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1  |  INTRODUC TION

Evaporative cooling is one of the oldest and most energy efficient 
forms of air conditioning used in hot, dry climates. Historically, there 
are several examples of passive evaporative cooling methods, which 
relied on natural airflow. In the Southwest U.S., Native Americans 
splashed water on the tops of arbors in hot weather, which may have 
cooled the shaded area under the arbor by as much as 10 degrees.1 
Similar approaches were used by Western U.S. settlers who covered 
wall openings with damp burlap.2,3 Other historic examples include 

the practice in India of hanging “tatties”, wetted screens made from 
the roots of khus khus (cuscus) grass, over windward doorways and 
window openings during hot summer months,3,4 and the introduc-
tion of water into wind towers in traditional Middle Eastern archi-
tecture.5,6 Early mechanical methods incorporated the use of fans to 
improve airflow across wetted media. As early as 1905, British sol-
diers' barracks in India were air conditioned by arranging tatties over 
fans to cool supply air coming into the building.7 In the early 1930s in 
the Southwest U.S., homemade evaporative coolers were fashioned 
by covering a wooden box with burlap or other cloth. An electric fan 
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Abstract
Evaporative cooling is an energy efficient form of air conditioning in dry climates 
that functions by pulling hot, dry outdoor air across a wet evaporative pad. While 
evaporative coolers can help save energy, they also have the potential to influence 
human health. Studies have shown residential evaporative coolers may pull outdoor 
air pollutants into the home or contribute to elevated levels of indoor bioaerosols 
that may be harmful to health. There is also evidence that evaporative coolers can 
enable a diverse microbial environment that may confer early- life immunological pro-
tection against the development of allergies and asthma or exacerbate these same 
hypersensitivities. This review summarizes the current knowledge of bioaerosol and 
microbiological studies associated with evaporative coolers, focusing on harmful and 
potentially helpful outcomes from their use. We evaluate the effects of evaporative 
coolers on indoor bacterial endotoxins, fungal β-	(1 → 3)-	D-	glucans,	dust	mite	antigens,	
residential microbial communities, and Legionella pneumophila. To our knowledge, this 
is the first review to summarize and evaluate studies on the influence that evaporative 
coolers have on the bioaerosol and microbiological profile of homes. This brings to 
light a gap in the literature on evaporative coolers, which is the lack of data on health 
effects associated with their use.
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was then used to blow outdoor air across the wetted cloth into the 
home.2,3 The advent of mass- produced mechanical evaporative air 
coolers (ECs) in the Southwest U.S. in the late 1930s was a major fac-
tor in opening up the otherwise hostile summer climate of Arizona 
and neighboring states to population growth (Figure 1A).2,3

Direct evaporative coolers are the simplest and most common 
type of EC used in residences in arid and semi- arid climates.3,8 
Indirect evaporative coolers are available, but rarely used in resi-
dences in dry climates due to the high efficiency and low cost of 
direct evaporative coolers.9 For the purposes of this review, EC 
will refer to residential direct evaporative air coolers, also known 
as “drip coolers”, “desert coolers”, and “swamp coolers”. ECs work 
by pulling hot, dry outdoor air across a wet evaporative pad typi-
cally made from aspen wood shavings, other natural fibers, or cor-
rugated cellulose materials (Figure 1B).3,8,10,11 The evaporative pad 
is kept moist during operation by an electric pump that sends water 
to distribution troughs at the top of the evaporative pads. As ambi-
ent air passes through the wet evaporative pads the water evapo-
rates. During evaporation, water molecules in the evaporative pad 
absorb heat from outdoor air as they change phase from liquid to 
vapor.3,12 As a result of evaporation, ECs lower the air temperature 
while simultaneously increasing the amount of water vapor in the air. 
Non- evaporated water in the evaporation pads is drained by gravity 
into the water reservoir (sump) where it is recirculated through the 
system. The cool, humidified air is blown into the house by a fan 
(Figure 1B).13,14

Evaporative air coolers, because they rely on heat transfer 
from the evaporation of water, do not work well in humid envi-
ronments. For comfort cooling, ECs are less effective once the 
wet- bulb temperature reaches 21°C (69.8 °F).8 Thus, they are 
most effective in dry and temperate climates that experience year- 
round or seasonal low humidity and high outdoor temperatures. 
The World Bank estimated in 1998 that 20 million residential ECs 
were used globally, primarily in Western Australia, the Middle East, 
Northern, Eastern, and Southern Africa, parts of the Indian subcon-
tinent, Northern Mexico, the Mediterranean, and the Southwest 
and Rocky Mountain States in the U.S.8 At the turn of the 21st 
Century, EC use in the U.S. varied considerably, from up to 90% 
of homes in West Texas,16 to approximately 29% of homes in the 
Rocky Mountain States,17 to 8% of homes in California.18 In 2004, 
about 13% of homes in Australia had EC units.19 Based on the 2015 
Residential Energy Consumption Survey (RECS), there are approxi-
mately 2.3 million (2.0%) homes in the U.S. using EC units, primarily 
in the southwest region.20,21

2  |  BACKGROUND

Vapor- compression (refrigerated) air conditioning (AC) makes up 
almost 90% of the global air conditioning market.22 Residential AC 
units operate by transferring heat from indoor air to a refrigerant 
(e.g. hydrofluorocarbons), moving the refrigerant outdoors, and 
then releasing the heat to the environment.23,24 The principal of 

operation and system components for a typical residential AC sys-
tem are shown in Figure 2.

Differences in the mode of operation between EC and AC units 
may have important impacts on the indoor environment. To con-
serve energy, residential AC units recirculate indoor air. Yamamoto 
et al. (2009) reported the median air changes per hour (ACH) was 
0.38 for Houston, TX (USA), homes using AC.25 In contrast, EC units 
introduce large volumes of outdoor air into the home. Macher & 
Girman (1990) reported 8.2– 13.0 ACH in a 272 m3 EC home.15 Low 
ACH in AC homes may limit entrainment of outdoor bioaerosols and 
pollutants into the home, whereas high ACH rates in EC homes may 
pull outdoor pollutants into the home,26,27 while simultaneously di-
luting indoor contaminants.8 Another important distinction is that 
AC units remove moisture from indoor air, thus lowering relative 
humidity (RH) in the home.28,29 This occurs as water vapor con-
denses onto the cold evaporator coil as home air passes through the 
system (Figure 2). Lower indoor RH may hinder microbial growth in 
the home, leading to decreased bioaerosols.30 In addition, AC filters 
may reduce airborne bioaerosols, such as endotoxin, by capturing 
particulate matter as indoor air is circulated through the system.31 
Conversely, EC units add significant moisture to indoor air as water 
evaporates from cooling pads into the air being blown into the home 
(Figure 1B). Added moisture from EC units can raise indoor RH 10%– 
16% in single- family dwellings.32,33

Concerns about climate change and a growing demand for en-
ergy make residential ECs an appealing alternative to AC in dry cli-
mates.34,35,36 ECs provide 50%– 80% energy savings compared to AC 
units,3,8 and in recent years, government agencies and power com-
panies in the Southwest U.S., California, and the Rocky Mountain 
States, as well as Australia have offered incentives for the purchase 
or servicing of qualified EC units to reduce residential energy de-
mand.37,38,39,40,41 However, incentive programs tend to focus on the 

Practical Implications

• Bioaerosol and microbiological exposures in the resi-
dential environment play an important role in disease as 
well as in healthy immune system development, particu-
larly in children.

