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Summary
Background In hot weather, electric fans can potentially provide effective cooling for people, with lower greenhouse 
gas emissions and cost than air conditioning. However, international public health organisations regularly discourage 
fan use in temperatures higher than 35°C, despite little evidence. We aimed to determine humidity-dependent 
temperature thresholds at which electric fans would become detrimental in different age groups.

Methods We used biophysical modelling to determine the upper humidity-dependent temperature thresholds at 
which fan use would become detrimental (ie, worsen heat stress) for healthy young adults (aged 18–40 years), healthy 
older adults (aged ≥65 years), and older adults taking anticholinergic medication. We also obtained hourly 
environmental data for the period Jan 1, 2007, to Dec 31, 2019, for 108 populous cities to determine the number of 
days fan use would be effective for cooling, standardised to a 31-day hot weather month. We established simplified 
temperature thresholds for future fan use recommendations on the basis of temperatures below which fan use would 
never have been detrimental between Jan 1, 2007, and Dec 31, 2019, across all prevailing levels of ambient humidity.

Findings According to our model, fan use would have been beneficial on 30·0 (96·6%) of 31 hot weather days for 
healthy young adults and 29·4 (94·9%) of 31 hot weather days for both older adults and older adults taking 
anticholinergic medication between Jan 1, 2007, and Dec 31, 2019. Adherence to the current WHO recommendation 
of fan use below temperatures of 35°C only, fan use would have been recommended on 27·2 days (87·7%) of 31 hot 
weather days. According to our simplified thresholds for fan use (at temperatures <39·0°C for healthy young adults, 
<38·0°C for healthy older adults, and <37·0°C for older adults taking anticholinergic medication), fan use would 
have been recommended on 29·6 (95·5%) of 31 hot weather days in healthy young adults, 29·4 (94·8%) days in 
healthy older adults, and 28·8 (93·0%) days in older adults taking anticholinergic medication between Jan 1, 2007, 
and Dec 31, 2019.

Interpretation Electric fan use, particularly for healthy young adults, would not have worsened heat stress on the 
majority of study days between 2007 and 2019. Our newly proposed thresholds for fan use provide simple guidelines 
that improve future heatwave fan use recommendations.

Funding None.

Copyright © 2021 The Author(s). Published by Elsevier Ltd. This is an Open Access article under the CC BY-NC-ND 
4.0 license.

Introduction
Air conditioning has been found to be the most effective 
method for reducing mortality1 and morbidity,2 and 
improving thermal comfort during heatwaves. Personal 
air conditioning use (eg, mobile and residential) accounts 
for 56% of all cooling technology units sold globally.3 
However, air conditioning use substantially contributes to 
global greenhouse gas emissions and directly contributes 
to the urban heat island effect.4 Older air conditioning 
units use chlorofluorocarbons as refrigerant gases, which 
deplete the ozone layer, whereas newer units use 
hydrofluorocarbons, which can be thousands of times 
more potent greenhouse gases than carbon dioxide (CO2), 
and at present, are the fastest growing greenhouse gases 
emitted globally.3 Air conditioning use is responsible for 
65% of global hydrofluorocarbon emissions and it is 
predicted that the increase in global hydrofluorocarbon 
release will result in a 0·25–0·50°C increase in the mean 

surface temperature of Earth.3 At present, air conditioning 
use (in combination with refrigeration) accounts for 
7–10% of annual CO2 emissions due to its high energy 
demand.3 In the eastern regions of the USA alone, it is 
predicted that increases in greenhouse gas emissions due 
to air conditioning use will increase pollution-related 
mortality by 5–9% (~13,500 deaths) by 2050, resulting 
in an additional US$126 billion in health-care costs.5 
Globally, air con ditioning use is increasing rapidly, largely 
driven by improvements in living standards in many low-
income and middle-income countries.6 The provision of 
cooling solutions in low-income and middle-income 
countries has been directly linked to achieving the UN 
Sustainable Development Goals, since cooling reinforces 
targets associated with food security, health, education, 
and social inequality, among other goals,3 and therefore 
cannot be forgone altogether. However, it is predicted that 
700 million new air conditioning units will be in use 
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worldwide by 2030;7 thus more sustainable strategies for 
cooling people are urgently needed.

Moving air across the skin with devices such as electric 
fans offers an individual-level cooling strategy that 
bypasses the issues associated with refrigerant gases 
and decreases electricity requirements by 30 times.8 The 
lower electricity requirements and cost help to mitigate 
additional negative compounding health factors such as 
socioeconomic inequality, poor access to air conditioning, 
and overwhelming power grids (thereby hindering 
emergency services) during power outages.9 Despite these 
advantages, many leading national and international 
public health authorities such as the Environmental 
Protection Agency,10 US Centers for Disease Control and 
Prevention,11 the UK National Health Service,12 and WHO13 
currently advise that electric fans provide no cooling 
benefits or can even accelerate body heating in ambient 
temperatures of 35°C and higher, irrespective of relative 
humidity levels. However, none of these recommendations 
are based on any experimental data, and a 2012 Cochrane 
review14 concluded that no evidence exists to support or 
refute the effectiveness of fans in a heatwave, highlighting 
the need for more research in this area.14,15

