapid, 
effective thermal relief with low energy use, offering a scalable solution for protecting vulnerable populations 
during extreme heat events.

1. Introduction

Global climate change is expected to increase the duration, intensity, 
and frequency of heatwaves [1]. Although definitions vary across the 
literature [2], heatwaves generally refer to periods of unusually hot and 
dry weather relative to historical norms. The World Meteorological 
Organization (WMO) and World Health Organization (WHO) further 
characterize heatwaves as phenomena with a “discernible impact on 
human and natural systems” [3]. The associated health risks depend on a 
complex interplay of physiological, demographic, social, economic, and 
medical factors, and are particularly high for vulnerable populations 

such as children, elders, and individuals with chronic conditions, while 
also strongly affecting outdoor workers. Heat-related illnesses include 
heat exhaustion, heat stroke, acute kidney injury, and the worsening of 
cardiovascular and respiratory diseases [3–5].

In response to the escalating health threats posed by extreme heat, 
many cities have begun developing public infrastructure intended to 
serve as climate refuges [6,7]. These “climate shelters” offer temporary 
protection from extreme temperatures and often involve the repurpos
ing of existing facilities such as libraries, civic centres, schools, or green 
spaces [8]. However, such shelters are often inequitably distributed, 
difficult to access for a significant portion of the at-risk population [9]. 
Furthermore, the brief exposure to cooling provided by these spaces may 
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not be effective in limiting heat strain during a prolonged heatwave 
[10].

While climate shelters provide refuge at the community level, resi
dential buffer zones are also proposed as a strategy for handling climate 
variability. Climate refuges in residential buildings are areas or rooms 
designed for climate adaptation, where localized microclimates allow 
occupants to remain safe during heatwaves [11,12]. Despite the 
important role of passive strategies in creating such microclimates [11], 
air Conditioning (AC) remains the most widespread solution for miti
gating indoor heat exposure. Although effective in cooling occupants, 
AC requires large amounts of energy, increasing pressure on electricity 
grids and raising critical social issues related to access to cooling tech
nologies [13]. AC global penetration is strongly income-dependent, 
being accessible primarily to high‑income populations in many coun
tries and reinforcing global inequalities in cooling access [14]. While 
approximately 90% of the U.S. population owns an AC unit, regions with 
much higher cooling demand, such as South-Central Asia and Africa, 
account for only 1–2% of U.S. AC stock [15]. With rising temperatures 
and more frequent heatwaves, the need for cooling is no longer just a 
matter of comfort – it is a matter of survivability [16]. Urgent, sus
tainable strategies are required to safeguard the most vulnerable [17].

Moreover, intense use of AC increases pressure on the electricity 
grid. During a heatwave in 2025, peak electricity demand increased by 
25% in France, where AC ownership is low, whereas in New York it 
increased by up to 90%, as the ownership is very high [18]. Such 
increased demand can cause power shortages and blackouts, jeopard
izing essential services. Therefore, using AC on peak hot days can be 
unreliable because of its effect on energy sources.

The high energy peaks also increase greenhouse gas emissions and 
heat island effects [19,20]. Compressor-based AC use is responsible for 
65% of global hydrofluorocarbon emissions and is predicted to increase 
Earth's mean surface temperature [21].

Electric fans offer a low-energy cooling strategy by enhancing 
convective and evaporative heat loss through increased air movement 
across the skin [22]. They are low-cost equipment and consume as little 
as a few watts, about 3% of the energy required by conventional 
compressor-based AC systems, while also avoiding the negative envi
ronmental impacts associated with refrigerant gases [23]. Fans can be 
used alone as an alternative to AC or combined with AC, reducing 
compressor workload and overall energy consumption [23–29].

Despite the advantages of fan cooling, health authorities suggest that 
they should not be used when the ambient temperature exceeds skin 
temperature [30]. The threshold is set at 90◦F (~32 ◦C) by the US Centre 
for Disease Control (CDC) [31] to 40 ◦C by WHO [5]. Some researchers 
claim there is limited empirical validation for the WHO limit [32] while 
others argue that there is enough validation [33].

Fan effectiveness depends not only on ambient temperature but also 
on humidity and the individual’s sweat capacity. Under many warm and 

humid conditions, air movement increases the efficiency of sweat 
evaporation, making fans beneficial even when air temperature exceeds 
skin temperature [34,35]. Human subject tests of temperature thresh
olds have shown fans to be beneficial for young adults at 42 ◦C and 48% 
RH [36] and 40 ◦C 50% RH [35]. Fan use was not beneficial at 42 ◦C in 
humid conditions (>65%) for older adults aged 60–80 years, due to 
reduced sweating response [37]. Using a biophysical model, Morris et al. 
[38] examined the thresholds for healthy young adults, healthy older 
adults (assuming age-related sweat reduction of 25%), and older adults 
taking anticholinergic medication (an additional 25% sweat reduction). 
The authors proposed simplified thresholds for fan use regardless of 
humidity levels: 39 ◦C for healthy young adults, 38 ◦C for healthy older 
adults, and 37 ◦C for older adults taking anticholinergic medication. 
Tartarini et al. [39] used the human thermoregulatory model developed 
by Gagge et al. [40] to estimate heat losses and physiological variables 
as a function of environmental and personal factors. Depending on air 
speed, metabolic activity, and clothing insulation, the operative tem
perature threshold up to which healthy adults can use fans to reduce 
heat stress reaches up to 43.5 ◦C. Recent human subject experiments 
confirmed that, in healthy adults, fans can be safely used in environ
ments at up to 43 ◦C with relative humidity as low as 25% [33]. How
ever, under extremely hot and dry conditions, often observed during 
heatwaves, fans may be ineffective or detrimental, increasing convective 
heat gain when ambient temperature exceeds skin temperature. These 
findings suggest that the updated WHO guidance may still be conser
vative, although further research is needed to assess fan safety in older 
adults and other heat-vulnerable populations [33].

To address the limitations of fans in hot and dry environments, 
evaporative cooling can be used to lower the air temperature into a 
range where fan use becomes physiologically beneficial [41–45]. 
Evaporative coolers (EC) operate by exposing moving air to liquid water, 
triggering a phase change from liquid to vapor that is an endothermic 
process. To do that, a fan is combined with a wet porous material, called 
substrate or pad, through which air circulates, enabling heat exchange 
between the air and water [46–48]. The resulting evaporation process 
cools recirculated air back to space at a lower temperature and higher 
relative humidity. However, the cooling performance of EC systems 
strongly depends on boundary conditions, particularly ambient tem
perature and relative humidity [49–51]. The benefit of EC over 
air-conditioning systems is its reduced energy demand, comparable to 
fans but with a higher cooling effect [52–61]. The cooling effect is the 
reduction in uniform air temperature that would produce the same 
thermal sensation or heat loss as the condition with the assessed 
equipment [62,63]. In addition to energy, EC has an environmental 
benefit of reducing the use of refrigerants and associated greenhouse gas 
emissions [42].