• In this review, we discuss the potential for evaporative 
coolers to change the bioaerosol and microbiological 
profile of homes, specifically related to bacterial endo-
toxins, β-	(1 → 3)-	D-	glucan,	 house	 dust	 mite	 allergens,	
and microbial species, including Legionella pneumophila.

• Findings from exposure assessment and health stud-
ies are reviewed, with a focus on both deleterious and 
potentially favorable health outcomes associated with 
evaporative cooler use.

• Evidence is presented for both harmful and helpful ex-
posures, as well as significant limitations in the quality 
and quantity of current data on this topic.
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environmental and cost benefits of ECs with no mention of poten-
tial	health	effects.	Juxtaposed	with	this	renewed	interest	in	energy	
savings is a growing body of evidence that ECs have the potential to 
influence human health, prompting this review.

2.1  |  Entrainment of outdoor air pollution

To date, a few studies show that particulate air pollution levels in EC 
homes are generally lower than outdoor levels, with indoor/outdoor 
(I/O) ratios ranging from ~0.6 to 0.9 for airborne particulate mat-
ter	(PM)	with	an	aerodynamic	diameter ≤2.5	μm (PM2.5),	and ~0.5 to 
0.6	for	airborne	PM	≤10	μm (PM10).16,42,43 Paschold et al. (2003)44 
found similarly low I/O ratios for elemental constituents in PM10 
and PM2.5 in EC homes in El Paso, TX. One explanation for this is 
that cooler pad fibers grow in diameter when wet, increasing parti-
cle impaction while simultaneously reducing particle bounce. They 
thus act as an effective PM filter, albeit with decreasing efficiency 
as particle diameters decrease.16 ECs also move large volumes of air 
through the home, resulting in several air changes per hour,15 which 
rapidly dilutes indoor PM sources.8 One study found buildings with 
ECs had I/O PM ratios greater than 1.0, but this study was limited 
to two schools and one private home.45 Although EC cooler pads 
may reduce entrainment of outdoor PM into homes, they may still 
contribute significantly to the entrainment of other hazardous pol-
lutants. Nazmara et al. (2020) found traffic- related polycyclic aro-
matic hydrocarbons (PAHs) in dust samples collected from EC ducts 
in Tehran, Iran.26 Additionally, some gas- phase pollutants may not 
be captured efficiently by cooler pads. Raysoni et al. (2013) found 
I/O ratios ~1.0 for NO2, and I/O ratios ranging from 0.6 to 1.2 for 
mean concentrations of benzene, toluene, ethylbenzene, and xy-
lenes at two schools equipped with ECs.27 Thus, additional research 
is needed to fully understand the role ECs play in drawing outdoor 
air pollution into homes.

2.2  |  Introduction of bioaerosols into homes

Bioaerosols are defined as airborne particles ranging in size from 
0.001 to 100.0 μm that originate from plants, animals, viruses, and 

living or dead microorganisms and include cellular fragments and 
byproducts of microbial metabolism.46,47 Due to the nature of how 
evaporative cooling works, ECs have the potential to introduce bio-
aerosols into homes through three mechanisms (Figure 3). First, ECs 
may pull bioaerosols into homes from outdoor air. However, many 
outdoor bioaerosols, including pollen, spores, mold, and plant parts, 
have aerodynamic diameters >2.5 μm,48 and thus may be partially 
filtered out as they pass through wetted cooler pads (Figure 3A). 
Second, ECs may distribute bacteria and fungi, or their cellular compo-
nents such as endotoxin and β-	(1 → 3)-	D-	glucan,	into	homes	through	
microbial growth in sump water and cooling pads (Figure 3B).15,49 
Endotoxin derived from bacterial cell walls, and β-	(1 → 3)-	D-	glucan,	
an important component of fungal cell walls, have drawn attention 
in the literature due their associations with respiratory health ef-
fects.50,51,52,53,54,55,56,57,58 Finally, due to increased humidity in the 
home, ECs may create an ecological niche for house dust mites in 
arid or semi- arid climates by providing enough moisture during cool-
ing months for dust mites to maintain water balance and reproduce 
(Figure 3C).33,59 House dust mite allergens such as Der p 1 and Der f 
1 are associated with the development and exacerbation of asthma 
and other allergic diseases.60,61,62,63,64

2.3  |  Health effects of evaporative cooler use

While summarizing and analyzing the available literature on EC- 
related endotoxin, β-	(1 → 3)-	D-	glucan,	and	house	dust	mite	allergens	
that have deleterious respiratory health effects, this review presents 
some limited evidence that EC- related bioaerosols may provide im-
portant immunological benefits during early life, consistent with the 
“hygiene hypothesis”.66,67,68 Furthermore, recent studies highlight 
the importance of the residential microbiome in shaping our immune 
responses during early childhood.69,70,71 It is important to note that 
our understanding of the hygiene hypothesis and its health implica-
tions are continuing to be refined (e.g. old friends hypothesis and 
microflora hypothesis) and remain controversial to some.72,73,74,75,76 
For young children, the home provides necessary exposures to 
bioaerosols and a diverse microbial environment during the critical 
early- life window for healthy immune development and influences 
adaptive immune cell lineage commitment, memory cell generation, 

F I G U R E  1 (A)	Common	roof	mounted	
residential direct evaporative cooler used 
in Rocky Mountain States, U.S. (B) Cooling 
process involves pulling hot, dry outdoor 
air through a wetted evaporative pad. 
As water evaporates from the cooling 
pad into the air, sensible heat in the air is 
transferred to latent heat in the form of 
water vapor. The cooled air is then blown 
indoors.
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and immune training of innate immune cells.69,77 Several existing 
reviews discuss the design, thermal, and economic performance of 
ECs.14,34,36,65 However, to our knowledge, this is the first review on 
associations between residential ECs and indoor bioaerosols and mi-
crobial exposures and their potential influences on human health.

3  |  METHODS

This is a nonsystematic review of medical, public health, and envi-
ronmental health- related literature, with a focus on residential ECs. 
We primarily searched Google Scholar and MEDLINE (EBSCO) data-
bases with no restrictions for date of publication. In addition, papers 
meeting our search criteria were reviewed to find references that did 
not appear in our database searches. Search terms included “evapo-
rative cooler”, “swamp cooler”, and “desert cooler” in conjunction 
with variations of the following terms: “house dust mite”, “house dust 
mite allergen”, “endotoxin”, “fungi”, “bioaerosol”, “health”, “children's 
health”, “allergen(s)”, “atopy”, “Legionnaire's Disease”, “Legionella”, 
“Pontiac Fever”, “air pollution”, “particulate matter”, “pollen”, “mold”, 
“mold spores”, “bacteria”, “epidemiology”, “disease”, “immunity”, and 
“infection”. Papers and published abstracts that reported results re-
lated to residential ECs and bioaerosols, air pollution, microorgan-
isms, and human health were included in the review.

