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Abstract: The water harvesting potential of atmospheric water generators (AWGs) in high-altitude
semiarid regions can be diminutive relative to the water generation capacity. Operational parameters
for the dehumidification process can be augmented to increase atmospheric water in the defined
zone available for harvesting. In this paper, the feasibility of augmenting the microclimates of AWGs
at the point of air extraction through an evaporative cooling system (ECS) was investigated. Water
yield and capacity utilisation were measured from two AWGs piloted on a plant in Ga-Rankuwa,
South Africa. This was implemented between December 2019 and May 2021. The study revealed
that although the ECS did impact the operating parameters through decreasing temperature and
increasing relative humidity (p < 0.05), variance in water yield was not significant (p > 0.05). Capacity
utilisation of the AWGs remained below 50% after augmentation. Cooling efficiency of the ECS
ranged between 1.4–74.5%. Energy expenditures of 0.926 kWh/L and 0.576 kWh/L for AWGs 1
and 2 were required under pristine conditions, respectively. Under the modified conditions, energy
expenditure decreased to 0.855 kWh/L for AWG 1, but increased/L to 0.676 kWh for AWG 2. ECS is
deduced to not be a feasible intervention for augmenting water harvesting potential for AWGs in this
semiarid zone.

Keywords: atmospheric water generators; atmospheric water harvesting; capacity utilisation;
evaporative cooling system; water yield; energy consumption

1. Introduction

South Africa has been forecasted to experience physical water scarcity by the year
2025 with an annual freshwater availability below the index of water scarcity, 1000 m3

per capita [1]. The Food and Agriculture Organization of the United Nations estimated
present total renewable water resources in South Africa between 2018 and 2022 at
888.5 m3/inhabitant/year. This is an indication that available renewable water resources
are already below the index of water scarcity. Water demand is expected to rise to
17.7 billion m3 in 2030, while water supply is projected at 15 billion m3, representing
a 2.7–3.8 billion m3 water deficit [2]. Alternative water sources should be prioritised in
water resource management strategies to ensure future water security.

Atmospheric water harvesting has been recognised as a method for decentralised
water production that is viable for augmenting water supply [3–5]. Atmospheric water is a
vast renewable reservoir of water, with an estimated 12,900 km3 of renewable water [6].
Atmospheric water exists in three types: clouds in the sky, fog close to the land, and vapour
in the air, and collectively accounts for approximately 0.04% of total freshwater sources [7].
Devices that harvest water from the atmosphere are atmospheric water generators (AWGs).
Methods for harvesting atmospheric water and advances in the technologies applied have
been extensively reviewed by Tu et al. [8,9]. In dew condensation AWGs, the upper limit
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of dew yield is 0.8 kg/day/m2, based on radiation cooling capacity for condensation.
However, in semiarid climates, the maximum observed dew water outputs typically fall
within 0.3–0.6 kg/day/m2 [10]. Thus, notably, although AWGs can be used in arid and
semiarid areas with low moisture content and water harvesting [11], the potential of AWGs
in these areas can be diminutive relative to water generation capacity.

It is a prevailing rule that AWGs operating under a cooling condensation process do
not work efficiently when the temperature falls below 18.3 ◦C or the relative humidity
drops below 30% [12]. Shafeian et al. [13] précised hybrid AWG systems as being critical in
increasing water productivity and achieve desired efficiency. Auxiliary systems to increase
relative humidity were amongst those included. Pokorny et al. [14] prototyped an AWG
specifically designed for arid climates. Water harvesting rate was reported from 0.23 kg/h
to 1.45 kg/h.

Evaporative cooling is a passive cooling strategy which has exhibited potential as an
auxiliary system. Hot and dry ambient air enters with the negative pressure effect created
inside the sump interior and evaporates the water while passing through the wet pads.
Through this manner, the dry-bulb temperature of the air entering the ECS decreases, and
relative humidity rises [15].

Al Jubury and Hind [16] presented an indirect–direct cooling design to protect plants
inside a greenhouse located in a desert climate. Greenhouse temperature decreased by
~12.1 ◦C and relative humidity increased from 8% to 62% compared to ambient conditions.
Applications further include humidity control in processing plants, air compressor rooms,
and various commercial buildings. Literature shows that depending on application and
climatic conditions, evaporative cooling systems can continuously be redesigned to achieve
better cooling performance [17].

In South Africa, theoretical studies on the design and simulated performance of AWGs
in coastal areas have been conducted by Thisani et al. [18] and Giyaya [19]. However,
empirical field studies are yet to be conducted. In tandem, at the time of this study, active
ECS had not been studied or deployed as a potential auxiliary system for atmospheric
water harvesting methods. This study presents an investigation of the feasibility of utilising
evaporative cooling as an auxiliary system to augment the microclimate of AWGs to
increase water productivity. The first stage of the research was to carry out climatological
profiling of the study area to determine the environmental conditions and the forecasted
baseline performance of AWGs under pristine conditions. In the second stage, an evaluation
of the performance of AWGs under a modified ECS system was conducted. In addressing
the performative limitations of moderately low relative humidity in the study area, it was
hypothesised that the operating window for the AWGs would increase. Relative to pristine
ambient weather conditions, the detected microclimate would be above the efficiency
threshold for a longer period and thus, favourable in increasing water productivity.