Fans and evaporative coolers have been recently recognized as 
important strategies to mitigate AC use in present and future climate 

Nomenclature

Acronyms
ACH Air Changes per Hour (h− 1)
CFD Computational Fluid Dynamics
CE Cooling Effect
DEC Direct Evaporative Cooling
EC Evaporative Cooler
EHT Equivalent Homogeneous Temperature
HVAC Heating, Ventilation, and Air Conditioning
IEC Indirect Evaporative Cooling
OA Outside Air
RH Relative Humidity

Symbols
A Body segment surface area [m2]
hc Convective heat transfer coefficient [W/m2⋅K]
Iclo Clothing insulation effect [clo]
L Characteristic length [m]
Q Heat loss [W/m2]
Re Reynolds number [-]
SD Standard deviation of air velocity [m/s]
Tair Air dry bulb temperature [◦C]
Tsk Skin temperature [◦C]
Tu Turbulence Intensity [%]
U Mean air velocity [m/s]
ρ Air density [kg/m3]
η Dynamic viscosity of air [N⋅s/m2]
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change scenarios [15]. Nevertheless, while the effects of electric fans on 
thermal comfort in indoor spaces have been widely studied, most pub
lications on EC address its use as a part of an air-conditioning system 
[59,64–66] or focus on indirect evaporative cooling (IEC) systems. 
Several comprehensive review studies have analyzed their working 
principles, configurations, and performance enhancement strategies, 
including both experimental and modelling approaches [67–74]. These 
works highlight the significant potential of IEC systems as 
energy-efficient alternatives to conventional air-conditioning, as well as 
their wide applicability across diverse climatic conditions and system 
configurations. However, compared to the extensive body of work on 
indirect systems, experimental data and investigation of direct evapo
rative cooling (DEC), particularly portable equipment, are addressed in 
very few publications, indicating an important research gap.

Besides their thermal performance, portability, cost, maintenance, 
and energy demand are important factors considering the use of evap
orative coolers in refugee areas during extreme conditions. Portable 
equipment is usually more affordable than ducted and wall-mounted 
equipment, allowing this strategy to be extended to a broader popula
tion and deployed only during periods of extreme heat demand. Addi
tionally, EC can consume 62–74% less energy than air conditioning 
when used to cool a room [60], while personal evaporative coolers 
operate at very low power (around 10 W) and can still provide signifi
cant cooling by acting closer to the user [75].

Among the available publications, Camargo et al. [65] tested the 
temperature reduction generated by an evaporative cooler, comparing 
indoor, outdoor and the outlet temperatures of the cooler. The equip
ment was used during summer in a warm city in Brazil with outdoor 
temperatures from 25–32 ◦C. The maximum temperature difference 
between the outside and the outlet temperature was 7.4 K, and the 
maximum difference between indoor and outdoor temperatures was 
3.5 K. Rugani et al. [60] found that the temperature and relative hu
midity offset generated by an evaporative cooler depends on outdoor 
conditions. The authors simulated an EC in EnergyPlus during heat
waves in 4 cities with different climates. Results showed broader tem
perature drops and moderate relative humidity increases for 
drier-warmer climates. The maximum offset was 12 K and 65% of 
relative humidity in a room at 42 ◦C and 40% outdoor conditions. Under 
34 ◦C and 27% outdoor conditions, the offset was reduced to a 3.5 K 
temperature drop and a 35% increase in relative humidity.

Sudprasert [59] tested the thermal perception impact of a portable 
EC in an office-like space during a hot-dry season in Thailand, with 
ambient air temperatures at 29.0–33.1 ◦C and relative humidity lower 
than 50%. The equipment produced an average thermal sensation of 
− 0.6 on the 7-point thermal sensation scale, between neutral and 
slightly cool. Under the same conditions, a fan produced an average 
thermal sensation of 0 (neutral), indicating the evaporative cooler 
delivered a greater cooling effect. However, at high‑speed operation, the 
fan resulted in higher overall satisfaction. Fifty-four percent of partici
pants preferred thermal conditions not to change when using the fan, 
compared with 40% when using the evaporative cooler.

André et al. [76] found a preference for a small evaporative cooler 
over different desk fans. The thermal conditions of this experiment were 
less warm and more humid (average 28 ◦C, 70%) than those typically 
observed during heatwaves. Although half of the participants would 
prefer to buy the personal EC instead of the other 3 fans tested, they 
considered its cost too high when disclosed at the end of the experiment. 
André et al. [75] tested the effect of this EC against the best-rated fan 
and another, more affordable EC. The affordable EC was almost 4 times 
cheaper than the one tested by human participants. The tests with a 
thermal manikin indicated the affordable EC to achieve a higher cooling 
effect, of 2.9 K against 2.2 K of the other EC and 1.4 K by the fan. This 
result showed that an affordable personal evaporative cooler can pro
duce significantly higher heat loss in the human body than a desk fan.

Despite the potential reported in the literature, the number of 
available studies remains limited. Previous investigations have largely 

relied on simplified simulation approaches, such as adapted EnergyPlus 
modules, that lack the necessary inputs to accurately represent water 
consumption, energy use, and the magnitude of temperature reductions 
produced in the occupied environment [60]. Moreover, the spatial dis
tribution of the cooling effect, which is critical for informing realistic 
user guidance, is not captured by such modelling frameworks. In this 
context, experimental measurements using real devices offer significant 
advantages, enabling the assessment of their non-uniform impact on the 
indoor environment and occupants, as well as the interaction between 
room-level and personal-level equipment.

This work aims to verify the effectiveness of using portable direct 
evaporative coolers to create indoor thermal refuge areas, considering 
the combination of a system designed to affect the space (whole-room) 
and another designed to affect a person directly (local). We assessed 
effectiveness by quantifying the ability of evaporative coolers to: (i) 
reduce indoor air temperature while increasing relative humidity, and 
(ii) increase occupants’ heat loss during warm conditions. Additionally, 
we mapped the spatial distribution of these effects in a room to 
recommend optimal positioning for heatwave events.