4  |  RESULTS and DISCUSSION

4.1  |  Epidemiology and case studies

The available data on health effects associated with EC use come from 
case studies and a few epidemiological studies (Table 1). Marinkovich 
& Hill (1975) reported a nearly fatal case of hypersensitivity alveolitis 
in an 11- year old girl that was associated with a residential EC unit.78 
Laboratory results found thermophilic actinomycetes in the EC cooler 
pads, and the patient's serum contained antibodies for Micropolyspora 
faeni, a common microorganism implicated in cases of farmer's 
lung.79,80 The authors suggested that exposure occurred as spores of 
M. faeni, were dislodged from the cooler pads and dispersed into the 
home while the EC was running. Al- Zubaidy (1987) cultured patho-
gens on nutrient agar from EC air supplied to a medical laboratory 
in Baghdad, Iraq, including Pseudomonas aeruginosa, Staphylococcus 
aureus, Klebsiella pneumonia, Escherichia coli, and Serratia marcescens. 
These same pathogens were present in sump water from the air cooler; 
however, no cases of illness from these agents were identified.81

To date, there are few epidemiological studies regarding health 
effects associated with EC use. Aldous et al. (1996) studied lower re-
spiratory tract illness (LRI) among infants (age 0– 1) who were health 
maintenance organization patients (N = 936) in the Tucson, Arizona 
(USA) area from 1980 to 1984.82 The primary study question was 
whether home environmental factors, including perceived neighbor-
hood dustiness, type of home cooling and heating systems, type of 
cooking fuel, and number of indoor pets (dogs and cats), influenced 

the risk of LRI during the participants' first year of life. Among chil-
dren living in homes with ECs (n = 731), 24% experienced wheezing 
LRI during the first year of life, compared to 15% of children living 
in homes (n = 141) without ECs (OR = 1.8, 95% CI = 1.1– 3.0). The 
authors concluded that, although ECs are only used during summer 
months, they may introduce bioaerosols (pollen, mold, dust mite al-
lergens) into homes that persist into winter months, and subsequent 
exposure to these bioaerosols may make children more susceptible 
to viral LRI.

ECs introduce moisture into homes,32,33 and thus have the po-
tential to create an ecological niche for indoor mold growth and/or 
survival and house dust mites in arid and semi- arid regions. Prasad 
et al. (2009) studied patients (N = 190) with asthma and allergic 
rhinitis at the University of Nevada School of Medicine (USA) from 
August	2007	to	June	2008.83 This cross- sectional study evaluated 
relationships between positive skin prick tests for common allergens 
and the presence of EC (n = 59) or central air conditioner (n = 124) 
in the home. Among participants with ECs, 42% were allergic to at 
least one mold compared to 25% of participants with AC (χ2, 10.5; 
p = 0.03). Similarly, among participants with ECs, 34% had a positive 
skin prick test for house dust mite allergens compared to 21% of 
participants with AC (χ2, 6.2; p = 0.013). The authors also reported 
a higher prevalence of skin prick reactivity to dust mites and mold 
among study participants <6 years	of	age,	which	they	attributed	to	
increased time spent indoors at home compared to adults.

A much larger, more recent pediatric cohort study by Izadi et al. 
(2018), however, found no association between EC use and dust mite 
allergen or mold sensitivity.84 In this study, the authors conducted 
a retrospective review of data from patients <21 years	of	age	seen	
at	National	 Jewish	Health	 hospital	 (Colorado,	USA)	 from	2008	 to	
2017. Among patients for whom house dust mite test results were 
available (n = 8503), 922 lived in an EC home, of which 284 (28.6%) 
had sensitivity to house dust mite allergens. For patients with no EC 
(n = 7511), 2128 (28.3%) had sensitivity to house dust mite allergens 
(relative risk 1.01, 95% CI = 0.91– 1.12, p = 0.8452). Findings for mold 
sensitivity were similar. Among patients for whom mold sensitivity 
test results were available (n = 9286), 1092 lived in an EC home, of 
which 487 (44.6%) were allergic to at least one mold. For patients 
with no EC (n = 8194), 3550 (43.3%) were sensitive to at least one 
mold (relative risk 1.03, 95% CI = 0.96– 1.10, p = 0.4255). The au-
thors concluded that ECs do not increase atopic children's sensitiza-
tion to house dust mites or mold in Colorado's dry climate.

The literature is likewise scant regarding evidence for positive 
health outcomes associated with EC use. The large cohort study by 
Izadi et al. (2018), found the prevalence of allergic rhinitis was sig-
nificantly lower among patients living in homes with ECs (p = 0.0215 
and p = 0.0257 for the dust mite and mold cohorts, respectively). 
Furthermore, they reported a lower prevalence of asthma among 
children in EC homes that was trending significant (p = 0.0505 and 
p = 0.0556 for the dust mite and mold cohorts, respectively).84 
Differences in the prevalence of allergic rhinitis and asthma be-
tween children in EC and non- EC homes were relatively small. Based 
on evidence from several studies examining the hygiene hypothesis 
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and the residential microbiome, the critical window for exposure to 
the diverse microbiome necessary for healthy immune system de-
velopment is likely very early, perhaps within the first few years of 
life.69,70,71,75,76,85 It is conceivable that ECs provide some immuno-
logical benefits to children.

With the exception of Aldous et al. (1996), who used a prospective 
cohort study design, the available epidemiological studies were not 
designed to answer the most salient questions about health effects 
associated with EC use, if such associations exist. The contradictory 
findings between Izadi et al. (2018) and Prasad et al. (2009) may be 
explained by sample size. Izadi et al. had over 40 times the number 
of participants as Prasad et al. However, it should be noted that both 

studies used cross- sectional designs based on current EC use. The re-
sults of both studies, therefore, may have been subject to misclassifi-
cation bias, as they did not account for patients who may have moved 
from EC to AC homes, or vice versa, prior to study enrollment, which 
was very likely. According to the U.S. Census Bureau, approximately 
20%	of	U.S.	households	with	children	≤6 years	of	age	move	per	year.86 
This may have affected the results of Izadi et al. more so than Prasad 
et	al.,	given	the	mean	ages	of	participants,	which	were ~9.0 years	and	
5.4 years,	respectively.	Furthermore,	neither	study	provided	environ-
mental data on home allergen/mold levels or indoor RH. Thus, rela-
tionships between health outcomes and EC, dust mite allergen, and 
mold exposures are obscured in both studies. Prospective studies may 