The probable origin of the existing 35°C threshold for 
fan use is that once ambient temperature exceeds skin 
temperature (around 35°C), fan use will increase the rate 
of convective heat gain to the body from the surrounding 
environ ment,10 which can markedly increase the rate of 
sweat evaporation.16 Accordingly, whether fan use is 
beneficial for cooling people at ambient temperatures 
higher than 35°C is dependent on ambient humidity and 
their ability to sweat. In laboratory-based physiological 
studies, we found that in young adults without sweating 
impairment, fan use provided effective cooling, confirmed 
by blunted heat-related rises in core temperature and 
heart rate, at temperatures of 40°C17 and 42°C18 with around 
50% relative humidity. However, at temperatures of 47°C 
with low relative humidity (around 10%), fan use 
accelerated the development of hyperthermia because 
sweat readily evaporates in these conditions even without 
a fan, but convective heat gain continues.17 The benefit of 
fan use is reduced, and might even be detrimental, at 42°C 
with more than 50% relative humidity in older adults 
(aged >65 years), due to roughly 25% reductions in sweat 
losses relative to young adults.19,20 Furthermore, the ability 
to sweat in individuals taking anticholinergic medication, 

Research in context

Evidence before this study
Air conditioning substantially contributes to greenhouse gas 
emissions directly through leakage of refrigerant gases into the 
atmosphere and indirectly due to the high electrical demands. 
Comparatively, electric fan use requires no refrigerant gases and 
requires 30 to 50 times less energy to operate than air 
conditioning. Despite these benefits, many public health 
organisations discourage electric fan use in ambient 
temperatures of around 35°C and higher. We searched PubMed, 
the Cochrane Library, and PROSPERO for systematic reviews 
from database inception to May 5, 2020, pertaining to 
heatwave cooling recommendations. For systematic reviews 
older than 5 years, we used their stated search terms to identify 
novel recent papers. Our search identified two systematic 
reviews on cooling interventions during heatwaves and eight 
publications on fan use. A 2012 Cochrane review concluded that 
there was no evidence in the literature to support or refute the 
use of electric fans in a heatwave. Studies done in 2015 and 
2016 found that fan use was physiologically beneficial at 42°C 
in humid conditions in young adults, but not in older adults 
(aged 60–80 years; due to a reduced sweating response), 
whereas a 2019 study in young adults demonstrated fan use to 
be effective for reducing physiological heat strain at 40°C 
with 50% relative humidity, but accelerated body heating at 
47°C with 10% relative humidity.

Added value of this study
We developed biophysical models on the basis of fundamental 
principles of heat exchange between humans and the 
environment, with physiological parameters defined by 
human thermoregulatory laboratory data, to determine the 

humidity-dependent temperature thresholds at which fans 
would become detrimental. On the basis of weather data for 
the period Jan 1, 2007, to Dec 31, 2019, we found that contrary 
to many public health recommendations, electric fan use 
could have been universally recommended for young healthy 
adults during peak heatwave conditions in all of the populous 
cities in Bangladesh, China, Japan, Philippines, Indonesia, 
Canada, eastern regions of the USA, all of South America and 
Oceania, and most of Europe (excluding some Mediterranean 
cities). Fan use alone should not have been routinely 
recommended during hot weather in northern India, Pakistan, 
the Middle East, and the southwestern regions of the USA.

Implications of all the available evidence
Compared with air conditioning, electric fan use is a more 
sustainable cooling modality, and more widely accessible in 
low-income and middle-income countries. The effectiveness 
of fan use is dependent on temperature and relative humidity. 
Our findings indicate that for younger adults, fan use during 
peak heatwave conditions can be recommended most of the 
time in most regions of the world (with the exception of 
extremely hot and arid regions). In the 12 countries estimated 
to have the greatest potential for growth in air conditioner 
use by the end of the 21st century (combined population of 
around 4·25 billion individuals), for young healthy adults, fan 
use could have been recommended on 30·6 (98·6%) of 31 hot 
weather days in the study period. However, for healthy older 
adults and particularly those taking anticholinergic 
medications that impair sweating, fan use would occasionally 
be detrimental and worsen heat stress; therefore alternative 
cooling strategies are needed in some regions.
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which, for example, are prescribed by general practices to 
around 12% of geriatric patients (aged 65–101 years) in 
Slovenia,21 is reduced by a further 25% when compared 
with young adults.22 Collectively, these physio logical 
studies demonstrated that fan use can be recommended 
at higher temperature thresholds than 35°C for some 
populations; however, humidity levels are crucial for 
determining fan use temperature thresholds, and fan use 
recommendations must be altered for people with 
physiologically or pharma cologically impaired sweating.

To recommend fan use more widely would be clearly 
enticing, considering the environmental benefits, and to 
increase the adaptive capacity of individuals who cannot 
afford or gain access to air conditioning. However, 
accurate, evidence-based guidelines are needed to ensure 
fan use is not recommended in conditions that would 
accelerate heat stress.17 Biophysical modelling can be 
used to develop humidity-dependent temperature 
thresholds for beneficial fan use, whereby changes in dry 
and evaporative heat transfer with different levels of 
sweating can be calculated and the combinations of 
ambient temperature and humidity at which fan use 
accelerates net heat transfer toward, as opposed to away 
from, the body can be determined.