2. Method

The method involves four steps. To address the first objective, we 
monitored the temperature and relative humidity offset produced by the 
whole-room evaporative cooler (EC) in a controlled environment (1). 
After reaching a stable thermal condition, we mapped the indoor envi
ronmental parameters to understand their spatial distribution (2). To 
meet the second objective, we estimated the cooling effect of the whole- 
room (3) and local (4) evaporative coolers with a thermal manikin. 
These steps are further explained in the following order: Section 2.1
Whole-room EC temperature and relative humidity offset; Section 2.2
Whole-room EC manikin test; Section 2.3 Whole-room EC spatial map
ping; Section 2.4 Local EC manikin test and spatial mapping.

In this study, the cooling effect is defined as the equivalent reduction 
in uniform air temperature under still air conditions that would produce 
the same heat loss as that induced by the tested cooling device [62,63].

We conducted all experiments at the University of California climate 
chamber in Berkeley. The chamber is 5.5 × 5.5 × 2.5 m, including two 
insulated internal walls and two insulated external walls with triple- 
glazing windows. The chamber’s HVAC system controls both the room 
air temperature and the temperature in the external wall and window 
cavity [77]. Table 1 presents the characteristics of whole-room evapo
rative cooler, and a local personal evaporative cooler selected in a pre
vious experiment [75].

2.1. Whole-room temperature and RH offset

To understand how much a whole-room evaporative cooler could 
offset the room temperature and increase relative humidity, we ran the 
whole-room evaporative cooler (EC) in the climate chamber at 32 ◦C 
with three HVAC configurations to mimic real-life conditions: 

• HVAC On - In this scenario, the whole-room EC ran while the HVAC 
operated continuously without outdoor air (recirculation mode). 
This scenario represents the expected behavior of a non-insulated 
building with closed windows during a heat wave. The poor enve
lope allows external heat flux, which is mimicked by the HVAC 
injecting warm air and heating the air cavity between the internal 
and external chamber walls, while humidity exchange remains 
limited.

• HVAC Off - In this scenario, after the chamber reached a stable 32 ◦C, 
we turned the HVAC off and turned the whole-room EC on. Outdoor 
air was not used at any time. This scenario represents the behavior of 
a well-insulated building, where heat flux and humidity exchange to 
outdoors is minimized.

R. Rugani et al.                                                                                                                                                                                                                                  Building and Environment 305 (2026) 115149 

3 



• HVAC On with Outdoor Air (OA) - In this scenario, the whole-room 
EC ran while HVAC operated continuously with outdoor air, with 
heat recovery and heaters maintaining a stable air temperature. This 

scenario replicates a naturally ventilated room with windows open, 
where heat flux and humidity exchange between indoors and out
doors are maintained.

The HVAC system was operated exclusively in heating mode in all 
scenarios to reproduce heatwave boundary conditions.

We monitored the chamber dry-bulb temperature and relative hu
midity with a HOBOⓇ temperature/RH data logger (Model UX100-003 
Onset, USA) every 1 min, which has a range of ± 0.21 ◦C from 0◦ to 
50 ◦C, and accuracy of± 3.5% from 25 to 85% at 1 m height. We also 
measured the EC outlet temperature and relative humidity at 60 cm 
height, every 5 min with the high-precision digital thermometer (Model 
DP9601, Omega, USA), which has an accuracy of ± 0.01 ◦C and a hu
midity meter probe (Model HM 34, VAISALA, Finland), which has an 
accuracy of± 2% from 0 to 90%.

The whole-room EC includes fans and a pump that circulates water 
that drips over the cardboard honeycomb pad (see Table 1). Before 
starting the measurements, we filled the tanks with water, started to run 
the water pump and waited a few minutes to allow the pad to be soaked. 
We then turned on the fans at a minimum speed (3.8 m/s at 25 cm from 
the outlet). In each scenario, we monitored the thermal conditions for 50 
min, after which temperature and humidity readings reached a steady 
state.

2.2. Whole-room EC manikin test

We estimated the whole-room cooling effect by placing a thermal 
manikin (Model 3.x, PT Teknik, Denmark) during the three scenarios 
described in Section 2.1.

Table 1 
Evaporative coolers characteristics.

Equipment Whole-room 
evaporative cooler

Local evaporative cooler

Pictures

Dimensions (l x w x h 
in m)

0.45 (diameter) x 0.85 0.20 × 0.20 × 0.25

Power (W) 220 (low) 10.6 (high) - 4.6 (low)
Water storage 

capacity (L)
30 0.5

Number of fans 2 1
Air speed at outlet 

(m/s)
3.8 (low) 1.9 (high) - 1.4 (low)

Substrate material

Cardboard honeycomb
Plastic structure with vertical 
felt slats

Fig. 1. Whole-room experiment setting: (a) picture of the chamber setting with manikin and EC position, (b) climate chamber floor with grid representing mapping 
measurement spots (49 points as points overlapping the table were not measured), circle indicating the whole-room EC position and outlet direction by arrows and a 
crossed circle indicating placement of fixed sensors, (c) experiment procedure indicating order of systems activation and recording moments.
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Fig. 1a and b show the layout of the chamber during the tests (photo 
and floor plan). The manikin was in a sitting position in an office chair 
behind a desk, dressed in summer clothing, 0.5 clo. The evaporative 
cooler (black cylinder in a) was facing the wall, so the strong air flow 
would not hit the manikin directly but would circulate and humidify the 
air of the room (see Fig. 1b for outlet direction represented by arrows).

Fig. 1c indicates the test procedure, which started after thermal 
conditions in the chamber stabilized. The thermal manikin software 
recorded skin temperature and dry heat loss at 16 body segments 
(without the effect of perspiration) at 30-second intervals. For the 
cooling effect calculation, we used the average values from the final 5 
min of each test condition, when the manikin responses (skin tempera
ture and heat loss) were stable. This procedure was repeated twice: 
before activating the EC (baseline) and at the end of the test with the EC 
on. Section 2.5 explains how we used this data, as well as the room 
temperature, to calculate the cooling effect.

2.3. Whole-room EC spatial mapping of temperature and airflow

To better understand the cooling effect of the whole-room evapora
tive cooler, we mapped the distribution of air flow, air temperature, and 
turbulence. Fig. 1b shows the position of the points used in the mapping, 
defined by a regular grid of 7 × 7 squares (60 cm x 60 cm) covering the 
entire chamber. At each intersection, we placed a pole with five hotwire 
anemometers data loggers (Model AirDistSys5100, Sensor-Electronic, 
Poland), which have an accuracy of ± 0.2 ◦C, ± 0.02 m/s, at five 
heights: 10 cm, 60 cm, 110 cm, 170 m and 210 m. We recorded the 
variables for 5 s and averaged the results. We performed the mapping for 
the scenario of HVAC On with whole-room EC On, to guarantee pro
longed stable conditions. We refilled the EC water whenever necessary 
to keep it running with constant performance.

