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ABSTRACT

As the city of Kashan is located in an arid area in Iran and is facing a severe water crisis, condensate
water recovered from air conditioners could be considered a potential water source. The study
aimed to evaluate this water source in terms of its quantity and physical and chemical character-
istics. A total of 72 condensate water samples were collected from air-conditioners during three
months in summer 2021. The samples were tested for pH, electrical conductivity, turbidity, total
hardness, total dissolved solids, alkalinity, nitrate, chloride, CO,, Pb, Zn, Cd, and As. It was found
that each device produced on average of 0.83 liters of water an hour. The physical and chemical
characteristics of the water meet the World Health Organization and Iranian Standards for drinking
water except for heavy metals concentration. Finally, it is concluded that the water quality is appro-
priate for a variety of non-drinking purposes and, due to the significant volume, the decision to
utilize such a large volume of water is economically sensible. However, due to the presence of
heavy metals in the recovered water, human and environmental health criteria must be taken into

consideration.

Keywords: Air conditioning system; Human health; Water resources; Condensate water

1. Introduction

The oceans, seas and lakes contain almost 97.5% of the
world’s water as saline water and the remaining 2.5% is
freshwater present in the glaciers, ice caps, snowy moun-
tains, atmosphere, and groundwater. Of this 2.5%, a small
amount is available to humans for daily water demands

* Corresponding author.

[1,2]. Furthermore, several issues such as climate change,
progressive water shortages, population growth, and
urbanization have posed challenges to water treatment
systems. According to the World Health Organization
(WHO), half of the world’s population will be living in
water-stressed areas by 2025 [3]. According to the United
Nations, gastrointestinal diseases such as diarrhea account
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for nearly 80% of newborn mortality rates globally [4],
and more than a third of deaths in developing nations are
caused by contaminated drinking water [5,6]. Many stud-
ies have been conducted to evaluate the quality of drinking
water [7-10]. On the other hand, freshwater shortages have
risen across the world, particularly in arid regions [11,12].
As a result, a major concern of health officials is provid-
ing enough drinking water and assuring its safety [13,14].
Different technologies have been developed to produce
freshwater, including the application of desalination
plants [15,16], solar stills [17,18], cloud fertilizing [19,20],
reclaimed water [21,22], and the production of freshwater
from the atmosphere.

The world’s atmosphere, with 14,000 km?® of water,
provides a vast and renewable source of water [23]. The
extraction of water from the atmosphere is a new technique
that relies on the compression and collection of atmospheric
humidity [24]. The important point here is how to obtain
water in a cost-effective manner. Condensate water produced
by air conditioners can be a free source of water [25].

A few studies have been conducted to estimate the
amount of water obtained from air conditioning systems
and its quality [26-29]. According to a study conducted
in Bandar Abbas in southern Iran, about 36 liters of water
could be obtained from each air-conditioner. In the study,
it was assumed that there were about 140,000-280,000
air-conditioners in Bandar Abbas, which could result in
the production of a total of 50,400-100,800 m?*/water d [26].
Magrini et al. [28] designed a heating, ventilation, and air
conditioning (HVAC) system in which air conditioning and
water condensation were combined. It was reported that
the designed system could provide about half of a hotel’s
demands.

Studies have shown that a significant amount of water
can be produced by condensing atmospheric moisture, as

Table 1
WHO and Iranian Standards for drinking water

previously noted. However, the quality of the condensate
water from air conditioning systems is a major concern.
The dissolving of ambient gases, as well as outdoor/indoor
air particles entering the air conditioners, may cause the
condensate water to be contaminated during its formation
[30,31]. Atmospheric water quality is affected by pollutants
present in the surrounding air [26]. As a result, high con-
centrations of heavy metals measured in the air of indus-
trial and populated areas may create these elements in the
water obtained from air conditioning systems. On the other
hand, heavy metals may be present in the water as a result
of contact with cooling coils and other components in air
conditioning systems [32]. Previous studies have reported
low concentrations of heavy metals in condensate water
[33,34]. However, utilizing this water for irrigation might
lead to greater concentrations of heavy metals in the soil
and plants over time [32].