2. Materials and Methods
2.1. Study Area and Climatological Profiling

This research was conducted in the Ga-Rankuwa Industrial area. Ga-Rankuwa is a
settlement with an area of approximately 52.12 km2, and is home to an estimated population
of 68,767 as last recorded in 2012 [20]. It borders two provinces, Gauteng and North West
in South Africa. Gauteng is situated on the Highveld, which is high-altitude, with an
elevation of 1500 m above sea level. The province is characterised by a grassland biome in
the south and savanna in the north [21]. The North West province falls within the grassland
and savanna biomes and is made up of flat plains and scattered trees. Ga-Rankuwa has
a semiarid climate with temperature ranging from 5 to 29 ◦C over the course of the year.
The warm season occurs from September to March, lasting for 5.8 months, and has an
average daily temperature above 27 ◦C. The cold season occurs from May to August, lasting
2.2 months, and has an average daily temperature below 21 ◦C. Ga-Rankuwa experiences
significant variation in rainfall, with an annual rainfall of 282 mm. January is the month
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which experiences the most rainfall, with an average rainfall of 94 mm. The annual average
humidity in Ga-Rankuwa is 50%.

The humidity ratio or specific humidity of the study area was determined in En-
gineering Equation Solver (EES) –F-chart software (version 10.521) using the equation
W = Mw/Mda [22]. This is illustrated in Figure 1. At 15 ◦C, the minimum operational tem-
perature required for the AWGs to generate water, the specific humidity was determined to
be 0.006 kg of vapour per kg of dry air.

Water 2022, 14, x FOR PEER REVIEW 3 of 17 
 

 

an average daily temperature above 27 °C. The cold season occurs from May to August, 
lasting 2.2 months, and has an average daily temperature below 21 °C. Ga-Rankuwa ex-
periences significant variation in rainfall, with an annual rainfall of 282 mm. January is 
the month which experiences the most rainfall, with an average rainfall of 94 mm. The 
annual average humidity in Ga-Rankuwa is 50%. 

The humidity ratio or specific humidity of the study area was determined in Engi-
neering Equation Solver (EES) –F-chart software (version 10.521) using the equation W = 
Mw/Mda [22]. This is illustrated in Figure 1. At 15 °C, the minimum operational temperature 
required for the AWGs to generate water, the specific humidity was determined to be 
0.006 kg of vapour per kg of dry air. 

 
Figure 1. Specific humidity of air in the study area. 

A typical meteorological year (TMY) indicator of the temperature and relative hu-
midity profile of the study area was developed using climate simulation model data. This 
data were sourced from the meteorological service Meteoblue. The time period used was 
from 2015 to 2020 to ensure that the simulation data used to derive the TMY were the 
latest and would present an updated simulation of present climate conditions of the study 
area. Temperature and relative humidity were the parameters used. The resulting TMY is 
listed below in Figure 2. A water generation profile showing how much water can be ex-
pected to be generated in the study area over a specific period under the present prevail-
ing climate conditions of the study area was developed from the TMY. Net water genera-
tion was forecasted at 302,235 L. Water yield from an AWG consistently operating under 
optimal conditions (27 °C, 60% RH) was equivalent to 1,778,700 L per year. Forecasted 
capacity utilisation of the AWGs in the study area equated to 17%. 

0 5 10 15 20 25 30 35
0

0.005

0.01

0.015

0.02

T01  [C]

ω
1  

[k
g v

ap
/k

g d
a]

Figure 1. Specific humidity of air in the study area.

A typical meteorological year (TMY) indicator of the temperature and relative humid-
ity profile of the study area was developed using climate simulation model data. This data
were sourced from the meteorological service Meteoblue. The time period used was from
2015 to 2020 to ensure that the simulation data used to derive the TMY were the latest
and would present an updated simulation of present climate conditions of the study area.
Temperature and relative humidity were the parameters used. The resulting TMY is listed
below in Figure 2. A water generation profile showing how much water can be expected to
be generated in the study area over a specific period under the present prevailing climate
conditions of the study area was developed from the TMY. Net water generation was
forecasted at 302,235 L. Water yield from an AWG consistently operating under optimal
conditions (27 ◦C, 60% RH) was equivalent to 1,778,700 L per year. Forecasted capacity
utilisation of the AWGs in the study area equated to 17%.