2.4. Local EC manikin test

We evaluated the local evaporative cooler (local EC) using the same 
manikin-based procedure adopted for the whole-room EC. Fig. 2

illustrates the test layout and procedure. As shown in Fig. 2a, the local 
EC was positioned 50 cm to the left of the manikin, with the slats angled 
to direct airflow toward the chest, replicating the user-preferred 
configuration identified in a previous study with human subjects [76]. 
Fig. 2b shows the placement of four hot‑wire anemometer data loggers 
(AirDistSys5100, Sensor‑Electronic, Poland) used to measure air tem
perature and velocity in the region between the device and the manikin.

Fig. 2c summarizes the procedure adopted to assess the local EC 
cooling effect. We collected the baseline measurements under stable 
indoor conditions with the HVAC on (recirculation mode, no outdoor 
air) and the whole‑room EC operating. After switching on the local EC 
and allowing thermal conditions to stabilize (about 50 min), we recor
ded skin temperature and dry heat loss from the manikin at the end of 
each test.

We tested the local EC with a dry pad, working as a fan, and with a 
wet pad to produce evaporative cooling effect. We also tested the 
equipment at two speed levels, the maximum (high) and minimum (low) 
(see Table 1 for details). Associating pad status (wet/dry) and air speed 
level (low/high), we performed four tests: dry-low, dry-high, wet-low 
and wet-high. Section 2.5 presents the calculation of the cooling effect 
we applied to each condition using the last 5-min average 
measurements.

2.5. Data processing

We tabulated the loggers’ data and manikin results in Excel or CSV 
format. We performed data processing in R and RStudio version 2025.09 
with the following packages: tidyverse [78], metrics [78], ggpubr [78], 
extrafonts [78], scales [78], pacman [79], here [80], lubridate [81].

We calculated Cooling Effect (CE in K) using equations 1 – 3, in 
which “j” represents one of the 16 manikin body parts. The overall CE is 
calculated with the sum of all body parts, each weighted by its corre
sponding surface area. Eq. (1) calculates the real insulation effect of the 
clothes on the manikin (Iclo,j in clo) calculated with baseline conditions. 
Tair (◦C) is the air temperature, Tsk,j,0 ( ◦C) the skin temperature, and Qj,0 
(W/m²) the heat loss [82]. Eq. (2) calculates the Equivalent 

Fig. 2. Chamber setting with manikin to assess personal EC, (a) EC positioned 50 cm from manikin chest, (b) anemometers placed in 4 points to map local EC airflow 
distribution, (c) experiment procedures indicating order of systems activation and recording moments.
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Homogeneous Temperature (EHTj in K) when ECs were on. Eq. (2) in
cludes the manikin’s skin temperature (Tsk,j), heat loss (Qj), body part 
surface area (Aj in m²) and clothing insulation from Eq. (1) (Iclo,j). 
Finally, Eq. (3) calculates the cooling effect (CEj in K) by comparing the 
EHT with the baseline air temperature (Tair in ◦C) [82]. 

Iclo,j =
(
Tsk,j,0 − Tair

) / (
Qj,0⋅0.155

)
[clo] (1) 

EHTj = Tsk,j −
Qj

Aj
⋅Iclo,j⋅0.155 [K] (2) 

CEj = Tair − EHTj [K] (3) 

Based on the test conditions and probes’ accuracy, we estimated the 
uncertainties of the CE, following the methods applied in [83]. Those 
uncertainties are expressed by error bars of 95% confidence intervals in 
the analysis.

The graphical representation of the spatial mapping involved inter
polating the collected data. Golden Software Surfer® (version 25.2) al
lows this interpolation, producing the isoline images.

3. Results

3.1. Whole-room EC temperature and RH offset

Fig. 3 shows the chamber and EC outlet air temperature and relative 
humidity (RH) trends for all tested scenarios.

We conducted all tests with the evaporative cooler operating at its 
lowest power setting (220 W). Fig. 3a shows that the HVAC on and 
HVAC on OA scenarios achieve similar temperature offsets between t(0) 

and t(50), of approximately 2.0 K. The HVAC off scenario (dashed 
magenta line) shows the highest temperature reduction of around 2.8 K. 
All scenarios show a strong initial temperature drop during the first 10 
min, followed by a stabilization after approximately 30–40 min. How
ever, the HVAC off scenario exhibits a slightly different rate of change. 
In both HVAC on scenarios, the temperature dropped about 1.2 K after 
15 min, 1.6 K after 30 min, and reached roughly 2.0 K by 50 min. In 
contrast, the HVAC off scenario shows a greater offset, of 1.8 K after 15 
min, 2.4 K after 30 min, and a final reduction of 2.8 K. The omitted 
values in the first 5 min are below the sensor range. Despite those dif
ferences, all scenarios reached a similar final temperature at t(50), of 
29.5 ± 0.2 ◦C.

Fig. 3b shows that active HVAC operation helped moderate humidity 
levels while the evaporative cooler ran. Relative humidity stabilized at 
39 and 44%, whereas the HVAC off scenario reached 52%. Similar to the 
temperature trend, relative humidity changed rapidly during the first 10 
min, increasing by 14–18% after 15 min. From 15 to 30 min, RH 
increased more slowly (3–10%) and stabilized by t(50), at approxi
mately 46 ± 7%. A major concern when using the Evaporative Cooler is 
the potential rise in indoor humidity; however, the maximum observed 
RH of 52% remains comparable to standard cooling design conditions 
[84].

Fig. 3c and d show the air temperature and relative humidity offsets 
at the EC outlet. The outlet temperature changes shown in Fig. 3c were 
smaller than the room-level temperature reductions shown in Fig. 3a. In 
the HVAC off scenario, the outlet temperature increased by nearly 3 K 
over 50 min, whereas it rose by only 0.5 K in the HVAC on scenario and 
remained nearly constant in the HVAC on OA scenario. These patterns 
reflect how the surrounding humidity conditions influenced the amount 

Fig. 3. Trends of (a) room air temperature, (b) room relative humidity, (c) EC outlet air temperature, and (d) EC outlet relative humidity through time. Red lines on 
the right side of figure (a) indicate the maximum delta temperature per scenario. Dashed lines indicate tests in which the HVAC system was turned off at minute 0, 
while solid lines refer to tests where the HVAC remained in operation (on) throughout the experiment. HVAC on OA includes outdoor air, while HVAC on scenario 
outdoor air was off, and the system only recirculated indoor air.
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of evaporative cooling that could occur. Nevertheless, the EC main
tained cooling potential, as outlet temperatures (~25–26 ◦C) consis
tently remained below room air temperatures (~30 ◦C). A similar 
pattern appears in Fig. 3d After 50 min, the outlet RH remained between 
60–70% while room RH stayed around 45%, indicating a sustained 
cooling effect.