We developed three biophysical models to determine 
the environmental conditions in which fan use would 
become detrimental for different age groups. Additionally, 
we contextualised these environmental thresholds to real-
world conditions for 108 of the most populous cities in 
the world with a particular focus on 59 cities from the 
12 countries identified to have the greatest potential for 
growth in air conditioning use by the end of the 
21st century.6

Methods
Biophysical models
We used biophysical models to generate three upper 
environmental condition thresholds (all combinations of 
temperature and relative humidity), above which whole-
body fan use would become detrimental (ie, worsen heat 
stress) for healthy young adults (aged 18–40 years), 
healthy older adults (aged ≥65 years), and older adults 
taking anticholinergic medication. These age groups 
were selected because the ability to sweat is reduced by 
25% in older adults compared with young healthy adults,19 
and is decreased by a further 25% in individuals on 
anticholinergic medication.22 The three threshold curves 
were built using standard, well-validated, partitional 
calorimetry equations frequently used in military, thermal 
comfort, and athletic applications,16 which calculate the 
net heat transfer between a person and their environment 
via all available physical pathways (ie, conduction, 
convection, radiation, and evaporation). Accordingly, the 
net heat transfer of a person, lightly clothed and seated at 
rest (or lying on a bed for the night-time analysis), either 
in front of a standard pedestal fan (air speed 3·5 m per 
sec) or without a fan (air speed 0·2 m per sec) were 

compared across a range of temperature and relative 
humidity condition combi nations. The temperatures and 
corresponding relative humidity values at which net heat 
loss from the body to the surrounding environment was 
greater without fan use than with a fan were defined as 
the upper environ mental threshold for electric fan use. 
Subsequently, using these environmental threshold 
values, we defined a humidity-dependent fourth order 
polynomial model using GraphPad Prism (version 8.0) to 
create threshold curves for young healthy adults, older 
adults, and older adults on anticholinergic medication 
for both day and night applications. Full details of all 
equations and assumptions used to produce the models 
are in the appendix (pp 3–10).

Global weather analysis
To contextualise the conditions in which fan use would 
beneficial or detrimental, we obtained hourly environ-
mental data from the airport weather stations of 108 global 
cities for the period Jan 1, 2007, to Dec 31, 2019. A complete 
list of cities with individualised and regional results are 
included in the appendix (pp 16–47). We selected the 
five cities with the largest populations in specific countries 
and on the basis of geographical locations across all 
six habitable continents (North America, Europe, Asia, 
South America, Oceania, and Africa) to represent a wide 
range of hot weather conditions. We also selected 59 of the 
108 cities to focus on the most populous cities in each of 
the 12 countries that have previously been estimated to 
have the greatest potential for growth in air conditioning 
use by the end of the 21st century: India, China, Indonesia, 
Nigeria, Pakistan, Bangladesh, Brazil, Philippines, the 
USA, Vietnam, Thailand, and Mexico.6 We selected 
the time period of Jan 1, 2007, to Dec 31, 2019, because 
this included eight of the ten warmest years on 
record globally.23 We purchased all climatic data from 
CustomWeather. For countries geographically located 
north of the Tropic of Cancer (23·44° North) or south of 
the Tropic of Capricorn (23·44° South), we only analysed 
weather data for the five warmest months of the year 
(May to September in the northern hemisphere; 
November to March in the southern hemisphere). For 
countries located within the tropics, we analysed weather 
data for the whole year. We also separated and analysed 
data for daytime hours (sunrise to sunset) and night-time 
hours (2100h to 0600h) separately.

The outcomes of interest were: peak weather conditions 
(highest hourly temperature and concomitant relative 
humidity value), 95th percentile weather conditions, and 
the number of days and nights exceeding the fan use 
thresholds defined by each model (ie, the number of days 
or nights that fan use would worsen heat stress for young 
healthy adults, older adults, and older adults taking 
anticholinergic medication). Additionally, since regular 
fluid replacement does not occur at night during sleep 
and public health organisations have previously warned 
against the use of fans at night because of concerns 

See Online for appendix

For more on CustomWeather 
see https://customweather.com

https://customweather.com
https://customweather.comhttps://customweather.com
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about excessive dehydration from accelerated sweat 
evaporation,11 in the night-time analysis, we estimated 
sweat losses with fan use, on the basis of the amount of 
sweat loss required to maintain heat balance. No sweat 
nights were defined as nights when fan use would 
eliminate the need to sweat, high sweat nights were 
defined as nights when sweat rates would exceed 180 mL 
per h (ie, the sweat rate required to induce more than 
2% of total body-mass dehydration for a person weighing 
70 kg without fluid replacement over 8 h), and low sweat 
nights were defined as nights that fell between the 

two previous zones (appendix pp 37–47). To account for 
differences in analysed days between geographical areas, 
days exceeding the fan use thresholds (daytime or 
night-time) or days exceeding night-time sweating 
thresholds were expressed as days per hot-month, with a 
maximum value of 31 days (ie, a 31-day hot weather month). 
The effectiveness of fan use on days that temperatures 
were 35·5°C or higher (higher than the current WHO-
recommended threshold of 35°C for fan use) and 
proposed simplified temperature thresholds based on the 
present model were analysed separately, to characterise 
how many days fan use would have been been 
unnecessarily discouraged by WHO recommendations.