2.2. Experimental Setup

Two commercially available vapour compression cycle AWGs manufactured by Best-
way Technology Co., Ltd. in Shanghai, China were commissioned on a pilot plant in
Ga-Rankuwa Industrial. The extraction of water from the humid ambient air by the AWGs
was achieved through the operating principle of a vapour-compression refrigeration system.
The atmospheric air first passes through the cool surface of the evaporator that decreases the
air temperature below the ambient dew point temperature. As a result, condensate forms
on the surface of the evaporator coils. The released sensible and latent heat is absorbed by
the refrigerant inside the tubes of the heat exchanger. The fresh water gathers in a collection
duct under the evaporator. It is worthy to note that the amount of water extracted depends
heavily on the size and design of the harvesting system. Figure 3 illustrates the operational
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design of the AWGs under pristine conditions and modification during the study. The
specifications of the atmospheric water generators are listed in Table 1.
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Figure 3. Operational setup of AWGs at the site of study under (a) pristine conditions and
(b) modification (ECS).

Table 1. Specifications and operating parameters of AWGs used in the study.

Power Supply
3/N/PE
AC 380 V 50 Hz
three-phase voltage

Input Power 86 kw
Compressor Type Enclosed vortex compressor
Compressor Quantity 8
Refrigerant R407c
Circulating Air volume 50,000 m3/h
Heat-exhaust air volume 62,000 m3/h

Air Filter (G3 Non-woven filter) 450 × 2200 × 360 mm x2set
450 × 2200 × 600 mm x2set

Machine Dimension (L × W × H) (mm) 2200 × 11,300 × 2190
Standard working temperature 15–45 ◦C
Standard working humidity 25–100%
Control system PLC
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Under modification, a direct cooling system was erected atop the air inlet of the
AWGs. This comprised of a sump constructed around Munters’ MI-T-edgTM chemically
treated cellulose-based CELdek® evaporative cooling pads. Groundwater was pumped and
circulated using a circulating pump to saturate the evaporative cooling pads. Subsequently,
the water accumulated in the return gutter and was recirculated. The design did not include
a bleed-off system. This is summarised in the schematic diagram illustrated in Figure 4.
Direct evaporative cooling systems only work properly when using once-through supply
air; therefore, air was released through the AWG exhaust fans.
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The working principle makes use of enthalpy of vaporisation to increase humidity
while reducing dry-bulb temperature [23]. Warm ambient air enters the cellulose-based
pad which is sprayed with water at the wet-bulb temperature of the inlet air. Heat transfer
is realised from the warm air to the cold water. The heat is transferred by the air stream as
sensible heat and is absorbed by the water as latent heat. Corresponding to the value of
latent heat, water is evaporated and embedded by diffusion into the flowing air, increasing
the moisture content of this air. The temperature of the outlet air decreases due to the
sensible heat transferred by the air [24].

The AWGs’ apparent water yield was estimated using a water generation performance
sheet interpolated from data supplied by the original equipment manufacturer (OEM) as
seen in Figure 5. At correlating temperature and relative humidity values, water yield from
the AWGs was forecasted. At temperatures below 15 ◦C and relative humidity below 30%,
water generation was not quantifiable and was considered negligible. When the parameters
exceeded a temperature of 15 ◦C and relative humidity of 30%, water generation was
quantifiable. A formula for forecasting water to be generated by each atmospheric water
generator on a day of observation was developed based on OEM’s water generation sheet.
Forecasts were generated daily using hourly temperature and relative humidity forecasts
of the study area. Weather forecast data utilised in this study were sourced from the South
African Weather Service and Time and Date. Forecasts of water generation from TMY and
real-time weather forecasts were overlaid on measured water generation from each AWG
on corresponding days. Volume of water produced (measured in litres) was represented
on the radial axis and the day on the angular axis. This was to illustrate the variance in
water productivity based on historic and real-time weather conditions. Forecasted water
yield and measured water yield were referred to as apparent water yield and real water
yield, respectively.



Water 2022, 14, 2983 6 of 17

Water 2022, 14, x FOR PEER REVIEW 6 of 17 
 

 

The AWGs’ apparent water yield was estimated using a water generation perfor-
mance sheet interpolated from data supplied by the original equipment manufacturer 
(OEM) as seen in Figure 5. At correlating temperature and relative humidity values, water 
yield from the AWGs was forecasted. At temperatures below 15 °C and relative humidity 
below 30%, water generation was not quantifiable and was considered negligible. When 
the parameters exceeded a temperature of 15 °C and relative humidity of 30%, water gen-
eration was quantifiable. A formula for forecasting water to be generated by each atmos-
pheric water generator on a day of observation was developed based on OEM’s water 
generation sheet. Forecasts were generated daily using hourly temperature and relative 
humidity forecasts of the study area. Weather forecast data utilised in this study were 
sourced from the South African Weather Service and Time and Date. Forecasts of water 
generation from TMY and real-time weather forecasts were overlaid on measured water 
generation from each AWG on corresponding days. Volume of water produced (meas-
ured in litres) was represented on the radial axis and the day on the angular axis. This was 
to illustrate the variance in water productivity based on historic and real-time weather 
conditions. Forecasted water yield and measured water yield were referred to as apparent 
water yield and real water yield, respectively. 