3.2. Whole-room EC cooling effect

The thermal manikin experiment quantifies the cooling effect (CE) of 
the whole-room evaporative cooler for each body segment by measuring 
the manikin’s dry heat loss, expressed in Equivalent Homogeneous 
Temperature (EHT). The CE, in kelvin [K], indicates how much the 
system can shift perceived temperature toward neutrality. We per
formed the manikin test under the 3 HVAC scenarios. Fig. 4a presents 
the mean CE values with error bars derived from experimental uncer
tainty, and Fig. 4b is a visual representation of the mean CE per body 
part. The orange point in Fig. 4a presents the overall CE (“All”), a 
surface-area-weighted average calculated automatically by the manikin 
software. The overall mean CE of 3 ± 1.5 K indicates a substantial 
improvement in expected perceived temperature.

Fig. 4 shows a clearly greater effect on the upper body, from the 
hands and chest to the head. Most of the upper–body parts, except the 
back, show a CE of around 5 K, while most of the lower-body parts show 
an average CE of about 2.5 K. Nevertheless, higher cooling effects also 
exhibit higher uncertainty, approximately ~3 K for the upper-body and 
~1 K for the lower-body. The left forearm (L. Forearm) reached the 
highest mean CE at 5.6 ± 3 K. A slight left-right imbalance appears in the 
results, with the left side (L.) generally showing stronger effects than the 
right (R.). This asymmetry, together with the lower effects on the lower 
body, may result from the airflow pattern generated by the EC as well as 
the shielding from the table and chair. For example, the back shows an 
average CE about 1.5 K lower than other upper-body parts because the 
chair block directs airflow from the EC. To better understand the cause 
of these differences, the next section examines spatial airflow, temper
ature, and turbulence mapping.

3.3. Whole-room EC mapping

This section presents the measured temperature distribution, air 
velocity, and turbulence maps when the whole-room evaporative cooler 
was operating with HVAC on. Fig. 5a-c show the horizontal temperature 
distribution at three heights. The lowest temperatures appear 
Fig. 5directly in front of the EC. At floor level (10 cm), the temperature 
reaches 29.5 ◦C, while at 60 cm and 110 cm the temperature is more 
than one degree higher (30.8 ◦C and 30.6 ◦C, respectively). The tem
perature pattern in Fig. 5a-c also show that the area near the manikin 

(behind the table) maintains similar temperatures at all heights, around 
31.5 ◦C.

Fig. 5 d-f show the air speed distribution produced by the whole- 
room EC. Air speed is highest at floor level (10 cm), and the flow is 
deflected upward, resulting in higher air speed at 110 cm than at 60 cm 
in front of the device. Near the manikin, however, all three heights show 
the same air speed (0.2 m/s), indicating a uniform air distribution in that 
region.

Fig. 5 g-i present the turbulence distribution across the room, 
calculated as the standard deviation (SD) of the air speed measurements 
divided by the mean. Lower air speed typically produces higher turbu
lence because of the smaller mean value. However, the highest turbu
lence zones in Fig. 5 g-i do not correspond to the lowest air speed in 
Fig. 5 d-f. Instead, greater turbulence appears between the air jet di
rection and the adjacent wall, where the air flow bounces after hitting 
the wall in front of the EC. This pattern is especially evident at 10 and 
110 cm heights (Fig. 5g and i). At 60 cm height, the highest turbulence 
occurs close to the front wall, along the path of the air jet. Overall, Fig. 5
g-i show that turbulence around the manikin is not the lowest in the 
room and exhibits more variation than the central region, reaching 
approximately 33%.

The sections in Fig. 6 AA’-III further illustrate how the airflow hits 
the floor and generates higher turbulence near the manikin from bottom 
to top. The plan-view navigator at the bottom of the figure shows the 
section positions. Fig. 6 BB’-III shows that the EC outlet is 2 ◦C cooler 
than the room temperature (32 ◦C), whereas Fig. 6 AA’-I shows that this 
temperature offset does not reach the manikin; the area closest to the 
manikin is only 0.2 ◦C cooler than the room.

3.4. Local EC cooling effect

In addition to the whole-room evaporative cooler, we added a per
sonal evaporative cooler to evaluate how low-power equipment directed 
to the user could provide additional cooling under the same conditions. 
Fig. 7 shows the results from the manikin experiment. The results are 
presented for two air speeds (high and low) and two pad conditions: a 
wet pad with a full tank, and a dry pad with an empty tank. Values are 
shown for all body parts as well as for the “upper front” group (head, 
chest, arms and hands). The cooling effect (CE) on the upper-front areas 
exceeds the whole body (“All”) body CE by approximately 1.5–2.2 K.

When the local EC operates with a dry pad, it functions as a fan, 
generating only convective heat loss on the manikin. In this dry-pad 
mode, Fig. 7 shows that the whole-body CE reaches 2 K at low air 
speed and 2.3 K at high air speed. For the upper-front parts, the CE 
reaches 3.5 K and 4.2 K at low and high air speeds, respectively. Adding 
water (wet-pad mode) increases both the overall and upper-front cool
ing under both air speeds. The evaporative effect from the wet pad 

Fig. 4. Cooling effect of whole-room EC per body part (a) mean values and 95% confidence intervals (error and uncertainty); (b) Graphical representation of mean 
on the anatomical regions of the manikin (results are shown in color gradient). In the graph, L. stands for left and R. stands for right.
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increases CE by 0.2–0.8 K for the whole body and 0.4–1.1 K for the 
upper-front parts. Increasing air speed leads to greater enhancement 
than adding water; however, under high air speed, the wet pad still 
provides a substantial additional benefit, increasing the CE by more than 
33%.