F I G U R E  2 Principle	of	operation	and	structure	of	a	vapor	compression	air	conditioning	system.	(A)	Room	air	is	passed	over	the	
evaporator coil. Heat from indoor air provides latent heat of vaporization to refrigerant, causing it to boil. Refrigerant leaves the evaporator 
as a low- pressure vapor. (B) Vapor enters the compressor, picking up additional heat from mechanical parts and compression. (C) High 
pressure, superheated vapor enters the condenser. Ambient air is pulled across the condenser by a fan. Refrigerant releases sensible heat 
as it changes phase from vapor to liquid. (D) High pressure liquid refrigerant enters metering device (not shown), leaves as low- pressure, 
subcooled liquid/vapor mixture before entering the evaporator coil.
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F I G U R E  3 Evaporative	coolers	have	the	potential	to	introduce	bioaerosols	into	homes	through	three	mechanisms.	(A)	Bioaerosols	
present in outdoor air can be pulled into the home through the evaporative cooler, (B) Cooling pads and sump water may serve as reservoirs 
for microbial growth, and (C) Evaporative coolers increase indoor humidity, potentially creating an ecological niche for house dust mites and 
mold.
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be needed to fully understand the immunological consequences of 
early- life exposures in EC homes.

Whether or not antigen and/or microbial exposure due to air 
conditioning type can be helpful or harmful is a complicated issue 
that remains unclear. There are more than 1600 genes involved in 
innate and adaptive immune responses, yet at birth the immune 
system is relatively immature and must develop over the course of 
one's life.87 Early post- natal life microbial exposure is essential to 
immune system development, influencing adaptive immune cell lin-
eage commitment, memory cell generation, and immune training of 
innate immune cells.69,77 The microbiota individuals are exposed to 
plays a key role in the education and development of the immune 
system.87,88 Epidemiological evidence seems to support this claim, 
showing that children with older siblings, early daycare attendance 
and exposure to livestock have a lower incidence of allergic dis-
ease.89 Children living in urban environments have also been shown 
to be protected against asthma development if their indoor home 
environment closely resembles the indoor microbiota found in farm 
homes.90 The hygiene hypothesis mainly focuses on microbial expo-
sures from the environment, food and drink, and domestic animals. 
The “biodiversity hypothesis” proposes that a decrease in microbi-
ological biodiversity is likely related to an increase in inflammatory 
disease.91 Previous studies document that ECs influence indoor lev-
els of endotoxin,49,92,93 β-	(1 → 3)-	D-	glucan,93 and house dust mite 
allergens33,59 relative to homes with AC or no air conditioning. In 
addition, a growing body of evidence suggests that the indoor micro-
flora of EC homes differs from homes with AC systems.49,94,95 These 
bioaerosols and their associations with EC use are discussed in the 
following sections.

4.2  |  Evaporative coolers and bacterial endotoxin

Endotoxin, also known as lipopolysaccharide or LPS, is a solu-
ble component on the cell wall of Gram- negative bacteria.96 It 
is composed of a hydrophobic lipid section (lipid A), a hydrophilic 
core polysaccharide chain and a repeating hydrophilic O- antigenic 
oligosaccharide side chain.97 Endotoxin is a pathogen associated 
molecular pattern (PAMP) that can be bound and recognized as for-
eign by pathogen recognition receptors (PRRs) located on various 
cells of the immune system.98 High levels of endotoxin in the body 
can lead to inflammation and vasodilation when recognized by the 
transmembrane protein toll- like receptor 4 (TLR4).99,100 TLR4 is a 
PRR expressed on a wide variety of cell types, including dendritic 
cells, macrophages, neutrophils and B cells. Endotoxin binding of 
TLR4 activates transcription factor NF- κB, and the subsequent pro-
duction of pro- inflammatory cytokines.100 Development of asthma 
and allergic disease are attributed to a combination of genetic and 
environmental factors. Research has shown that two missense mu-
tations located in the extracellular domain of the TLR4 receptor 
are associated with differences in reaction to inhaled endotoxin. 
Heterozygous individuals demonstrated a hypo- responsive pheno-
type to endotoxin.96,101TA
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Early life exposure to endotoxins may be protective against the 
development of asthma and other allergic diseases later in life.66,67 
This can be observed in the Amish and Hutterite communities. Both 
populations share common ancestry, but asthma is 4– 6 times lower 
in Amish children, while Amish dust endotoxin levels are 6.8 times 
higher than levels found in Hutterite homes.85 Mice exposed to this 
Amish dust were protected from development of asthma, while mice 
exposed to Hutterite dust were not. Similarly, a study of children 
in the Alps showed an inverse relationship between endotoxin ex-
posure and the prevalence of asthma.102 However, exposure to en-
dotoxin in the home is also known to obstruct airflow in adults and 
children who are already asthmatic.55,56,57

Several housing factors are associated with increased indoor 
residential endotoxin levels, including the presence of rugs and car-
pet,103,104 lack of cleanliness,105,106 living on a farm or contact with 
farm animals,103,107,108 having indoor pets,30,103,104,105,108,109,110,111 
higher home occupancy,104,105,108,109,110 the presence of cockroaches 
in the home,105 and geographic location.104,105,107,108,110,111 Endotoxin 
levels also appear to be influenced by heating, ventilation, and air con-
ditioning (HVAC) systems (Table 2). Gereda et al. (2001)30 found that 
house dust endotoxin levels in metropolitan Denver, CO were signifi-
cantly lower in homes with AC systems compared to homes with no 
air conditioning or room air conditioners only. They attributed their 
findings to AC homes being mostly closed to the outdoor environ-
ment. They also suggested lower indoor RH in AC homes may have 
caused decreased bacterial growth on home surfaces, and thus lower 
indoor endotoxin levels. AC refrigeration coils condense water out of 
the air, thus lowering indoor RH. However, Thorne et al. (2009) found 
no association between AC use and indoor endotoxin levels105; thus, 
additional research is needed to fully understand this relationship.

In contrast to dehumidification caused by AC units, ECs create a 
warm, wet environment inside the cooler that is conducive to growth 
of Gram- negative bacteria, potentially leading to higher levels of en-
dotoxin in the home. Macher & Girman (1990) found bacteria levels 
in	EC	sump	water	as	high	as	1.0 × 105	CFU/mL	after	9 weeks	of	opera-
tion during summer months. The predominant bacterial species were 
Gram- negative.15 Since this water is used to cool the hot air pulled from 
outside, evaporative cooling could be a source of endotoxin distribu-
tion in homes.15 A significant limitation in this study, however, is that 
the results are based on a single EC from one home in California (USA). 
Macher & Girman's results may not be representative of bacteria levels 
in other ECs and may not be generalizable to ECs in other regions.