 
Figure 5. Interpolated harvesting profile of AWGs at specific RH profiles. 

Ambient temperature and relative humidity detected by the on-board hygrometric 
sensor of AWGs were read from the human–machine interface and recorded hourly. The 
volumetric flow of water generated by each AWG was respectively measured by a posi-
tive displacement meter. This was recorded hourly. The data set was collected over the 
span of one year 5 months, between December 2019 and May 2021. The data can be cate-
gorised into the following sub-categories: 
1. 18 December 2019–20 February 2020: data collected under pristine conditions to es-

tablish baseline performance; 
2. 1 March 2020–17 March 2021: data collected under modification; 
3. 18 March 2021–10 May 2021: data collected from one AWG unit operating under pris-

tine conditions and the second AWG unit operating under modification. 
A test of significance was conducted from the collected data. The paired t-test was 

the statistical method utilised to conduct a comparative analysis to determine whether the 
difference in specific water production per day per unit collector area from the AWGs 

0

2000

4000

6000

8000

10000

12000

15 20 25 30 35 40 45 50

W
at

er
 V

ol
um

e 
( L

 )

Temperature ( ℃ )

30%

40%

50%

60%

70%

80%

90%

Figure 5. Interpolated harvesting profile of AWGs at specific RH profiles.

Ambient temperature and relative humidity detected by the on-board hygrometric
sensor of AWGs were read from the human–machine interface and recorded hourly. The
volumetric flow of water generated by each AWG was respectively measured by a positive
displacement meter. This was recorded hourly. The data set was collected over the span of
one year 5 months, between December 2019 and May 2021. The data can be categorised
into the following sub-categories:

1. 18 December 2019–20 February 2020: data collected under pristine conditions to
establish baseline performance;

2. 1 March 2020–17 March 2021: data collected under modification;
3. 18 March 2021–10 May 2021: data collected from one AWG unit operating under

pristine conditions and the second AWG unit operating under modification.

A test of significance was conducted from the collected data. The paired t-test was
the statistical method utilised to conduct a comparative analysis to determine whether
the difference in specific water production per day per unit collector area from the AWGs
under different operating conditions was significant. The significance threshold was set
at 0.05.

Cooling efficiency of the evaporative cooling system was determined using the equa-
tion below, where Tdo is the dry-bulb temperature of the outside air, Tdin is the dry-bulb
temperature of cooled air exiting the evaporative pad, and Two is the wet-bulb temperature
of the ambient air [22].

η = 100 × Tdo − Tdin
Tdo − Two

3. Results
3.1. Performance of the AWGs under Pristine Conditions

The comparative relationship between the apparent and real water yield is shown in
Figure 6. In December, the apparent yield calculated based on the climate profile of the study
area exceeded real water yield from both AWG units. The degree in variability between the
apparent and real water yield was observed to decline in January and February, respectively,
relative to December. Variance was observed in the volume of water generated by each
AWG unit when operating under similar conditions. This difference in real water yield
was present on each day when water yield was measured. Apparent capacity utilisation
for December was calculated to be 29%. During this period, capacity utilisation for AWGs
1 and 2 was measured at 13% and 19%, respectively. In January, capacity utilisation was
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calculated to be 31%, whereas the measured capacity utilisation was recorded at 12%
and 25% for AWGs 1 and 2, respectively. Similarly, for February, capacity utilisation was
calculated to be 31%, whereas the measured capacity utilisation was recorded at 25% and
42% for AWGs 1 and 2, respectively.
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3.2. Performance of the AWGs under Modified Conditions

The comparative relationship between the apparent and real water yield is shown in
Figure 7. As seen in the baseline test, the AWGs did not generate water at an equivalent rate.
Daily recorded water yield was recorded at different volumes for each AWG. Contrary to the
observations noted in the baseline test, under modification, AWG 1 generated more water
than AWG 2. This trend was characteristic in each month; however, the trend was most
notable in October, November, and December 2020. This performance was not consistently
observed during the observation period. In the results, days were observed whereby AWG
2 generated more water than AWG 1. These were noted in each individual month of
observation. To better understand causation of variability in water yield, a 30-day sample
size was used to determine Mean ± SD of the operational parameters. For temperature,
Mean ± SD was 19.13 ± 3.4 and 18.81 ± 3.2 for AWGs 1 and 2, respectively. For relative
humidity, Mean ± SD was 56.37 ± 9.5 and 57.98 ± 10.3 for AWGs 1 and 2, respectively.