During the summer, air conditioners are extensively used
to cool buildings. Therefore, atmospheric humidity conden-
sation in air conditioners may provide a valuable source of
water for various purposes. However, due to the existence
of various industries in this city, the impact of air pollutants
on the quality of the water is a significant issue. Therefore,
this study aimed to investigate the quantity and quality of
condensate water obtained from air conditioning systems.

2. Materials and methods

In this study, a total of 72 water samples were collected
from air conditioners operating in commercial, official, and
residential buildings in Kashan. Samples were taken in trip-
licate from six air conditioning brands, including General,
O General, Gree, Samsung, LG, and Mitsubishi, with four
different powers of 12,000; 18,000; 24,000 and 30,000 from
mid-July to early September 2020.

Parameters WHO Standards [3] Iranian Standards [36]

EC (umoh/cm) - -

Turbidity (NTU) Maximum allowable: 5 Maximum allowable: 5
Maximum desirable: 0.5 Maximum desirable: 1

TH (mg/L CaCOS) Maximum desirable: 100-200 Maximum desirable: 200

CO, (mg/L) - -

Nitrate (mg/L) Maximum allowable: 50 Maximum allowable: 50

Alkalinity (mg/L) - -

pH Maximum allowable: 8-8.5 Maximum allowable: 6.5-9
Maximum desirable: 6-8.5 Maximum desirable: 6.5-8.5

TDS (mg/L) Maximum allowable: 1,000 Maximum allowable: 1,500
Maximum desirable: 600 Maximum desirable: 1,000

Chloride (mg/L) Maximum desirable: 200 Maximum desirable: 250

Pb (mg/L) Maximum allowable: 0.01 Maximum allowable: 0.01

Cd (mg/L) Maximum allowable: 0.003 Maximum allowable: 0.003

Zn (mg/L) Maximum desirable: 3 Maximum desirable: 3

As (mg/L) Maximum allowable: 0.01 Maximum allowable: 0.01

WHO - World Health Organization;

NTU - Nephelometric turbidity unit.
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All samples were collected in polyethylene bottles
(1-L capacity) and immediately transferred to the laboratory
for physical and chemical analysis. The levels of turbidity,
electrical conductivity (EC), pH, total hardness (TH), zinc
(Zn), lead (Pb), cadmium (Cd), arsenic (As), nitrate, alkalin-
ity, carbon dioxide, total dissolved solids (TDS), and chloride
were determined in the samples as described in Standard
methods book for the examination of water and wastewa-
ter [35]. Heavy metals concentrations were determined
using ICP Model 2400 DV Optima according to standard
method number 3120B.

For statistical analysis, SPSS 26.0 software was used. The
maximum, minimum, mean, and standard deviation of the
analyzed parameters were determined using descriptive anal-
ysis. The levels of parameters in the samples were normally
distributed (as determined by a Kolmogorov-Smirnov test).
Therefore, the parametric ANOVA test was run to compare
the parameter levels between the groups. Pearson’s correlation
determined the potential relationship between the analyzed
parameters. A p-value of <0.05 was considered as significant.

3. Results

In this study, the quantitative and qualitative data of air
conditioners’ condensate water are presented in Tables 2
and 3. The standards for drinking water and effluent reuse
in irrigation are also presented in Tables 1 and 2.

Table 2
FAO and Iranian Standards for effluent reuse in irrigation
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Also, mean of humidity and temperature of air were
27.5% and 26.76°C, respectively.

The results of one-way analysis of variance showed no
significant difference according to the brand and power of
the air conditioner in the amount of physical and chemical
parameters and the amount of condensate water recovered
from the air conditioner. A significant difference between
the concentrations of lead and arsenic was observed in dif-
ferent brands of air conditioners. However, no significant
difference was confirmed for other heavy metals.

4. Discussion

Electrical conductivity (EC) in the recovered water
from air conditioners ranged from 0.7 to 15.25 pmoh/cm
and the mean was 5.7 pmoh/cm, which was lower than
the amount reported in the study of Alipour et al. [26] in
Bandar Abbas, Iran (42.55 pmoh/cm) [26], Noutcha et al.
[29] in Nigeria (24.4 pmoh/cm) [29], Siam et al. [39] in
Palestine (79.4 umoh/cm) [39], and Scalize et al. [40] in
Brazil (19.23 pmoh/cm).