A growing number of studies using vacuum- collected dust sam-
ples conducted in the Rocky Mountain region (USA) confirm that 
ECs are associated with higher indoor endotoxin levels (Table 2). In 
the 11 EC homes included in the study by Gereda et al. (2001) in the 
metropolitan Denver area, the geometric mean endotoxin concen-
tration in house dust extracts was 906 EU/mL, compared to 453 EU/
mL	in	AC	homes.	Johnston	et	al.	(2017),	in	a	study	of	middle-	income	
homes in Utah County, Utah, found house dust endotoxin levels 
(EU/mg) and endotoxin surface loads (EU/m2) three to six times 
higher in EC (n = 18) compared to AC (n = 22) homes.92 In a recent 
follow-	up	 study,	 Johnston	 et	 al.	 (2019)93 reported similar findings 

among low- income homes in the same county. In this study, house 
dust endotoxin levels (EU/mg) and endotoxin surface loads (EU/m2) 
were approximately three times higher in EC (n = 20) compared to 
AC (n = 28) homes. Similarly, Lemons et al. (2017), in a pediatric al-
lergy/asthma cohort study in the Reno, NV (USA) area, found house 
dust endotoxin levels (EU/mg) from bedroom mattress and flooring 
dust were approximately three times higher in EC (n = 5) compared 
with AC (n = 6) homes (p = 0.039).49

Time and cost constraints often restrict sample sizes in studies 
where residential environmental samples are collected,112 and the 
studies referenced herein are no exception. While these studies may 
provide detailed results, they are nevertheless based on small sam-
ple sizes restricted to relatively small geographical areas. Endotoxin 
levels reported in these studies may not be representative of demo-
graphically different housing in the same community, or in housing 
in other U.S. or global regions. Furthermore, while there is consis-
tency in the relative differences between EC and AC homes, endo-
toxin levels, inexplicably, vary by two orders of magnitude across 
studies (Table 2). What remains unclear is whether these findings 
reflect actual differences in endotoxin levels between sampling 
sites, or if differences can be explained by factors associated with 
sample collection or laboratory procedures. Furthermore, it is not 
clear if higher endotoxin levels in EC homes originated from bacterial 
growth in the cooler itself, bacterial growth on home surfaces result-
ing from higher RH in EC homes, or from environmental endotoxin 
being blown into the home. Evaporative cooler pads, as mentioned 
previously, may filter out as much as 40%– 50% of outdoor airborne 
PM	≤10	μm (PM10).16,42,43 Additional studies are needed to quantify 
the relative contributions of EC- generated endotoxin and outdoor 
endotoxin being entrained into EC homes.

4.3  |  Evaporative coolers and β - (1 → 3)- D- glucan

β-	(1 → 3)-	D-	glucan	 (β- glucan) is a polysaccharide located in the cell 
wall of fungi, bacteria, yeast, algae, lichens, and plants such as oats 
and barley.22 β- glucans can trigger various immune responses includ-
ing activation of neutrophils, macrophages, complement and possibly 
eosinophils.113,114,115,116,117 β- glucans are of particular interest for their 
immunomodulating properties. They have been shown to enhance 
cytotoxic activities of macrophages,118 and functional maturation of 
dendritic cells119 as well as to prevent cancer promotion and progres-
sion.120 While exact mechanisms of how β-	(1 → 3)-	D-	glucan	exposure	
might trigger asthma remain elusive, a few associations with asthma 
and β-	(1 → 3)-	D-	glucan	have	been	discovered.	A	study	looking	at	chil-
dren	from	infancy	to	7 years	of	age	showed	that	children	exposed	to	
higher environmental relative moldiness index at the age of 1 year 
were	more	likely	to	develop	asthma	at	7 years	of	age.121 Another study 
used a mouse model to further understand what exactly happens in 
β- glucan exposure. Mice exposed to inhaled β- glucan showed a slightly 
enhanced TH2 response while mice exposed to inhaled β- glucan in 
conjunction with house dust mite allergens showed a significantly en-
hanced TH2 response.122
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Various studies suggest there is a link between fungal expo-
sure and asthma,123,124 however other evidence shows that perhaps 
β-	(1 → 3)-	D-	glucan	 is	 not	 actually	 the	 causative	 agent,	 with	 health	
effects actually being caused by inhaled endotoxin.58,125 Burg et al. 
(2016) found mice that ingested WGP®, a preparation of β- 1,3/1,6- 
glucans, had significantly reduced pulmonary eosinophils and TH2 cy-
tokine production, indicating that β- glucan could potentially mitigate 
asthma symptoms.126 Kirmaz et al. (2005) showed β- glucan adminis-
tration to subjects with seasonal allergic rhinitis also demonstrated 
a reduction in IL- 4 and IL- 5 levels.127 Sarinho et al. (2009) showed β- 
glucan administration caused a reduction in asthmatic symptoms.128 
Despite no concrete evidence of β-	(1 → 3)-	D-	glucan	being	the	caus-
itive agent of asthma attacks, some studies show that exposure to 
inhaled β-	(1 → 3)-	D-	glucan	increases	asthma	severity.129,130 Research 
has shown that immune responses induced at mucosal surfaces cre-
ate much more tolerogenic dendritic cells and certain types of regu-
latory T cells because of a need to discriminate between commensal 
flora and invading pathogens.131,132 The seemingly contradictory re-
actions to ingested and inhaled β- glucans are consistent with what is 
seen in mucosal and respiratory immune responses.

To date, the published literature, albeit scant, suggests there is 
some evidence that ECs may potentially lead to an increase in fungi 
and subsequent β-	(1 → 3)-	D-	glucan	 levels	 in	 the	 home	 (Table 2). 
Sneller & Pinnas (1987) cultured higher amounts, and isolated more 
species of fungi from air samples collected in EC (n = 15) vs. AC 
(n = 8) homes in the southwest U.S.94 Likewise, Lemons et al. (2017), 
using genomic extraction and metagenomic analyses, found signif-
icant differences in the predominant fungal species in air samples 
from EC (n = 9) compared with AC (n = 11) homes in the Reno, NV 
(USA) area.49 The authors also reported that fungal spores were 
three times higher in EC compared with AC homes when mea-
sured by quantitative PCR. It is important to note that the Sneller 
& Pinnas and Lemons et al studies did not specifically measure 
β-	(1 → 3)-	D-	glucan	levels	so	that	remains	unknown.	A	recent	study	
of	low-	income	homes	in	Utah	(USA)	by	Johnston	et	al.	(2019)	found	
house dust β-	(1 → 3)-	D-	glucan	 concentration	 (μg/mg) and surface 
load (μg/m2) were 2.65- fold and 3.64- fold higher, respectively, in EC 
(n = 20) compared to AC (n = 28) homes.93

The origins of increased fungi and β-	(1 → 3)-	D-	glucan	levels	in	EC	
homes is not entirely clear. ECs introduce large volumes of ambi-
ent air into the home, and it is possible that the higher fungal and 
β-	(1 → 3)-	D-	glucan	levels	in	EC	homes	can	be	explained	by	entrain-
ment of outdoor air. Hirsch et al. (1978), in a study comparing AC 
(n = 6) with non- air- conditioned (n = 6) homes in Milwaukee, WI 
(USA), reported significantly lower spore counts in AC homes, which 
the authors concluded was primarily due to closed windows in air- 
conditioned homes, which limited entrainment of outdoor spores.133 
They also suggested that decreased indoor RH from air conditioners 
may have played a minor role in limiting fungal growth in AC homes. 
Similarly, Lemons et al. (2017) found that fungal species richness 
was significantly higher in outdoor air compared to AC and EC en-
vironments and also reported quantitative PCR findings that fun-
gal spores were three times higher in EC compared to AC homes.49 

The relative differences in fungal abundance between outdoor, AC, 
and EC homes may be partially explained by AC homes being more 
closed off to the outdoor environment, and EC homes filtering out a 
significant portion of ambient fungal spores or fungal cellular com-
ponents as outdoor air is pulled through wet cooler pads.