In March 2020, apparent water yield based on the TMY of the study area exceeded the
apparent water yield forecasted by ambient conditions. The mean variance was recorded at
761 L. This trend continued steadily in the months of April and May. A decline was noted
from June to August, with the mean variance ranging from 52 L, 27 L, and 42 L during this
period. It was observed that from September, the variance in apparent water yield changed,
whereby variance was determined to be −151 L, illustrating apparent water yield based
on ambient conditions exceeding calculated water yield based on TMY data. This shift
continued to be observed from September to March 2021. The highest mean variance was
determined to be in November 2020 at 1722 L. From December, mean variance was shown
to have declined. The lowest mean variance during the peak water generation period was
determined to be in October 2020 at −68 L. Real water yield and capacity utilisation of the
AWGs under modified conditions are summarised in Table 2.
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Table 2. Performance of the AWGs under ECS.

Month Real Water Yield (L) Capacity Utilisation (%)

AWG1 AWG2 AWG1 AWG2

Mar-20 29,313 29,313 19.3 19.3

Apr-20 14,132 11,344 10.0 8.0

May-20 16,748 13,715 11.0 9.0

Jun-20 1399 2036 1.0 1.0

Jul-20 1442 2341 1.0 20

Aug-20 6758 3644 4.0 2.0

Sep-20 12,776 11,537 9.0 8.0

Oct-20 35,251 16,149 23.0 11.0

Nov-20 52,881 33,642 36.0 23.0

Dec-20 61,794 37,306 41.0 25.0

Jan-21 10,757 22,670 12.0 26.0

Feb-21 32,535 53,903 24.0 39.0
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The average water yield for AWG 1 operating under pristine conditions and modified
conditions were measured at 815.5 L and 882.6 L, respectively. The average water yield
for AWG 2 operating under the pre-defined conditions were measured at 1309.6 L and
1117.6 L, respectively. The p-value was determined to be 0.693 for AWG 1 and 0.291 for
AWG 2. These were above the defined significance threshold.

Figure 8 summaries water yield from AWGs operating concurrently under exposure to
similar ambient conditions. AWG 2 was operating under modified conditions and AWG 1
was operating under pristine conditions. From the results, in the month of March, apparent
water yield based on forecasted ambient conditions exceeds the area of apparent water
yield based on TMY. Apparent water yield based on TMY exceeded apparent water yield
based on forecasted ambient conditions in April.
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Figure 8. Comparison between water yield from AWGs operating concurrently under pristine and
modified conditions during the months of (a), March 2021; (b) April 2021; and (c) May 2021.

The average temperatures for AWGs 1 and 2 were measured at 20.8 ◦C and 19.9 ◦C.
The variances for AWGs 1 and 2 were determined to be 10.6 and 7.8, respectively. The
p-value was determined to be 0.163. The average relative humidity for AWGs 1 and 2 was
measured at 61.8% and 66.5%. The variances for AWGs 1 and 2 were determined to be
198.8 and 187.4, respectively. The p-value was determined to be 0.145. The results from the
statistical test are illustrated in Figure 9.
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4. Discussion

Water yield calculated from the TMY exceeded water yield calculated from present-
day weather forecast data. Inter-annual variability analysis of temperature and relative
humidity indicated temporal variation. Annual temperature cooling rate in the study area
was −1.23 ◦C and relative humidity increased by 6.15%. Bosilovich et al. [20] tested the
evolution of the hydrologic cycle using several 50-year model simulations. The study
reported that although the water cycle is intensifying, the residence time of water increased.
It is thereby implicit that the global cycling rate of water is decreasing. Kadhim et al. [25]
studied a potable atmospheric water generator at a small laboratory scale. It was concluded
that the volume of water extracted increased as air temperature and RH increased. This
coincided with the computed performance profile of the AWGs. Shahrokhi and Esmaeil [26]
sought to optimise relative humidity based on the heat transfer terms. Their observations
included noting that increasing atmospheric moisture at a constant temperature would
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raise the amount of water harvested. In contrast, these results show that when temper-
ature decreases and relative humidity increases, annual water harvesting potential and
productivity will decline. This coincided with the computed performance profile of the
AWGs and was observed in the annual water yield under ambient conditions relative to
the TMY’s water yield. Assuming a continued trend in the annual temperature rate, it is to
be postulated that water harvesting potential in the study area is forecasted to decline over
time under pristine conditions.

4.1. Effect of Modification on AWG Parameters

The test of significance conducted shows that the differences in the operational pa-
rameters of the AWGs resulting from augmenting the microclimates through evaporative
cooling are significant. This applies to both temperature and relative humidity. A steady
decline in temperature was characterised as relative humidity increased. In contrast, the
finding of the test of significance conducted on water yield for AWGs 1 and 2 reported that
changes in water yield were not significant.