The mean TDS levels of the water ranged from 8 to
42.5 mg/L which were less than the desirable value and the
allowable standard number 1053 of Iran Industrial Standard
Institute [36] as well as the WHO guideline [3]. The TDS
level measured in our study was more than the TDS amounts
determined in Nigeria (12.6 mg/L) [29] and Brazil (18.5 mg/L)
[40] but lower than TDS amounts reported in Alipour et al.
[26] study in Bandar Abbas, Iran (31.7 mg/L) [25,26] and Siam
et al. [39] in Palestine (42.48 mg/L) [39]. It was documented
that condensate water from near-sea locations (e.g., Bandar
Abbas [26]) had a greater salinity.

Parameters ~ FAO Standards [37] Iranian Standards [38] The mean of alkalinity was 24 mg/L, which is regarded
Pb (mg/L) 5 1 as low alkalinity. Water samples had a slightly acidic pH
Cd (mg/L) 001 0.05 (~6) which was probably related to the presence of gases
Zn(mgl) 2 2 such as CO, in the air. The water pH from air condition-
As (mg/L) 01 01 ers in all brands and powers except Samsung brand and
power 18,000 was lower than the allowable standard
Table 3
Mean and standard deviation of physical and chemical characteristics of water gained from air conditioners regard to the brand
of system
Brands LG Samsung O General General Mitsubishi Gree p-value
Parameters
EC (umoh/cm) 0.8+0.3 3.01 +£4.36 0.72+0.54 209+1.6 14.96 £15.7 12.8 £24.13 0.367
Turbidity (NTU) 0.96 +0.86 1.3+0.7 0.96+0.7 1.19+0.4 0.37 £0.14 1.36 £ 0.86 0.455
TH (mg/L CaCO,) 13.75+3.86 16.50+5.5 13.50 + 6.19 11.25+2.75 9+2.58 18 +4.32 0.094
CO, (mg/L) 84+12 8.58 +3.16 5.25+0.72 8.03+3.9 11.16 £ 12.01 6.6+£2.7 0.747
Nitrate (mg/L) 2077+085 1.67+1.4 1.3£0.1 23+13 1.88+1.8 1.26+0.26 0.745
Alkalinity (mg/L)  27+9.4 29.5+51 20+9.1 28.6+15.3 19.5+42 19.4+9.5 0.417
pH 6.3+0.16 6.5+0.22 6.14+0.28 6.4+0.34 62+0.13 6.2+0.33 0.359
TDS (mg/L) 8+54 40 £29.44 20 +27.08 20+18.26 20 +14.14 42.5+20.6 0.195
Chloride (mg/L) 2376 +4.78  20.6 +6.58 18.76 + 4.8 2626+7.5 19.38 £ 4.26 19.6 +4.6 0.377
Pb (mg/L) 0.04+0.005  0.043 +0.003 0.04 +0.004 0.028+0.006  0.028 £0.0045 0.034+0.003 <0.001
Cd (mg/L) 0.0050 +0 0.0052 +£0.0005  0.0053 +0.0005 0.0050 +0 0.0050 £ 0 0.0050 + 0 0.56
Zn (mg/L) 0.265+0.03 036+0.1 0.3+0.04 0.27 £0.06 0.4 +0.25 0.27 £0.037 0.47
As (mg/L) 0.04+0.002  0.04 +0.006 0.04 +0.002 0.046+0.006  0.045+0.004  0.03+0.004  <0.001
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Table 4

Mean and standard deviation of physical and chemical characteristics of water gained from air conditioners regard to the power of