Role of the funding source
There was no funding source for this study.

Results
The complete equations for the fourth order polynomial 
models for the humidity-dependent temperature 
thresholds for safe fan use and a full summary of the data 
for all cities analysed, stratified by continent and peak air 
conditioning use countries, are included in the appendix 
(pp 9, 11, 15–47). Peak and 95th percentile daytime weather 
conditions for all 108 cities were plotted alongside each 
threshold curve (figure 1). Mean peak temperature 
was 40·0°C (SD 4·2) with 27% relative humidity (SD 15) 
and mean 95th percentile daytime temperature 
was 33·0°C (4·4) with 44% relative humidity (19). During 
peak conditions, fan use would have been beneficial (ie, 
provided a cooling effect) in 75 (69·4%) of 108 cities for 
young healthy adults, 60 (56%) for healthy older adults, 
and 44 (40·7%) for older adults taking anticholinergic 
medication. In the 95th percentile conditions, fan use 
would have been beneficial in 104 (96%) of 108 cities 
for young healthy adults, 99 (91·7%) for healthy 
older adults, and 98 (90·7%) for older adults taking 
anti cholinergic medication. Of the 59 cities (in 12 countries) 
with the greatest potential for growth in air conditioning 
use by the end of the century, during peak conditions, fan 
use would have been beneficial in 40 (67·8%) cities for 
young healthy adults, 30 (50·8%) for healthy older adults, 
and 19 (32·2%) for older adults taking anticholinergic 
medication; for the 95th percentile conditions, fan use 
would have been beneficial in 58 (98·3%) cities for young 
healthy adults, 54 (91·5%) for healthy older adults, and 
53 (89·8%) for older adults taking anticholinergic 
medication. The lowest temperature below which fan use 
would never have been detrimental across all levels of 
relative humidity, for each city and by continents is in the 
appendix (pp 15–33). Globally, the temperatures below 
which fan use would always be beneficial irrespective of 
humidity levels present were 39·0°C for young healthy 
adults, 38·0°C for heathy older adults, and 37·0°C for older 
adults taking anticholinergic medication.

The number of days, expressed as a 31-day monthly 
average, falling below each humidity-dependent 
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Figure 1: Daytime humidity-dependent temperature threshold curves with peak and 95th percentile hot 
weather conditions recorded in 108 cities (Jan 1, 2007, to Dec 31, 2019)
(A) Highest single 1 h daytime ambient temperature with parallel relative humidity. (B) 95th percentile daytime 
hot weather conditions. Daytime humidity-dependent temperature threshold curves show the temperatures 
above which electric fan use becomes detrimental (ie, worsens heat stress). Yellow shading represents conditions 
in which fan use would worsen heat stress for older adults taking anticholinergic medication only. Green shading 
represents conditions in which fan use would worsen heat stress for older adults and older adults taking 
anticholinergic medication, but not healthy young adults. Red shading represents conditions in which fan use 
would worsen heat stress for all age groups.
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temperature threshold for fan use, globally, by continent, 
and for the 12 peak air conditioning use countries are 
reported in table 1. Globally, according to our model, fan 
use would have been beneficial on 30 (96·6%) of 31 hot 
weather days between Jan 1, 2007, and Dec 31, 2019, 
for young healthy adults and 29·4 (94·8%) hot weather 
days for healthy older adults and older adults taking 
anticholinergic medication, whereas of the 12 countries 
with the greatest potential for growth in air conditioning 
use by the end of the 21st century, fan use would have 
been beneficial for 30·6 (98·6%) hot weather days for 
young healthy adults, 30·1 (97·0%) hot weather days for 
healthy older adults, and 29·7 (87·1%) hot weather days 
for older adults taking anticholinergic medication. These 
values contrast with the previous WHO recommen-
dations, which would have recom mended fan use on 
27·2 (87·7%) of 31 hot weather days between Jan 1, 2007, 
and Dec 31, 2019, for all three groups. If the proposed 
simplified thresholds for fan use (ie, 39·0°C for young 
healthy adults, 38·0°C for healthy older adults, and 
37·0°C for older adults taking anticholinergic medication) 
had been adopted between Jan 1, 2007, and Dec 31, 2019, 
fan use would have been recommended on 29·6 (95·5%) 
of 31 hot weather days for young healthy adults, 
29·4 (94·8%) hot weather days for healthy older adults, 
and 28·8 (93·0%) hot weather days for older adults taking 
anticholinergic medication. A historical daytime analysis 

for younger and older adults is summarised in a global 
map (figure 2).