However, there is also evidence that fungi and subsequent 
β-	(1 → 3)-	D-	glucans	 in	 EC	 homes	 originate	 in	 the	 EC	 unit	 itself.	
Sneller & Pinnas (1987) found that Aspergillus tamarii and Fusarium 
were recovered from EC but not AC homes, and Aspergillus niger 
was significantly more common in EC compared with AC homes.94 
Furthermore, they found a more than 100- fold increase in A. tamarii 
in EC homes compared to ambient air, and multiple fungal species 
that were isolated from the evaporative cooler sump water and cool-
ing pads were also found in the home. Lemons et al. (2017) did not 
find an association between fungal species in indoor air and those 
swabbed from the EC sump water pans. The authors suggested the 
evaporative cooling pad may be a likely candidate explaining differ-
ences in species found in their air samples; however, cooling pad 
samples were not included in their study.49

As with bacterial endotoxin, understanding the influence of ECs 
on indoor β-	(1 → 3)-	D-	glucan	 levels	 is	 severely	 limited	 by	 the	 low	
number of homes for which data are reported in the literature. While 
there is some evidence that ECs are associated with higher levels 
and	more	diverse	species	of	fungi,	the	study	by	Johnston	et	al.	(2019)	
is the only study that we are aware of where β-	(1 → 3)-	D-	glucan	lev-
els are reported. Furthermore, studies on associations between ECs 
and fungi and β-	(1 → 3)-	D-	glucan	 levels	are	 limited	to	states	 in	 the	
Western U.S., and therefore may not be gerneralizable to homes in 
other regions. Maintenance recommendations for EC units focus 
primarily on measures to prevent buildup of sediment and mineral 
deposits (scale) in the cooler, which decrease cooler efficiency over 
time.3,134,135 Some scale prevention efforts, such as replacing cool-
ing pads more frequently, may also help reduce the introduction of 
fungi and fungal components such as β-	(1 → 3)-	D-	glucan	 into	 the	
home. Furthermore, extracts from some fiberous plants such as 
Luffa gourd (Luffa aegyptiaca and L. cylindrica), show antibacterial 
and antifungal activity.136,137 In one study, Luffa gourd cooling pads 
had less mold growth than cooling pads made from date palm stem 
fibers,	Jute	tossa,	and	aspen	wood	shavings,	while	maintaining	cool-
ing efficiency and low salt deposition.138 Continued research on pad 
materials is needed which, in addition to system performance param-
eters, should consider the potential for fungi and β-	(1 → 3)-	D-	glucan	
to be introduced into the home. Understanding these factors may 
help guide the development of updated recommendations that con-
sider health- related aspects of EC use.

4.4  |  Evaporative coolers, house dust 
mites, and their allergens

House dust mite allergen exposure is associated with multiple poor 
health outcomes, including immune system sensitization, devel-
opment and exacerbation of asthma, allergic rhinitis, and atopic 
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dermatitis.60,61,62,63,64,139,140 Der p 1 and Der f 1, which originate from 
Dermatophagoides pteronyssinus and D. farinae, respectively, are two 
common dust mite allergens.141 These allergens, which are derived 
from enzymes in the mite gut, are expelled in dust mite feces. Inhalation 
exposure primarily occurs when dust mite feces is suspended in the air. 
For allergic sensitization and triggering of allergic symptoms to occur, 
dust mite allergens must be present at clinically significant levels. 
For allergic sensitization, including the development of asthma, this 
threshold is 2.0 μg of dust mite allergen per gram of dust.142,143 For 
development of asthma symptoms in previously sensitized individuals, 
the threshold is 10.0 μg of dust mite allergen per gram of dust.144,145,146

House dust mites primarily feed on skin cells shed from humans 
and their pets, and they live in approximately the same temperature 
range as humans.61,147 Thus, water is generally the limiting factor for 
dust mite growth and reproduction in homes.148,149,150 House dust 
mites primarily acquire water from humid air.148,151 RH levels neces-
sary for the survival of house dust mites range from 55.0% to 75.0% 
at temperatures between 15.0°C and 35.0°C.151,152 Residential AC 
systems decrease indoor RH, and thus AC homes tend to have lower 
levels of house dust mites and their allergens in humid climates.153,154 
In dry climates, the lack of humidity appears to prevent dust mite 
populations from thriving. Several studies report low and clinically 
insignificant levels of indigenous mites and their allergens in approx-
imately 20%– 25% of homes in the Rocky Mountain States in the 
U.S.32,155,156,157However, there is some evidence that increased RH 
associated with ECs may create an ecological niche for house dust 
mites in climates where they otherwise would not thrive. Studies con-
ducted in Utah and Colorado (USA) show ECs can increase indoor 
RH by 10% or more compared to homes with AC or no air condition-
ing.32,33 In some cases, increased RH from ECs may provide enough 
water to support house dust mite survival and reproduction.

To date, a few studies show a positive relationship between 
ECs and the presence of dust mites and their allergens in homes 
(Table 3). Ellingson et al. (1995), in a study of homes in the Denver, 
CO (USA) area, found Der p 1 and Der f 1 prevalence and lev-
els in house dust were significantly higher in EC (n = 19) homes 
compared to homes with no air conditioning (n = 19).33 In their 
study, 63% of EC homes were positive for Der p 1 and/or Der f 
1,	and	the	mean	mite	allergen	level	in	EC	homes	was	11.02 μg per 
gram of dust. In contrast, 26% of homes with no air condition-
ing were positive for mite allergens, and the mean allergen level 
was	 only	 0.19 μg per gram of dust. Nelson & Fernandez- Caldas 
(1995) counted dust mites from mattress or bedroom carpet dust 
collected by 58 patients being treated for bronchial asthma at 
National	Jewish	Center	for	Immunology	in	Denver,	CO.157 All dust 
samples were collected from patient homes in the Rocky Mountain 
region. Of the 58 dust samples submitted, only 10 contained house 
dust mites. However, the sample with the highest number of mites 
(3000 mites/g of house dust) was from a home with an evapora-
tive cooler in New Mexico. It should be noted, however, that the 
other three EC homes in the study did not have any quantifiable 
dust mites. Vanlaar et al. (2001), in a study of 50 rural homes lo-
cated in dry, inland Australia, reported that ECs (n = 22) increased TA
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Der p 1 levels 3.34 (p = 0.007) and 3.94 (p = 0.003) times in bed 
and bedroom floor dust samples, respectively.59 Geometric mean 
Der	p	1	 levels	 in	EC	homes	were	11.29	and	7.54 μg per gram of 
dust in bed and floor samples, respectively.