system

Powers (W) 12,000 18,000 24,000 30,000 p-value

Parameters
EC (umoh/cm) 15.29 £19.97 5.24 +1.07 0.7+0.26 1.69+1.4 0.137
Turbidity (NTU) 1.05+0.8 0.76 + 0.44 1.095 +0.77 12+09 0.77
TH (mg/L CaCO,) 12.67 £4.7 13.83 £5 13.67£5.4 14.50 +£5.93 0.94
CO, (mg/L) 78+3.6 65+1.8 85+6.8 78£3.2 0.45
Nitrate (mg/L) 1.4+05 1.6+1.23 19+14 204+1.14 0.76
Alkalinity (mg/L) 21.3+75 31.5+10.7 239+79 19.3 £9.09 0.12
pH 6.25+0.3 6.5+0.2 6+0.16 62+0.3 0.18
TDS (mg/L) 31.7+19.4 22+11.3 25+ 39 21.7+13.3 0.87
Chloride (mg/L) 18.06 + 3.05 229+7.15 19.6 £3.3 25 +6.32 0.13
Pb (mg/L) 0.03 + 0.0056 0.03 £ 0.0074 0.036 + 0.0078 0.03 +0.009 0.8
Cd (mg/L) 0.0050 +0 0.0050 +0 0.0052 + 0.0004 0.0052 + 0.0004 0.58
Zn (mg/L) 0.3+0.04 04+0.2 0.28 +0.05 03+0.1 0.37
As (mg/L) 0.04 = 0.004 0.04 £ 0.0037 0.04 +0.007 0.04 +0.006 0.3

number 1053 of Iran Industrial Standard Institute [36]
and in all cases, it was less than the allowable amount in
WHO instructions.

CO, concentration ranged from 526 to 11.6 mg/L
with the mean of 8 mg/L. Carbonate part of the alkalinity
has a significant relationship with the hardness of water.
Naturally, the alkalinity and the hardness of water are
low. The alkalinity amount in this study was more than
the amount reported in Nigeria (15.4 mg/L) [29] and lower
than that in Bandar Abbas (36-35 mg/L) [25,26].

The level of hardness was in the standard range and the
mean was 13.67 mg/L. CaCO,. The hardness of water from
air conditioners in Kashan was lower than the allowable
standard level of Iran Industrial Standard Institute (No.
1053) [36] and lower than the allowable amount in the WHO
guideline [3] (Table 1). This was a soft water, which may
cause corrosion of metal parts of the air conditioner, so the
pH adjustment for the industrial use of such water is nec-
essary [41,42]. Based on earlier research, the hardness was
higher than the amount reported in Nigeria (12.33 mg/L
CaCO,) [29], and in Palestine (3.6 mg/L CaCO,) [39] and
lower than that in Bandar Abbas (19.37 mg/L CaCO,) [25,26].

The mean nitrate concentration of the water from the
air conditioners was 1.26-2.327 mg/L with the mean of
1.75 mg/L, which was lower than both the allowable stan-
dard of Iran Industrial Standard Institute (No. 1053) [36]
and the levels suggested in the WHO guideline [3]. The con-
centration of nitrate in this study was lower than the nitrate
content of the condensate water in Nigeria (15.27 mg/L)
[29]. The turbidity of condensate water ranged from 0.37 to
1.36 NTU and its mean was 1.03 NTU. According to the stan-
dard, the amount of water turbidity of water recovered from
the air conditioners in Kashan was lower than the allowable
amount. The water turbidity could be due to the diffusion
of particles from vehicles or dust from the air. The turbid-
ity amount in this study was lower than similar studies in
Nigeria (5 NTU) [29] and Bandar Abbas (2.43 NTU) [25,26],
but more than that in Brazil (less than 0.4 NTU) [40].

Chloride concentration was 18.6- 26.26 mg/L with a
mean of 21.4 mg/L which was lower than Iranian Standard
and the accepted value of WHO guideline. In a study con-
ducted in Nigeria, the chloride amount was 123.67 mg/L in
the first study and 5.6 mg/L in the second study.

The mean concentrations of heavy metals for each brand
and the input power of air-conditioners are presented in
Tables 2 and 3. The mean concentrations of lead, cadmium,
zinc, and arsenic were 0.03, 0.00051, 0.31, and 0.04 mg/L,
respectively. Concentrations of lead, cadmium, and arse-
nic were higher than the WHO and Iran allowable limits
for freshwater consumption, so it is not recommended for
drinking. However, it can be used for irrigation of ornamen-
tal flowers, green spaces at home, engine cooling systems,
and also in industry for washing devices. The solubility of
air pollutants in water or the reactivity of the water with
metal components of the instruments might cause the pres-
ence of heavy metal in the condensate water. The slightly
acidic nature of condensate water causes it to react with
metal surfaces especially iron and steel in air condition-
ers. This can create metal ions and accumulation of met-
als in water if metal tubes are used for irrigation hence
maintaining these metals in the soil for a long time [32].
However, Table 2 reveals that the concentration of lead,
cadmium, zinc, and arsenic in the water harvesting from
air conditioners are in accordance with the FAO [37] and
Iran Irrigation Standards [38].