During the night, the mean peak temperature was 
34·1°C (SD 4·1) with 41% (SD 21) relative humidity and 
the mean 95th percentile night-time temperature was 
27·4°C (4·0) with 64% (22) relative humidity (figure 3). 
During peak conditions, fan use would have a cooling 
effect in 97 (89·8%) of 108 cities for young healthy adults, 
93 (86·1%) cities for healthy older adults, and 87 (80·6%) 
cities for older adults taking anticholinergic medication 
(figure 3A). In the 95th percentile conditions, fan use 
would have a cooling effects in all 108 (100%) cities for all 
three age groups (figure 3B). Of the 59 cities (across 
12 countries) with the greatest potential for growth in air 
conditioning use by the end of the 21st century, during 
peak conditions, fan use would have a cooling effect in 
48 (81·4%) cities for young healthy adults, 44 (74·6%) for 
healthy older adults, and 38 (64·4%) for older adults 
taking anticholinergic medication; for the 95th percentile 
conditions, fan use would have had a cooling effect in all 
59 (100%) cities for all three analysis groups.

The number of nights, expressed as a monthly average, 
exceeding each humidity-dependent temperature thres-
hold for fan use, globally, by continent, and for the 
12 countries with the greatest potential for growth in air 
conditioning use by the end of the 21st century are shown 
in table 2. Globally, standardised to a 31-day hot weather 

Global North America Europe Asia South America Oceania Africa 12-AC

Days per 31-day hot weather month fan use would have a cooling effect according to fourth order polynomial model, n (%)

Healthy young 
adults

30·0 (96·6%) 30·5 (98·5%) 31·0 (100·0%) 29·0 (93·6%) 31·0 (100·0%) 30·9 (99·6%) 30·7 (98·9%) 30·6 (98·6%)

Heathy older adults 29·4 (94·9%) 30·0 (96·6%) 30·9 (99·8%) 28·2 (91·1%) 31·0 (100·0%) 30·6 (98·7%) 29·9 (96·5%) 30·1 (97·0%)

Older adults taking 
anticholinergic 
medication

29·4 (94·9%) 29·7 (95·7%) 30·9 (99·7%) 28·4 (91·7%) 31·0 (100·0%) 30·4 (98·2%) 29·5 (95·3%) 29·7 (95·9%)

Days per 31-day hot weather month fan use would have a cooling effect according to WHO recommendations, n (%)

Overall 27·2 (87·7%) 27·7 (89·4) 30·2 (97·4%) 25·3 (81·5%) 30·9 (99·6%) 29·2 (94·1%) 26·8 (86·5%) 27·0 (87·1%)

Days per per 31-day hot weather month fan use would have a cooling effect according to novel simplified thresholds, n (%)

Healthy young 
adults

29·6 (95·5%) 29·8 (96·0%) 30·9 (99·8%) 28·7 (92·7%) 31·0 (100·0%) 30·6 (98·6%) 29·8 (96·0%) 29·9 (96·6%)

Heathy older adults 29·4 (94·8%) 29·4 (94·9%) 30·9 (99·6%) 28·5 (91·8%) 31·0 (100·0%) 30·3 (97·9%) 29·5 (95·1%) 29·6 (95·5%)

Older adults taking 
anticholinergic 
medication

28·8 (93·0%) 28·9 (93·1%) 30·8 (99·2%) 27·7 (89·3%) 31·0 (100·0%) 30·0 (96·9%) 28·8 (92·9%) 28·9 (93·3%)

Additional days per 31-day hot weather month fan use can be reccomended according to our simplified thresholds compared with WHO threshold, n 
(% improvement)

Healthy young 
adults

2·4 (7·8%) 2·1 (6·6%) 0·7 (2·4%) 3·4 (11·2%) 0·1 (0·4%) 1·4 (4·5%) 3·0 (9·5%) 2·9 (9·5%)

Heathy older adults 2·2 (7·1%) 1·7 (5·5%) 0·7 (2·2%) 3·2 (10·3%) 0·1 (0·4%) 1·1 (3·8%) 2·7 (8·6%) 2·6 (8·4%)

Older adults taking 
anticholinergic 
medication

1·6 (5·3%) 1·2 (3·7%) 0·6 (1·8%) 2·4 (7·8%) 0·1 (0·4%) 0·8 (2·8%) 2·0 (6·4%) 1·9 (6·2%)

The mean number of days on which fan use would have been beneficial was standardised to a monthly average of 31 days to account for differences in number of days 
analysed due to geographical location. SDs are shown in the appendix (pp 15–36). 12-AC=12 countries with the greatest potential for growth in air conditioning use by the 
end of the century.6

Table 1: Mean number of hot weather days per month fan use would have been beneficial by geographical location
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month, fan use would have been beneficial on 30·9 
(99·8%) nights for healthy young adults, 30·9 (99·5%) 
nights for healthy older adults, and 30·7 (99·1%) nights 
for older adults taking anticholinergic medication. 
Collectively, fan use would have elicited either no 
sweating or a sweating rate lower than the sweat rate 
threshold for dehydration on 0·7 (2·3%) nights.

Specifically, for the 12 countries with the greatest 
potential for air conditioning use by the end of the 
21st century, fan use would have been beneficial 
for 31·0 (99·9%) nights for healthy young adults, 
30·9 (99·8%) nights for healthy older adults, and 
30·9 (99·5%) nights for older adults taking anticholinergic 
medication. For the 59 cities analysed in these countries, 
fan use would have elicited either no sweating or a 
sweating rate lower than the sweat rate threshold for 
dehydration on 0·4 (1·4%) nights (appendix pp 37–47).