Referenced in Section 3.2, AWG 1 yielded a higher water productivity compared to
AWG 2 whilst operating under similar conditions. The variability trend in water yield
is hypothesised to be resultant from variation in spatial distribution of meteorological
variables. An analysis of temperature and RH distribution along the ECS length, width, and
height was beyond the scope of the present study. In studies where ECS was deployed, the
distribution of microclimate variables within closed systems is influenced by the ambient
dry-bulb temperature, relative humidity, and factors such as the ventilation system, air
leakage, and thermal insulation [27]. An operational characteristic of ECSs has been
outlined in the literature, where variation in the spatial temperature and relative humidity
was created as a result of air movement along the direction of exhaust fans [28].

The trend in capacity utilisation continued to be significantly low under the aug-
mented environment. The highest capacity utilisation under modification was recorded
in December 2020 at 41% for AWG 1. It was thus inferred that the study area was not
favourable for the optimal capacity utilisation of the AWG units, moreover, under this
experimental design. Continuous operation of the ECS was observed to have a negative
influence on water generation capacity within a specified day or time period. This is
primarily attributed to diurnal and seasonal variations in temperature. Operating the ECS
during the daytime in high-temperature months had a positive effect which resulted in
increased water generation. Temperature would decline, whilst RH increased. During
high-temperature periods, hourly temperatures measured at daily maximums exceeding
30 ◦C and, respectively, RH below 30%, were characteristic. When operating the ECS, water
was produced during time intervals where water yield was forecasted as negligible under
pristine conditions. This was most notable between the months of September and March. In
contrast, during cooler nights where atmospheric temperature was measured to be below
18 ◦C, it was observed that the temperature drop which occurred due to the ECS would
result in a temperature drop that was unfavourable for water generation. Water generation
would, thus, be negligible. This trend was also observed during the lower-temperature
months between May and August. This impact was evident in June 2020 and July 2020,
where capacity utilisation was recorded at 1% for AWG 1 and AWG 2 in June, and 1% and
2%, respectively, in July. This impact was further observed in water generation trends in
January and February during and subsequent to tropical cyclone Eloise.

The results obtained for the months of April, May, August, and September 2020
were used to make comparisons of cooling efficiency and temperature depression trends
obtained using ECS and other evaporative cooling technologies as seen in Table 3. It must
be noted that prior research applications of ECS have not been utilised in atmospheric water
harvesting technologies. Previous applications have been in agriculture in the regulation of
the microclimates of greenhouses and broilers. It was from this backdrop that this study
was conducted to evaluate the feasibility of applying ECS in atmospheric water harvesting.
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Table 3. Comparison of ECS performance in evaporative cooling applications.

Dry-Bulb
Temperature of
Ambient Air at
ECS Inlet (◦C)

Dry-Bulb
Temperature of

Air at AWG
Inlet (◦C)

Humidity
(%)

Wind
Speed (m/s)

Cooling
Efficiency

(%)
Cooling Technology Referenced

Study

35.8 12.4 38.4 0.1–8.3 91.4
Water-spray

evaporative cooling
systems

Çaylı [15]

35.2 6.7 26.1 0.1–8.3 48.3 Fan-pad evaporative
cooling system Çaylı [15]

35.4 5.4 24.8 0.1–8.3 38.5
Water-spray

evaporative cooling
systems

Çaylı [15]

27.0 5.3 50.0 0.1–8.3 70.1 Fan-pad evaporative
cooling system Çaylı [15]

32.7 28.3 72.0 1.1 75.9 Evaporative cooling
pad systems Xu [29]

18.0 15.7 72.0 12.0 74.5 ECS (April) In this study

14.5 14.0 51.0 14.2 6.3 ECS (May) In this study

13.5 11.0 33.3 15.7 25.4 ECS (August) In this study

19.4 19.3 59.5 17.5 1.4 ECS (September) In this study

The comparisons made in Table 3 show that cooling efficiencies obtained by previous
ECS applications are mainly above 35% when water-spray ECS, Fan-pad ECS, and evapora-
tive cooling pad systems are used. Maximum cooling efficiency was 91.4% and the lowest
efficiency of 38.5% was obtained in that regard. The high efficiencies reported in previous
studies were attributed to the high ambient temperatures of the influent air. In this study,
April, May, August, and September were the seasonal transition months where changes in
climate variables and water productivity were best evident, hence explaining why these
were used in the comparative study. Cooling efficiencies in the four months were lower than
35%, with the lowest cooling efficiencies measured in September. In April, the efficiency
was higher than 35% (74.5%), but this is because of the combination of the high air influent
temperature (18 ◦C) and humidity (72%). In general terms, relative to the cooling efficiency
exhibited in previous applications, the introduction of evaporative cooling systems in this
study as an auxiliary system did not make any substantial improvements.