In our study, a significant difference in lead and arse-
nic concentrations in different brands of air-conditioners
was observed (P < 0.001), which was probably related to
the reaction of water with metal components in different
instruments. The results of Siriwardhena and Ranathunga
[34] study showed a minor hazard posed by the contami-
nation of the water by lead from solder joints in the coils
of air conditioners. In a study conducted in Nigeria [29],
the lead value was more than the desirable amount and
ranged 0.03-0.06, but the study in Palestine [39] showed no
lead in the samples. Given the presence of many different
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Fig. 1. Mean and standard deviation of the condensate water quantity from the air conditioners according to the power and brand of

air conditioner.

industries and motor vehicles in Kashan, the concentra-
tion of heavy metals in the air is possibly high. In stud-
ies conducted in other cities in Iran, high levels of heavy
metals in the ambient air were reported. The studies indi-
cated that the concentrations of arsenic, cadmium, and
nickel in Isfahan [43], cadmium and nickel in Tehran [44],
and lead, copper, nickel, and chromium in some parts of
Arak [45] were higher than the acceptable values.

Also, the mean values of relative humidity (RH%) and
temperature of the air were 27.5% and 26.76°C, respectively.

As is shown in Fig. 1, the amount of condensate water
taken from different types of air-conditioners ranged from
0.6 to 1.2 L/h (mean: 0.83 L/h). Statistical analysis showed
no significant difference between the quantity of water
recovered from different brands and input powers of the
selected air-conditioners. It was reported that the relative
humidity plays a major role in the water recovery from
air conditioners. Kashan is located in an arid area with
low relative humidity. As expected, the quantity of water
from air-conditioners in our study was lower than that in
studies conducted in humid climates. In our study, the vol-
ume of extractable condensate water from air-conditioners
was estimated at about 1 L/h which means the production
of about 8 L/d of water, considering 8 h of operation in
a day. In a study conducted in Brazil [40], the mean vol-
ume of water obtained from different powers, including
9,000; 12,000 and 24,000 W, was reported at about 4.25 L/h.
In a study performed in Bandar Abbas [25,26], Iran, with
a hot and humid climate, the mean quantity of the water
recovered from split air conditioners and window air
conditioners was 36 L/d for each instrument. Although our
study was conducted in a dry area with low humidity in
the ambient air, human activities such as bathing, show-
ering, cooking, clothes washing, and floor washing create
humidity indoors. Considering the severe water crisis in
Kashan, condensation of the indoor air moisture in air
conditioning systems can provide a valuable water source
for domestic use.

5. Conclusion

Lack of water resources in most countries, especially
in Iran, has become one of the major problems. To over-
come this challenge, it is necessary to develop the new
water resources. Therefore, the present study aims to
investigate the use of a potential new sources of water,
namely water harvesting from air conditioners. These
systems produce a considerable amount of water in dif-
ferent climatic conditions depending on the air humidity,
which is wasted as a by-product, while it can be managed
effectively for non-drinking purpose. The results of this
study indicate that the amount of water harvesting from
home or commercial air conditioning system was consid-
erable and its average value was about 0.83 L/h depend-
ing on the weather conditions in Kashan city. It was also
found that the relationship between water harvesting
and brand and its power of system was not statistically
significant. In addition, based on chemical analysis, the
concentration of some heavy metals in the harvested water
was high due to air pollution in the region. Therefore, it
cannot be used for drinking purposes, but it can be used
for irrigation of ornamental flowers, toilet flash tanks,
car windshield wipers, and engine cooling systems.
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Limitation

A limitation of this study was lack of access to all air

conditioners in houses, offices, and commercial places. Also,
there is a lack of a structure for collecting and reusing the
condensate water, lack of public awareness and knowl-
edge, as well as the possibility of microbial risk in high-risk
locations.
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