Discussion
In this study, we used biophysical modelling to generate 
humidity-dependent temperature curves describing the 
conditions at which electric fans become detrimental (ie, 
worsen heat stress) for young healthy adults, healthy older 
adults, and older adults taking anticholinergic medication. 
These thresholds were compared with hourly hot weather 

data for 108 populous cities between Jan 1, 2007, and 
Dec 31, 2019 (appendix pp 15–47). Based on our analysis, 
fan use during the day would have been beneficial 
(ie, higher net heat loss from the body to the surrounding 
environment than with no fan use) on every day of the 
analysis period in 69% of the 108 cities for young adults, 
56% of the cities for healthy older adults, and 41% of the 
cities for older adults taking anticholinergic medication 
analysed during the day, and beneficial during the night in 
90% of 108 cities for young adults, 86% of the cities for 
healthy older adults, and 81% of the cities for older adults 
taking anticholinergic medication. Our findings broadly 
illustrate how the effectiveness of fan use varies depending 
on the prevailing weather conditions in each geographical 
area and the thermo regulatory capacity of the individual; 
however, there are many locations on Earth where fan use 
could be safely recommended as an alternative to air 
conditioning all of the time despite air temperature 
exceeding the currently recommended threshold of 35°C. 
For many additional locations, climatic conditions wherein 
fan use would have been detrimental were exceptions to 
the general pattern and could be a recommended 
alternative for the majority of time, with the exception of 
the warmest 1–2 h of the day during the warmest 1–3 days 
recorded during the 13-year time period assessed.
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Figure 2: Fan use recommendations according to proposed biophysically modelled humidity-dependent temperature threshold curves for healthy younger and healthy older adults based on 
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to the numbers in the figure is included in the appendix (pp 15–36).
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At present, air conditioning use is responsible for 
65% of global hydrofluorocarbon emissions and, in 
combination with refrigeration, 7–10% of global CO2 
emissions.3 The greenhouse gas effect of hydro fluoro-
carbons is 1–3 orders of magnitude greater than CO₂, 
with the change in mean Earth surface temperature 
projected to increase by 0·25–0·5°C by the end of the 
21st century due to hydrofluorocarbon emissions alone.3 
Projections for air conditioning use only slightly differ 
between moderate (representative concentration pathway 
4·5) and high (representative concentration pathway 8·5) 
greenhouse gas emission models, highlighting that 
domestic air conditioning use will continue to be a 
substantial contributor to green house gas emissions, 
regardless of the effectiveness of other methods to reduce 
emissions.6 Based on 2015 UN world demographic data,24 
6·78 billion (92%) of the 7·38 billion global population 
were aged younger than 65 years and therefore 
represented by the young healthy adults model in this 
study. As a crude estimate, if all of these young people 
were to switch from air conditioning to fan use for their 
cooling needs, when fan use would be beneficial, this 
would theoretically yield a 59% reduction in global 
hydrofluorocarbon emissions and around a 9% reduction 
in global CO2 emissions. Although reductions to this 
degree are unrealistic, these values are indicative of the 
large potential reductions in global greenhouse gas 
emissions that could be achieved by transitioning from 
cooling air with air conditioning to moving air with 
devices such as electric fans.

From our global hot weather analysis, electric fan use 
would have provided cooling benefits for 96·6% of all hot 
weather days in the study period analysed for young 
adults, and 94·9% of days for healthy older adults and 
older adults taking anticholinergic medication. These 
findings differ substantially from the current recom-
mendations of most international health authorities and 
mainstream media outlets during peak heatwave 
conditions. For example, in 2018, the UK media warned 
against the use of fans above temperatures of 35°C.25 
Conversely, our hourly historical weather analysis of 
London revealed the peak recorded temperature since 2007 
was 35·9°C with 25% relative humidity, under which our 
models demon strate that fan use can be universally 
recommended for all individuals. The highest temperature 
recorded for the UK reported in Cambridge in 2019 was 
38·7°C with 31% relative humidity. According to our 
humidity-dependent temperature threshold curves, fan 
use would have been beneficial under these conditions for 
both young and healthy older adults, but not older adults 
taking anticholinergic medication.

According to our historical day-time analysis, fan use 
could have been universally recommended to both young 
and older adults across large areas of northern Europe, 
northeastern regions of the USA, Canada, all of South 
America, and much of southeast Asia. In contrast, fan 
use could have generally been considered inadvisable in 

exceptionally arid areas such as the Middle East and 
southwestern regions of the USA, and on the hottest 
heatwave days in very humid (ie, not just humid but very 
humid) regions such as northern India and Pakistan.