4.2. Energy Consumption and Cost

During the atmospheric water harvesting process, energy expenditure varied substan-
tially throughout the year. This is attributed to the variability of changes in humidity and
temperature, as elaborated in the previous sections. Average energy consumption and sub-
sequent cost are tabulated in Table 4. Energy expenditure was calculated based on energy
consumption—off peak, energy consumption—standard, and energy consumption—peak,
as determined by Eskom, the Electricity public utility of South Africa. The cost of energy
in South Africa for industrial purposes is based on several factors. These include admin-
istration charge, network capacity charge, network demand charge (peak and standard),
ancillary service charge, low season peak energy charge, low season standard energy
charge, low season off-peak energy, affordability subsidy, electrification and rural subsidy,
and a service charge, as shown below.
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Table 4. Monthly Energy consumption and expenditure.

Energy Consumption Category Average Energy
Expenditure per Month Unit Cost ($) Monthly Average Cost ($)

Energy consumption—off-peak kWH 14,712.27833 0.028056/kWh 420.7982

Energy consumption—standard kWh 22,404.385 0.044226/kWh 1013.1876

Energy consumption—peak kWh 8181.645 0.064242/kWh 565.2551

Administration charge @ for 31 days N/A 2.364 per day 88.9814

Network capacity charge N/A 1.5654/kVA 1222.8463

Network demand charge (peak and standard) N/A 0.0044/kWh 136.7853

Ancillary service charge N/A 0.000458/kWh 11.8303

Affordability subsidy N/A 0.002292/kWh 105.6881

Electrification and rural subsidy N/A 0.005088/kWh 233.1307

Service charge N/A 404.5175/month 404.5175

Total 45,298.312 4203.021

The monthly energy consumption expended to run AWG 1 and AWG 2 was 45,298.312 kWh,
equivalent to 1509.94 kWh/day. For each generator, an equivalent of 754.97 kWh would be
required to run daily. To produce one litre of water, an energy budget of 0.926 kWh and
0.576 kWh for AWG 1 and AWG 2 was required under pristine conditions, respectively.
Under modified conditions, the energy budget decreased to 0.855 kWh for AWG 1, but
increased to 0.676 kWh for AWG 2. Under modified conditions, average water productivity
for AWG 2 decreased. This was attributed to non-uniformity in microclimate distribution
within the ECS and ambient experimental design, as well as the indirect effects of experi-
mental design on air temperature and humidity. Outlined in the proceeding section are
the indirect effects of windbreaks interrelated with the effects of air movement. Roy and
Boulard [30] simulated the effect of variability in wind direction on climate parameters. The
results showed that wind direction had an influence on velocity, temperature, and humidity
distributions. Differences in temperature and relative humidity patterns relative to different
wind indices were also observed. Gradients in temperature and relative humidity are thus
postulated, correlating to water productivity.

The total monthly energy consumption levied a total average cost of $4203.021/month
to run the generators simultaneously. This is the equivalent of $140.1/day and $5.838/h.
For one AWG, an equivalent of $2.919/h would be required to effectively run each of the
generator under their specified conditions. Table 5 shows comparisons between the results
obtained in this study and results obtained in previous studies. The energy cost per litre of
water produced in this study was lower than the cost per litre of water produced in previous
studies. This could be attributed to favourable temperatures (19.9–20.8 ◦C) and relative
humidity (61.8–66.5%) for both atmospheric water generators, since low temperatures
and low humidity affect the rate of water production. The highest cost of water per litre
produced was $0.086/L under pristine conditions for AWG 1, while the lowest cost of
0.054/L was obtained when water was produced under ECS. The average cost of water
harvesting is $0.0705/L, which is deemed more affordable compared to energy costs
reported in previous studies [31].
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Table 5. Comparisons of water harvesting rate, energy consumption rate, and energy costs.

Temp (◦C) Humidity (%) Water Harvesting
Rate (L/h)

Energy Consumption
Rate (kWh/L) Energy Costs ($/L) Reference

30 62 0.66 0.82 7.084 Bagheri [31]

20 75 0.58 0.84 7.315 Bagheri [31]

6 80 0.09 5.48 47.586 Bagheri [31]

32 20 0.12 4.77 41.426 Bagheri [31]

21 45 0.26 1.85 16.016 Bagheri [31]

25 50 0.31 1.53 13.244 Bagheri [31]

20.8 61.8 33.98 0.926 0.086 AWG 1-pristine
In this study

19.9 66.5 54.5 0.576 0.054 AWG 2-pristine
In this study

20.8 61.8 36.78 0.855 0.079 AWG 1–ECS
In this study

19.9 66.5 46.57 0.676 0.063 AWG 2–ECS
In this study

Gido et al. [32] highlight that the feasibility of harvesting water from the atmosphere
by cooling the air to its dew point is highly dependent on the thermodynamic state of
the ambient air. It is therefore cheaper to make use of atmospheric water harvesting in
coastal or tropical regions where a warm and humid climate is prevalent. In South Africa,
warm and humid climates are characterised in the Western Cape, Eastern Cape, Northern
Cape, and KwaZulu-Natal, as these provinces share a borderline with the Indian Ocean.
However, provinces such as the western part of the Northern Cape, Free State, North
West, Gauteng, Limpopo, and Mpumalanga have limitations to open water sources and
groundwater, but have relatively high average temperatures and relative humidity that
allow water harvesting at a rate of 0.086–0.054 $/L.