The local evaporative cooler adds 3.1 K of whole-body cooling and 
5.3 K of upper-body cooling, even when the whole-room evaporative 
cooler is already operating. Such gains are remarkable given its minimal 

power demand of just 10 W.
Fig. 8 shows that the cooling effect is not evenly distributed across 

the body. As expected, the local EC cools only the upper body and 
particularly the left side of the manikin, which is positioned closer to the 
device outlet. Under the high-speed wet-pad condition, the upper arm 
experiences the highest CE (7.9 K), followed by the left forearm (7.0 K) 
and chest (6.7 K). Conversely, the right hand shows the lowest upper- 
body CE under dry-pad conditions (0.8–1.0 K). The head experiences 

Fig. 5. Horizontal distribution of air temperature (a-b-c), air speed (d-e-f) and temperature (g-h-i) in the chamber with the whole-room EC active (represented by a 
circle). The arrows in front of the EC indicate the outlet location. Floor plan representation of three height measurements, at (a-d-g) 10 cm, (b-e-h) 60 cm and (c-f-i) 
110 cm from the ground. Results are shown in a color gradient, with key values numerically indicated. The manikin’s position and table are also represented in the 
floor plan.
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moderate CE (4.8–6.5 K), consistent with its partial exposure to the 
airflow.

Overall, wet-pad operation enhances the cooling performance across 
most body parts compared to dry-pad operation, and higher air speed 

Fig. 6. Vertical distribution in the chamber when whole-room EC is active, A indicates section AA’ and B for section BB’, positioned as indicated in the plan 
navigator. And the other terms are the variable, I) temperature, II) air speed, and III) turbulence intensity. Results are shown in color gradient, and important points 
are numerically indicated. The EC is represented by a rectangle with fans positioned according to the outlet direction.

Fig. 7. Cooling effect of local evaporative cooler over all body parts (green) and upper front body parts (magenta). Labels represent air speed (low/high) and pad 
condition (without water = dry, with water = wet). Error bars represent 95% confidence intervals considering errors and uncertainty.
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amplifies this effect while extending the cooled area. This combination 
of high airflow and evaporative effect promotes greater heat loss, 
particularly on the side facing the device outlet, although asymmetry 
remains due to the left-side placement of the device. To further interpret 
these differences, Appendix A provides a spatial mapping of air tem
perature and velocity between the local EC and the manikin.

4. Discussions

4.1. Thermal effect of evaporative coolers

The current experimental results demonstrate that evaporative 
coolers can potentially improve indoor thermal comfort by increasing 
occupants’ heat loss in hot and dry conditions. Although the room 
temperature decrease is relatively limited (approximately 2–3 K), the 
cooling effect achieved by associating the whole-room and personal EC 
is substantial, up to 6 K. The whole-room EC alone provides only half of 
this effect, although been the only responsible for shifting the room 
temperature, underscoring the importance of evaluating cooling systems 
using metrics beyond room air temperature.

The combined cooling effect of both ECs indicates a theoretical 
perceived temperature shift from 32 to 26 ◦C, which indicates a great 
physiological effect towards thermal neutrality. This result highlights 
the substantial increase in body heat loss generated by the combined 
evaporative cooling strategies. Nevertheless, human subject experi
ments are necessary to assess the corresponding impacts on thermal 
sensation and comfort. These results should therefore be interpreted 
within the experimental limitations discussed in this and the following 
sections.

For instance, because the thermal manikin used in the experiments 
does not sweat, our results represent a conservative estimate; additional 
latent heat loss from human perspiration would boost the cooling effect. 
Evaporative coolers also raise indoor humidity, potentially reducing 
perspiration heat loss. Thus, overall physiological benefit reflects the 
balance between increased air movement, lower air temperature, and 
higher relative humidity [36]. Tartarini et al. [39], for example, esti
mated that sweating increased by 1.6 ◦C the limits of temperature in 
which a fan would not cause heat strains (under 60% RH). Compared to 
the dry-pad fan mode, the personal evaporative cooler increases its 
impact by 1–1.5 K when the pad is wet.

Additionally, previous research shows that targeting the torso and 
head provides greater thermal sensation reduction due to the high 
density of thermal receptors in these areas [85]. Both whole-room and 
personal EC deliver stronger effects on the chest and head, with a 
cooling effect around 5 K, which likely amplifies thermal sensation 
offset. Prior studies have shown that cooling specific body regions can 
disproportionately influence overall thermal comfort [86]. The com
bined experimental evidence therefore reinforces the potential of 
whole‑room and personal evaporative cooling, especially when targeted 
toward upper‑body regions, to provide meaningful thermal relief under 

warm indoor conditions.

4.2. Turbulence

The relatively high turbulence intensity may enhance the convective 
heat transfer coefficient (hc), thereby increasing the local cooling ca
pacity and amplifying the perceived cooling effect on the manikin. This 
mechanism may help explain why the evaporative cooler produced a 
strong cooling effect, measured by the thermal manikin, despite only 
modest reductions in air temperature.

The result section reported a turbulence intensity of about 33% near 
the manikin, while the mean air velocity ranged around 0.2 m/s, and the 
local temperature reduction of 0.5–0.7 K. Although these environmental 
changes are moderate, previous studies have shown that turbulent 
fluctuations can intermittently increase local velocity gradients, disrupt 
the thermal boundary layer at the body surface, and enhance convective 
heat exchange. As a result, convective heat losses may be under
estimated if turbulence is neglected [87]. Nevertheless, most evidence in 
the literature derives from experiments conducted at air speeds much 
higher than those typical of indoor environments and those measured in 
the present study.

In a wind tunnel study with velocities above 4 m/s, Hunt et al. [88] 
reported significant turbulence effects on human performance and 
perception. Mayer [89,90] evaluated lower-range air speeds (< 0.5 m/s) 
and found that increasing turbulence intensity modestly enhanced 
convective heat loss. Similarly, Yu et al. [87], observed that increasing 
turbulence intensity from 15 to 30% at 0.9 m/s raised hc by roughly 
1.5 W/m²K; still far above the velocities measured in our experiment. Xu 
et al. [91] investigated non-uniform airflow patterns typically of fans 
and showed that turbulence intensity can significantly influence hc; 
however, the effect remained limited below 1.5 m/s.

Overall, these studies suggest that turbulence intensity can enhance 
convective heat transfer under certain airflow conditions. However, 
because most of the evidence comes from experiments with higher air 
velocities, the role of turbulence under the present low-speed conditions 
(~ 0.2 m/s) should be interpreted cautiously.

To provide a simplified numerical check, we calculated turbulence 
intensity (Tu) from the standard deviation and mean air velocity, using 
Eq. (4). Near the manikin (mean velocity U = 0.1 m/s, standard devi
ation SD = 0.03 m/s), the turbulence intensity effectively equals 30%. 

Tu =
SD
U

= 30% (4) 

Using these airflow conditions (U = 0.1 m/s, T = 32 ◦C, characteristic 
length L = 0.2 m, corresponding to an average manikin part diameter, 
such as the head), we calculated the Reynolds number with Eq. (5). 