Geographical areas of particular interest are the 
12 countries identified as having the greatest potential 
for growth in air conditioning use by the end of the 
21st century, where it is estimated that residential 
electrical consumption will increase by 83% based 
on weather conditions, population, and current air 
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Figure 3: Night-time humidity-dependent temperature threshold curves with peak and 95th percentile hot 
weather conditions recorded in 108 cities (Jan 1, 2007, to Dec 31, 2019)
(A) Highest single 1 h night-time ambient temperature. (B) 95th percentile night-time hot weather conditions. 
White areas denote conditions that elicit heavy sweating (>2% of bodyweight loss from sweating in 8 h) with fan 
use, light blue areas denote conditions that elicit light sweating (<2% of body weight loss in 8 h) with fan use, 
and dark blue areas denote conditions that elicit no sweating with fan use. Yellow shading represents conditions in 
which fan use would worsen heat stress for older adults taking anticholinergic medications only. Green shading 
represents conditions in which fan use would worsen heat stress for healthy older adults and older adults taking 
anticholinergic medications, but not healthy young adults. Red shading represents conditions in which fan use would 
worsen heat stress for all age groups.
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conditioning use trends, collectively comprising more 
than half of the global population (4·25 billion people).6 
Most of these countries are tropical and, as such, heat 
stress conditions are predominantly characterised as 
hot and humid; the conditions wherein clinical trials 
have demonstrated fan use to be effective for cooling 
in young healthy adults.17 At present, many of these 
countries do not have the infrastructure to support the 
electricity required to operate the increasing number of 
air conditioning units, and therefore are at high risk of 
power disruptions that disturb economic output26 and 
threaten the capacity of health-care systems as a result 
of further surges in heat-related mortality and 
morbidity.9

One of the most common public health concerns 
regarding electric fan use during heatwaves is the 
potential acceleration of dehydration.11 Sweat loss has 
been experimentally confirmed to be greater with fan use 
at ambient temperatures exceeding 35°C.17,18 Hydration 
requirements seem to be sufficiently met by allowing 
people to drink to prevent thirst in young healthy adults;27 
however, this finding has not yet been confirmed during 
extended heatwave conditions in older adults or in those 
taking medication who might demonstrate blunted thirst. 
Additionally, during sleep at night, opportunities for 
water ingestion are reduced, and therefore dehydration is 
more likely to occur with increased sweat rates. 
Supporting this notion, hydration data from European 
workers in five different sectors showed that with the 
exception of agricultural workers, people often arrived at 
work on summer mornings objectively dehydrated 
according to urine specific gravity measurements.28 From 
a hydration-maintenance perspective, fan use at night, as 
opposed to during the day, is particularly desirable in 
many cases: according to our data, fan use would negate 
the need to sweat at all (due to increases in non-
evaporative convective heat loss) on 89·9% of nights, 
while keeping sweat losses below 2% of body weight 

across an 8 h period, which is approximately the tolerable 
threshold before dehydration-related exacerbations of 
physiological strain occur,29 on a total of 97·7% of nights 
(ie, the sum of no sweating and low sweating nights). For 
the remaining 2·3% of nights, electric fan use would not 
be recommended and people would be encouraged to 
seek alternative forms of cooling, such as air conditioning.

For people taking anticholinergic medication or living in 
locations where fan use was deemed to be detrimental on 
some hot weather days, the use of air conditioning would 
be necessary, potentially threatening the wellbeing of 
people with low income living in these areas. A 2019 study 
has shown that in healthy young adults, self-dousing with 
water reduces thermal and cardiovascular strain in both 
hot and dry (47°C and 10% relative humidity) conditions 
and in hot and humid (40°C and 50% relative humidity) 
simulated heatwave conditions, while reducing natural 
sweat losses,30 providing effective potential alternatives to 
fan use during waking hours when air temperatures peak. 
Additionally, wearing a water-saturated shirt has been 
shown to reduce thermal and cardiovascular strain and 
dehydration in healthy older individuals (aged 62–74 years) 
in conditions of 42°C with 34% relative humidity,31 and 
could potentially be beneficial for offsetting dehydration in 
extreme night-time temperatures.

Although the threshold curves were constructed using 
standard partitional calorimetric calculations16 that have 
been used extensively and are well validated, modelled 
data should be interpreted with caution in the absence of 
accompanying clinical data. The findings from the model 
for young healthy adults was consistent with the clinical 
data available;17 accordingly the recommendation for 
young healthy adults to use fans seems to be empirically 
supported, since at peak temperatures,there was not a 
single day in which air temperature surpassed 40°C in 
66 (61%) of the 108 global cities analysed and 34 (58%) of 
the 59 cities with the highest air conditioning use. More 
clinical studies are required to verify the findings for 

Global North America Europe Asia South America Oceania Africa 12-AC

Nights per month fan use would have had a cooling effect

Healthy young adults 30·9 (99·8%) 31·0 (100·0%) 31·0 (100·0%) 30·9 (99·6%) 31·0 (100·0%) 31·0 (100·0%) 31·0 (100·0%) 31·0 (99·9%)

Healthy older adults 30·9 (99·5%) 30·9 (99·7%) 31·0 (100·0%) 30·7 (99·1%) 31·0 (100·0%) 31·0 (100·0%) 30·9 (99·8%) 30·9 (99·8%)

Older adults taking 
anticholinergic 
medication

30·7 (99·1%) 30·8 (99·4%) 31·0 (100·0%) 30·5 (98·4%) 31·0 (100·0%) 31·0 (100·0%) 30·8 (99·4%) 30·9 (99·5%)