4.3. Limitations of Experimental Design

A shelter was constructed atop the AWGs which indirectly acted as a windbreaker.
AWG 1 was characterised by an additional mesh-netting breaker installed on the right-hand
side of the unit. The indirect effects of windbreaks on air temperature and humidity are
interrelated with the effects of air movement [33]. The reduction in wind speed behind a
windbreak modifies the microclimate in the sheltered zone [34]. It was noted that wind
direction was not exclusive to one direction. Therefore, the protected area and, thus, the
degree of impact of the windbreaks were not constant. These changed with wind direction.
Actual temperature modifications of the windbreaks to the microclimate of the AWGs
depended on the height of the windbreaks, density, orientation, and time of day. This,
however, was not covered in the scope of this study. Brandle and Finch [34] reported
that microclimate modification trends in the protected zone increases in temperature and
humidity levels. Daily ambient air temperatures within 10 H leeward of a windbreak
have been reported to often be higher than temperatures in the open zone. Similarly,
temperature near the ground of sheltered zones has been recorded as being higher than
that in open zones. On cold nights, sheltered zones have also been reported as being cooler
than open zones. Relative humidity has been reported to commonly increase by 2 to 4% in
sheltered zones. It can therefore be postulated that the presence of windbreaks contributed
to the variance observed in the ambient temperature and relative humidity detected by the
on-board sensors of the AWGs. The degree of this impact was not covered in the scope of
this study. It can further be said that this had a subsequent indirect impact on the water
yield of AWGs at different intensities depending on the time of the day and wind direction.
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The sump constructed atop the AWG presented a restrictive influence. Air volume
available for extraction into the AWG inlet was dependent on the air flowing past the face
of the wet-media pad. Mineral build-up on evaporative cooling pads over time decreased
the volume of air flowing past the face of the media. In addition, mineral build-up directly
decreased the lifespan and saturation effectiveness of the pads. The experimental design
of the ECS recirculated the coolant water; this resulted in increasing the concentration of
dissolved minerals on the media.

Air velocity past the face of the media was an influential factor. When the air was slow,
the cooling effect was greater, and the air pressure drop was lower [35]. High face velocities
incurred higher air flow resistances and required more water flow for uniform wetting.

Although the ECS was not swabbed for microbiological analysis in the scope of this
study, components used in refrigeration systems such as cooling towers and evaporative
condensers have been verified as potential Legionnaires’ disease transmitters. Legionella
growth is relative to the temperature of the water. It is active at a temperature range of
20 ◦C to 47 ◦C. ECSs typically operate with water temperatures below 23 ◦C, or slightly
above the wet-bulb temperature. Noting that the coolant water is recirculated in the ECS, it
is inferred that a water treatment component should be included in the design of the ECS
to mitigate the microbiological growth on the wet media as well as the extraction of air
contaminated from the ECS.

5. Conclusions

Atmospheric water harvesting, as elucidated in this study, can serve as a viable
alternative water source to augment water supply. This can be a favourable method of
portable water generation in semiarid communities with relatively low freshwater demands.
Albeit water harvesting in Ga-Rankuwa levied high energy demands that increased the
cost per litre of water produced, this method outcompetes presently available alternatives
in terms of total cost per litre of portable water produced. However, consideration should
be given to the climate profile of the area and trends in climate change when selecting an
area for implementing cooling condensation AWGs. Increased residence time of water in
the atmosphere and the decreasing global cycling rate of water showed that the net water
yield potential of AWGs can be concluded to decline over time in the study area and, thus,
semiarid regions with declining precipitation. This is opined to be further pronounced in
semiarid regions not near surface water bodies. Under the ECS, a marginal decrease in
temperature and a marginal increase in relative humidity of the microclimates of the AWG
inlets can be expected. Although these changes were of significance, this was not implicit of
an empirically notable increase in water yield. Water generated by AWGs operating under
an ECS increased in volume; however, this increase was considered to be negligible. Where
ECS is applied in augmented AWGs systems, use should be scheduled in tandem with
real-time weather forecasts and TMY or climate profiles for long-term planning. To reduce
energy costs, cooling condensation AWGs should explore the use of cleaner energy sources
such as solar and wind energy to reduce the compounding carbon footprint that is borne
out of the water production process. Noting the limitations of the experimental design,
more research studies on the application of ECS as an auxiliary system under different
AWG–ECS configurations is proposed.
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