In contrast, several studies show no relationship between EC use 
and dust mite allergen levels, or show allergen levels in EC homes 
below the 2.0 μg per gram of dust threshold for clinical significance 
(Table 3). Tovey et al. (1997) found no difference in Der p 1 levels in 
house dust between EC (n = 50) and non- EC (n = 26) homes in Broken 
Hill (AUS), which has a hot, arid climate.158 Furthermore, mite allergen 
levels in their study were below the 2.0 μg per gram threshold for sen-
sitization. In a study of middle- income homes of university faculty and 
staff	in	Utah	(USA),	Johnston	et	al.	(2016)	found	low	levels	of	Der	p	1	
and Der f 1 in house dust in 25% of study homes, but only one sam-
ple was above the 2.0 μg per gram threshold for sensitization.32 Mean 
Der	p	1	and	Der	f	1	 levels	were	0.11	and	0.37 μg per gram of dust, 
respectively. The authors found no difference in mean Der p 1 and 
Der f 1 allergen levels between EC (n = 18) and AC (n = 22) homes. In 
a study of low- income homes with evaporative coolers (n = 22) in the 
same	county,	Johnston	et	al.	(2018)159 found 68.2% of study homes 
tested positive for Der p 1 or Der f 1 in house dust. However, allergen 
levels, with the exception of one sample, were again below the sensiti-
zation threshold. In a subsequent study of low- income homes in Utah 
County,	Utah,	Johnston	et	al.	(2019)	found	Der	p	1	or	Der	f	1	in	house	
dust was significantly higher in EC (n = 20) compared to AC (n = 28) 
homes (OR = 2.29; 95% CI: 1.05, 4.98; p = 0.04).93 The authors also 
found a higher prevalence of dust mite allergens in EC (55%) compared 
to AC homes (36%). However, allergen levels were again below the 
2.0 μg per gram threshold for sensitization for all but two samples. 
Mean allergen levels in EC and AC homes, across all sample locations, 
were	0.21	and	0.09 μg per gram of dust, respectively.

Associations between ECs and house dust mites and their al-
lergens are based on relatively small studies from Western U.S. 
States and dry regions in Australia, and thus may not be generaliz-
able to other locations globally. The available studies also differ in 
the methods used to collect and process dust samples for analysis. 
For example, several studies report collecting samples from mat-
tresses,32,33,93,159 while one study reported collecting samples from 
bedding on top of the mattress.59 There were also inconsistencies in 
the sizes of dust used in Der p 1 and Der f 1 extractions, with some 
studies	prescreening	house	dust	with	300 μm sieves,32,93 one study 
using	 400 μm sieves,59 and other studies not specifying.33,159 It is 
unclear how these factors may have influenced study results. Larger 
studies involving sample collection across multiple geographic re-
gions, using consistent methods, may help resolve the conflicting 
results from prior studies.

4.5  |  Evaporative coolers and residential 
microbial exposures

The human microbiome is defined as the collection of all the mi-
croorganisms (bacteria, archaea, eukaryotes, and viruses) living in 

association with the human body.160,161 These communities that con-
stitute our microbiome can be found throughout the body, including 
the gastrointestinal tract, skin, oral cavities, mammary glands, pla-
centa, lungs, nasal, and the urogenital tract.161 Between individuals, 
the microbiome genetic variation is much greater than the genomic 
variation (humans share 99.9% of their host genomes, but only 80– 
90% of their microbiome genomes).161,162,163 Urbanization has re-
sulted in people spending the majority of their time indoors, resulting 
in a larger role for the residential microbiome, mainly dust- borne 
microbes, in human microbial exposure.164,165 House dust has been 
estimated to have 500– 1000 different microbial species.164,166 Early 
life exposure to a diverse microbial environment is essential for the 
proper development and education of the immune system.167 This 
early microbiota exposure first occurs during pregnancy, and at birth, 
with a strong influence on multiple health outcomes including inflam-
matory bowel disease, asthma, allergy, cancer, diabetes, metabolic 
syndrome, and obesity.69,161 The prenatal and early postnatal periods 
are a critical window of time for exposure to diverse microbes, im-
mune cell development, and disease prevention.69 Children <4 years	
of age spend 18 or more hours, and children <1 year spend almost 
20 h	per	day	within	 the	home.112 Thus, the residential environment 
likely plays a key role in the diversity of microbes a child is exposed to 
during this critical developmental period for the immune system and 
the occupants and occupant density are also influencing the residen-
tial microbiome.75,76

Westernization has altered urbanization and home architecture, 
dramatically changing our interaction with the outdoor environment 
and exposure to microbes.75 Recent work examining homes across 
an urbanization gradient in the Amazon rainforest, has identified 
unique microbial and chemical profiles based on characteristics such 
as house architecture, construction material, and occupant den-
sity.76 Urbanization is associated with reduced outdoor microbial ex-
posure and increased exposure to antimicrobials, cleaning products, 
and chemical diversity, resulting in increased exposure to human 
associated microbes and decreased exposure to environmental mi-
crobes.75,76 Thus, urbanization influences home characteristics, the 
diversity and type of microbial and chemical exposure, and has a sig-
nificant impact on the inhabitants' human microbiome.75,76 Recent 
studies characterizing home microbiomes in Finland and Germany 
identified unique microbiome compositions for farming and non- 
farming homes and they found that asthma risk decreased as the 
similarity of the home bacterial microbiota composition to that of 
farm homes increased. They concluded that indoor dust microbiota 
composition appears to be a definable predictor of asthma risk and a 
target that could be useful for asthma prevention.90

How ECs may influence home microbiome composition remains 
unknown, but it is becoming increasingly clear that changes in human 
microbial diversity, particularly in early developmental periods, has 
significant influence on many health outcomes.69 Only a couple of 
studies have been performed over the years that provide insight 
into the influence of ECs on home microbiomes (Table 4). Lebowitz 
et al (1982) identified increased algae and thermophyllic bacillus in 
homes with evaporative coolers and possible connections between 
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bioaerosols and asthma.95 Sneller & Pinnas (1987) found more fungi 
and more diverse species of fungi in EC compared to AC homes in the 
U.S. southwest.94 Macher & Girman (1990) identified multiplication of 
microorganisms in ECs as a potential health concern.15 In their study 
of	a	single	home	with	an	EC,	bacteria	in	sump	water	grew	to	1.0 × 105 
CFU/mL	during	9 weeks	of	operation	during	summer	months.	Bacterial	
and fungal species in indoor air more closely matched species in EC 
sump water than in outdoor air. Macher et al. (1995) also examined the 
distribution Micrococcuus luteus in an EC home after artificially con-
taminating the cooler with the bacteria.168 They concluded that the 
transfer	 rate	was	 low	 (55 cfu/min),	 even	 though	 the	EC	was	heavily	
contaminated with the tracer bacteria (>106 CFU/mL).