Nights with fan use

No sweating 27·9 (89·9%) 28·1 (90·7%) 30·1 (97·2%) 26·1 (84·2%) 30·9 (99·6%) 30·2 (97·4%) 28·7 (92·7%) 27·6 (88·9%)

Low sweating 2·4 (7·8%) 2·2 (7·2%) 0·8 (2·5%) 3·8 (12·2%) 0·1 (0·4%) 0·8 (2·4%) 1·6 (5·2%) 3·0 (9·7%)

High sweating 0·7 (2·3%) 0·7 (2·2%) 0·1 (0·2%) 1·1 (3·6%) 0·0 (0·0%) 0·0 (0·1%) 0·7 (2·1%) 0·4 (1·4%)

Data are n (%). The mean number of nights on which fan use would have been beneficial was standardised to a monthly average of 31 days to account for differences in number 
of days analysed due to geographical location. High sweating was defined as >2% bodyweight loss from sweating in 8 h and low sweating was defined as ≤2% bodyweight loss 
from sweating in 8 h. SDs are shown in the appendix (pp 37–47). 12-AC=the 12 countries with the greatest potential for growth in air conditioning use by the end of the 
21st century.6

Table 2: Mean number of hot weather nights per month on which fan use would have had a cooling effect according to our model, by geographical 
region, and predicted overnight sweat losses
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older adults and those on prescription medication 
(especially anticholinergics); however, the physiological 
parameters (ie, sweat rates) in our models that were 
adjusted for these groups were conservative, and as such 
are likely to underestimate the efficacy of fan use in these 
groups. Additionally, the conditions in our model were 
fixed for a person seated at rest with a set clothing 
ensemble. Differences in effectiveness of fans will vary 
based on clothing and activity level and, therefore, these 
findings should not be extrapolated to individuals doing 
physical activity. To date, all clinical studies to date have 
been done over a short duration in peak temperature 
conditions simulated in climate chambers. Verification 
of these findings in field-based clinical trials during full 
length heatwaves is required.

All weather data in this study were collected from airport 
weather stations, and thus differences between inner city 
temperatures and indoor temperatures will exist. An 
Italian study found that the mean peak temperature of 
three different cities was 1·1°C higher in the city compared 
with the airport; however, humidity levels (expressed as 
dew point temperature) were 2·7°C higher at the airport 
than the city sites.32 Temperature differences will be 
airport specific: in a study done in New York, temperatures 
reported at John F Kennedy International Airport (which 
receives a sea breeze) were around 8°C lower than the 
warmest inner-city weather station, whereas at LaGuardia 
Airport (which has no sea breeze) temperatures were 
under-reported by around 5°C.33 Furthermore, indoor 
temperatures will vary considerably based on the materials 
used to construct buildings. For example, painting 
outdoor building surfaces with highly reflective paint can 
reduce indoor temperatures by 6°C.34 Conversely, two 
studies that included indoor air temperature from low-
income housing found that peak indoor temperatures 
were lower than peak outdoor temperatures by 1–3°C 
during the day, but were higher than outdoor temperatures 
by around 7°C at night.33,35 The inclusion of new simplified 
temperature thresholds for fan use in this study could 
help to counteract these issues by informing the public to 
use fans below these thresholds according to indoor 
thermometers. It is well established that mean global 
temperatures,36 and specific humidity values to a lesser 
degree,37 will continue to rise during this century and, 
therefore, the effectiveness of fan use is likely to decline. 
Future research is therefore needed to establish the 
effectiveness of fans in urban, indoor, and future climatic 
scenarios.

In conclusion, the effectiveness of fan use for cooling 
young healthy adults is evident, since peak temperatures 
between 2007 and 2019, a time period that included eight 
of the ten hottest years on record, did not exceed the 
upper threshold for effective fan use for even 1 h in 
69% of the cities during the day and 90% of the cities at 
night. Fan use would have collectively provided effective 
cooling for young adults on 97% of all days analysed, and 
more than 98% of all nights (while avoiding critical 

dehydration). Although peak temperatures exceeded the 
upper threshold for effective fan use for at least 1 day in 
59% of the cities for older adults taking medication that 
impair sweating, fan use in this population would have 
been effective on 95% of hot weather days in the study 
period and more than 98% of the nights analysed. 
This analysis indicates that fan use can be recom-
mended universally for effective cooling in northern 
Europe, northeastern regions of the USA, Canada, all of 
South America, and much of southeast Asia. However, 
fan use is often detrimental (ie, worsens heat stress) in 
exceptionally arid areas such as the Middle East or the 
southwestern regions of the USA, and on the hottest 
heatwave days in very humid regions such as northern 
India and parts of Pakistan. To enable the practical 
implementation of our findings, we propose revised 
simplified temperature thresholds for safe fan use 
of 39°C during the day for young adults, 38°C for older 
adults, and 37°C for older adults taking anticholinergic 
medications that impair sweating. Preferably, indoor 
temperatures should be directly measured with a 
thermometer to account for thermal differences between 
the indoor and outdoor environment. These new 
thresholds provide an evidence-based alternative to the 
existing 35°C threshold for fan use currently advised for 
all age groups by WHO, and substantially increase the 
number of days that fans can be recommended as a 
cooling device instead of air conditioning across many 
global regions.
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