Re =
(ρ⋅U⋅L)

η =
(1.15⋅0.1⋅0.2)

1.90⋅10− 5 ≈ 1210 (5) 

Where: 

Fig. 8. Cooling effect of local evaporative cooler in association with the whole room evaporative system per body part presented by color gradient. Labels represent 
air speed (low/high) and pad conditions (without water = dry, with water = wet).
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ρ = 1.2 kg
/
m3 

η = 1.9⋅10− 5 N⋅s
/
m2 

This Reynolds number characterizes a laminar regime (Re < 2300), 
indicating that the airflow around the manikin cannot be classified as 
fully turbulent. Nevertheless, the relatively high turbulence intensity 
measured near the manikin suggests that even small velocity fluctua
tions may enhance convective heat transfer. Recent CFD studies on 
evaporative cooling systems have also shown that including turbulence 
modelling can improve the prediction of EC performance even under 
relatively low Reynolds number conditions, due to local mixing phe
nomena and transient flow structures [92]. However, given the limited 
evidence available for turbulence-driven heat exchange at such low air 
speeds, further research is required to clarify the role of micro-scale 
airflow variability in shaping convective cooling and perceived ther
mal relief from evaporative systems.

4.3. Cooling refuge areas during heat waves

Results indicate that evaporative coolers can potentially create 
refuge areas during heat waves by significantly increasing occupants’ 
heat loss during hot and dry conditions. In ecology, thermal refuges are 
areas that prevent organisms from being exposed to extreme conditions 
[93], which were achieved in the test conditions with the association of 
the ECs.

Unlike other species, humans can deliberately create thermally safe 
spaces. Architectural design can passively generate protective micro
climates using strategies such as thermal mass, shading, vegetation, or 
increased natural ventilation. Nevertheless, when passive measures are 
insufficient or unavailable, active systems become essential. However, 
these systems must operate with low energy demand to prevent stress on 
the grid and remain affordable to run. Additionally, they must respond 
quickly because they are needed during emergency conditions.

Fig. 3 shows that the whole-room evaporative cooler produces the 
greatest air temperature reduction in the first 10 min of operation, 
lowering temperature by approximately 1 K. This rapid response can 
alleviate thermal strain, while sustained use can progressively increase 
heat loss from the body. Spatial mapping (see Fig. 5) revealed sub
stantial variations in temperature and airflow distribution within the 
tested indoor space. Directly in front of the equipment, a buffer zone 
forms where air speed reaches 1.1–1.6 m/s and temperature is reduced 
by 1–1.5 K. This buffer zone could function as a refuge area within the 
room, as the cooling effect would be intensified.

Therefore, the uneven distribution observed in the environment can 
be advantageous, allowing the cooling intensity to be adjusted according 
to the duration and severity of the heat event. In the early stages of a 
heatwave, when there is a sudden temperature rise, directing the EC 
toward occupants intensifies and accelerates the cooling effect. How
ever, prolonged exposure to high air speed can cause eye dryness and 
discomfort in sensitive tissues. Therefore, after initial relief, the EC can 
be redirected towards a wall to provide indirect and distributed air flow. 
To maximize the effect, local ECs should be used by occupants, which 
provides a smoother air flow and allows personal adjustment to indi
vidual preferences and needs. In addition, according to the mapping, 
people standing close to the wall toward which the EC outlet is directed 
will experience a more intense cooling effect than those standing farther 
away from that wall. Thus, positioning within the space can serve as a 
secondary strategy for personal adjustment. Indirect whole-room EC 
effect avoids local discomfort from direct high-speed air while delivering 
substantial heat loss over longer periods (≥ 50 min), as demonstrated in 
this study’s test conditions.

This strategy is particularly valuable for protecting vulnerable pop
ulations such as the elderly and individuals with chronic illnesses, who 
experience disproportionate impact from extreme heat events [94]. 
Even modest reductions in ambient temperature combined with 

increased air movement can shift conditions below critical heat stress 
thresholds, significantly reducing health risks [39].

4.4. Water and energy consumption

One key challenge of EC systems is water consumption. During the 
tests, the whole-room unit used a relatively large amount of water (see 
Fig. 9), averaging 2.6 L/h. When normalized by the volume of the test 
chamber (76 m3), this corresponds to 0.034 L/h⋅m3. Nevertheless, in
door relative humidity remained below 55%, well below typical design 
values [84], suggesting limited risk of mold growth or other 
high-humidity-related issues under the tested conditions.

These values exceed those reported in a previous EnergyPlus simu
lation study [60], where hourly water consumption ranged from 0.42 to 
0.68 L/h (5.5 to 8.9 mL/h⋅m3) according to the climatic scenario. That 
study included two building envelope types (a poorly insulated heavy
weight structure and a well-insulated lightweight one) at an air change 
rate of 0.5 h− 1, and four 2021 heatwave events in Sacramento, Madrid, 
Riyadh, and Rome.

Three main factors explain this discrepancy. First, the experimental 
tests began in hot and dry conditions, which increased the water needed 
to raise indoor humidity towards equilibrium. Second, the simulations 
assumed steady-state conditions and thereby did not capture the initial 
humidification peak that occurs during startup. Third, the tested EC unit 
may have been oversized for chamber volume, which would increase 
water evaporation compared to a properly sized device.

These findings underscore that water should not be overlooked and 
that transient startup phases should be included in any water con
sumption assessment, particularly when systems activate during emer
gencies or short-duration heatwaves. Longer operating periods would 
likely lower the average water use once equilibrium is reached, but 
further research should confirm this through long-term tests under 
varying initial conditions and with different EC capacities. Water con
sumption should be further investigated as heatwaves are often associ
ated with drought, limiting the availability of this resource.

EC systems also demonstrated a clear advantage in energy efficiency 
compared with traditional vapor-compression air-conditioning (AC). In 
this study, the whole-room EC operated at 220 W, and the personal EC at 
only 10 W; substantially lower than the power demand of typical AC 
units. A previous simulation study [60] found that evaporative coolers 
reduced daily electricity use by 62–74% compared to AC, while main
taining the same indoor setpoint temperature.

This substantial reduction in energy consumption highlights the 
potential of EC systems as an alternative cooling strategy, particularly 
for households without air-conditioning, and is especially relevant 
during heatwaves. Their minimal power requirements make ECs strong 
candidates for integration with battery storage, enabling continued 
operation during power outages or enabling users to shift consumption 
away from peak-demand periods. Battery-supported EC units could 
provide essential thermal relief in emergencies, particularly for 

Fig. 9. Hourly water consumption of the evaporative cooler in the three 
experimental scenarios, compared with the average value obtained in a previ
ous simulation study [60]. The error bar associated with the simulation cate
gory represents the standard deviation across all simulated scenarios, each of 
which assumed steady-state indoor conditions.
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vulnerable populations without access to conventional air-conditioning.