Large- scale quantitative residential microbiome studies examin-
ing the role of ECs have not been performed to date. The largest 
study thus far, and only next generation sequencing study on this 
topic to date, was conducted by Lemons et al. (2017), who exam-
ined the microbiome of homes (n = 21) in the Great Basin Desert 
region (USA) and found that EC and AC homes had similar bacte-
rial populations but significant differences in fungal species present 
(summarized in Table 4).49 EC homes had significantly higher levels 
of hydrophilic fungi in air samples compared to AC homes.49 This 
study also reported significant diversity in fungal species between 
EC and non- EC homes, with EC homes being more likely to harbor 
species associated with allergic sensitization. The dynamic and re-
gional differences in equipment and water sources make studying 
their microbiomes at a large scale more difficult.

4.6  |  Evaporative coolers and Legionella 
pneumophila

Legionella pneumophila made its debut as a deadly human pathogen 
in the 1976 outbreak of pneumonia among members of the American 
Legion attending a conference in Philadelphia (USA).169 In the four 
decades following, L. pneumophila has been implicated as the causa-
tive agent in a number of outbreaks, often associated with engineered 
water systems such as cooling towers, building hot water systems, 

and whirlpool spas.170,171,172,173,174,175 ECs have some similarities 
to industrial cooling towers and thus have the potential to harbor 
L. pneumophila; however, we found little in the published literature on 
this topic. Two studies from the Sudan report finding L. pneumophila 
in residential EC units, however, no cases of Legionnaire's Disease or 
Pontiac Fever were reported.176,177 As part of a Legionella disease 
investigation in South Australia, Cameron et al. (1991) collected en-
vironmental samples from ECs. They isolated the organism from one 
out of 21 EC units, again with no reported illnesses.178 Puckorius et al. 
(1995) identify two reasons why ECs are low risk for transmitting 
Legionella.179 First, Legionella bacteria grow in water at temperatures 
ranging from 20– 45°C, but the optimal temperature range is 37– 
41°C. ECs operate around the wet bulb temperature, which is gener-
ally below 24°C, and often under 20°C. Thus, water temperature in 
EC units is likely a limiting factor as it ranges closely around the point 
where the bacteria become dormant. Second, L. pneumophila must 
be transmitted as a respirable aerosol (<5.0 μm) to reach the alveoli. 
However, ECs typically release water in the form of vapor (gaseous 
state) rather than aerosols, and therefore do not transmit the bacteria 
into the home. In this review, we did not find any reports implicating 
residential ECs in cases of Legionnaire's Disease or Pontiac Fever, the 
two primary diseases caused by L. pneumophila.

5  |  CONCLUSIONS

Residential ECs are a simple, energy- efficient alternative to vapor 
compression AC units in arid and semi- arid climates. The importance 
of ECs in providing low- cost comfort to people in hot, dry climates 
cannot be overstated. Speaking of the advent of mass- produced ECs 
in the early 1930's, Cunningham (1985) stated, “In Arizona, man's 
best friend is not the dog; it is the evaporative cooler”.2 Almost a 
century later, ECs remain a boon to people who live in hot dry cli-
mates, particularly in resource- poor settings. However, accompa-
nying the impressive thermal and economic performance of ECs, a 
growing body of literature suggests that ECs may play important, 
perhaps even paradoxical, roles in immunological health.

TA B L E  4 Microbiome	of	homes	with	evaporative	coolers	and	central	air	conditioners

Study Methodology
No. 
homes

Bacterial phyla/species Fungal species

EC AC EC AC

Lemons et al. 
(2017)49

Next generation 
sequencing of 
air samples and 
swab samples 
from sump water

EC10

AC11
Proteobacteria 

(55.93%)
Actinobacteria 

(21.63%)
Firmicutes 

(14.43%)

Proteobacteria 
(58.38%)

Firmicutes 
(18.73%)

Actinobacteria 
(17.06%)

Alternaria alternata (32%) 
and Phoma spp. (22%)

Aspergilius (20%) and 
Cryptoccocus (20%)

Sneller et al.
(1987)94

Petri dish samples 
placed in the 
home

EC15

AC8
- - Alternaria, Aspergillus 

tamariia, Aspergillus 
spp, Biospora and 
Fusarium more 
abundant

Penicilium spp, Mycelia 
sterilia, Cephalosporium 
more abundant

aEC, Evaporative Air Conditioner; AC, Vapor Compression Air Conditioner.
bAspergillus tamarii was more prevalent in EC compared to AC homes, and Penicillium spp were more abundant in AC compared to EC homes (p < 0.05).	
Fusarium was isolated exclusively from EC homes.
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This review brings to light a gap in the literature on ECs, which is 
the lack of data on health effects associated with their use. Most of 
the studies identified in this review focus on exposure assessment. 
These studies are helpful to show differences in bioaerosol levels 
found in air and dust samples collected from homes, and these data 
certainly help provide context for future health studies. To date they 
provide valuable insight on endotoxin and β-	(1 → 3)-	D-	glucan	levels,	
which appear to be higher in homes with ECs. The existing exposure 
assessement studies also shed light on inconsitencies in relation-
ships between ECs and house dust mites and their allergens, Der p 
1 and Der f 1, warranting additional research in this area. Currently, 
there is little in the published literature on health effects associated 
with ECs. The fact that no case studies linked EC use to Legionnaire's 
Disease or Pontic Fever, and only one case study linked EC use to 
Farmer's lung suggest they are not a significant source of infectious 
disease transmission. However, epidemiological studies on health 
effects from ECs are limited. We found only three in this review, two 
of which used retrospective study designs,83,84 and thus cannot be 
used to determine the incidence of health outcomes or causality of 
diseases associated with ECs.180

Longitudinal, prospective studies, such as the one conducted 
by Aldous et al. (1996),82 may be necessary to fully understand 
the health implications of using ECs. The hygiene hypothesis and 
current research on the residential microbiome offer an important 
perspective that may apply to ECs. Namely, ECs may provide im-
portant microbial exposures during the critical early- life window 
for immune develoment. Although few studies have been done 
on this topic, data suggest the microbiome of EC homes differs 
significantly from AC homes, particularly for fungal species.49,94 
Furthermore, the largest epidemiological study in this review, 
conducted by Izadi et al. (2018), showed evidence that ECs may 
indeed provide some immunological protection, consistent with 
these theories.84 This review shows the need for additional re-
search on both deleterious and protective health effects associ-
ated with ECs, and many of the most salient questions may best be 
answered through prospective studies.
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