4.5. Limitations and future work

A key limitation of this study is the use of a thermal manikin without 
sweating capability. This limitation likely leads to an underestimation of 
the actual cooling potential of evaporative systems, because evaporative 
heat loss from the skin plays a dominant role in total heat loss in warm 
weather conditions [39].

In addition, the whole-room EC produced relatively high uncertainty 
in its measured cooling effect, as indicated by the standard deviation in 
the power data (Fig. 4). This variability reflects the non-uniform impact 
of the EC on the manikin, driven by dynamic airflow distribution and 
environmental conditions. In contrast, the local EC showed lower vari
ability (Fig. 7), resulting in more robust and consistent results. Future 
work should therefore include repeated trials, tests in a more controlled 
air flow environment (such as a wind tunnel or larger chamber), and 
experiments evaluating different equipment positions. Mapping the 
cooling effect at different points in the room can provide numerical 
references for the presented guidelines for equipment positioning 
applicable to other tested equipment as well.

Further research with human participants is crucial to validating 
these findings, incorporating physiological responses, subjective com
fort perceptions, and user-experiment assessment. Such studies will 
provide critical data to refine EC designs, optimize operational strate
gies, and enhance their practical applicability during heat waves.

Moreover, the experiments were conducted under a single indoor 
starting condition (32 ◦C and low relative humidity), selected both as a 
representative hot-dry heatwave scenario and to ensure stable and 
repeatable operation of the climate chamber during transient measure
ments. These test conditions are the most favorable for enhancing the 
evaporative cooling effect. Therefore, future work should extend the 
analysis to a broader range of temperature and humidity conditions to 
better characterize the sensitivity and limits of evaporative cooling 
performance across different climatic scenarios.

Further experiments are also needed to characterize the short- and 
long-term water consumption of portable evaporative coolers under 
varying products, capacities, and environmental conditions, enabling 
the development of predictive models and comparisons with other types 
of ECs [95].

The experimental dataset, publicly available, may additionally serve 
as a benchmark for validating thermal simulations or CFD models 
incorporating EC systems, particularly for the calibration of convective 
heat transfer coefficients, humidity dynamics, and transient cooling 
behavior.

Finally, long-term field studies should investigate real-world opera
tion patterns, occupant preferences, interactions with natural ventila
tion and intermittent use, and the influence of varying indoor 
environmental conditions during heatwaves.

5. Conclusions

This study experimentally demonstrates the effectiveness of evapo
rative coolers (ECs) in improving indoor thermal conditions during hot 
and dry heatwave scenarios. Whole-room ECs reduced air temperature 
by up to 2.8 K, while the dry-losses cooling effect (CE) on a thermal 
manikin reached 3 K and increased to 6 K when combined with a per
sonal EC. These findings highlight that perceived thermal relief depends 
not only on air temperature and relative humidity but also on airflow 
dynamics.

Airflow fluctuations appeared to enhance convective heat transfer, 
contributing to cooling even under modest air temperature reductions. 
Additionally, heterogeneous airflow patterns could be strategically 
leveraged to modulate cooling intensity according to the phase and 
duration of a heatwave. Directing airflow toward occupants offers rapid 
relief during short emergencies, whereas indirect circulation might be 

more suitable for prolonged exposures to avoid discomfort. Local EC can 
be added in both situations as it extends the effect with smoother and 
personally controllable air flow.

Energy demand remained low, 220 W for the whole-room EC and 
10 W for the personal system, making these devices promising for 
heatwave refuges and resilient operation during power outages. The 
whole-room EC’s power draw could be reduced further by selecting a 
unit appropriately sized for the room volume. However, whole-room 
water consumption averaged 2.6 L/h (equivalent to 0.034 L/h⋅m3), 
exceeding previously simulation-based estimates under steady-state 
conditions of approximately 0.42–0.68 L/h (5.5–8.9 mL/h⋅m3). This 
discrepancy reinforces the need to account for start-up transients, initial 
environmental dryness, and adequately sizing EC for real-world 
applications.

Overall, evaporative cooling provides a low‑energy, fast‑acting op
tion for reducing heat strain during extreme heat events. The combined 
whole‑room and personal cooling effects observed in this study show 
that EC systems can meaningfully increase heat loss and improve indoor 
thermal conditions, even when air‑temperature reductions are modest. 
These results reinforce the value of evaporative cooling as a practical 
strategy for creating safer indoor environments during heatwaves, 
characterized by hot and dry conditions, particularly when rapid relief 
and low energy demand are essential.
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Appendix A. Local EC mapping

The higher cooling effect is expected to be associated with higher air speed and lower air temperature produced by the local EC. Fig. 10 shows a 
linear mapping produced by 4 probes positioned between the local EC and the manikin to capture air temperature and air speed from the EC outlet to 
the manikin. The greatest temperature reduction occurred at the outlet, while the highest velocity occurred between the outlet and the manikin's chest. 
The outlet air temperature was similar at both activation levels (low and high), averaging around 24 ◦C. However, under the high-speed setting, the air 
temperature at chest level was 0.4 K lower than the room temperature, whereas under the low-speed setting, it remained unchanged at approximately 
28 ◦C. The difference in air speed between activation levels is much greater, achieving a maximum of 3.3 m/s at low and 4.7 m/s at high settings, more 
than 1 m/s of difference. The velocity reaching the manikin's torso is significantly lower with a smaller difference, 0.2 m/s and 0.5 m/s at low and high 
levels, respectively. The difference between the two activation levels at the maximum point and the manikin chest explains the difference in the 
cooling effect across the body. The mid position, where a higher air speed is verified, also matches a lower temperature than the chest, around 
25.4–25.8 ◦C. These values are closer to the conditions achieved at the upper and lower arms, which are closer to the local EC. This matches the higher 
cooling effect observed on those body parts (see Fig. 8). Although the air speed is lower and air temperature higher on the chest, this body part 
accounts for a greater area, resulting in a larger impact on the total cooling effect indicated in Fig. 7.

Fig. 10. Linear distribution of air temperature (color scale) and air speed (grey scale) for a) low and b) high EC speed levels with wet pad. Labels indicate values at 
the EC outlet of the manikin chest. The horizontal distance between those points is 50 cm.

Data availability

The data supporting the findings of this study, together with the code 
used for data processing and analysis, are publicly available on GitHub 
at https://github.com/mairaUSYD/EvaporativeCool.git.
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