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Abstract: The water crisis is currently affecting billions of people. To mitigate the issue, uncon-
ventional water sources should be taken into account. Among them, atmosphere is a promising
possibility, but it is still considered a novel source, and more studies, based on real results concerning
the behaviour of the Atmospheric/Air-to Water Generator (AWG) systems, also known as Atmo-
spheric Water Harvesting (AWH) systems, are needed to prove the water extraction sustainability.
The current research work describes the real application of an integrated AWG system, based on a
thermodynamic reverse cycle, designed to extract water from air and take advantage of the other
useful effects of the cycle at the same time. The integrated machine was placed in Dubai, in a worker
village, and tested. The machine is able to provide, at the same time, with the same energy consump-
tion, water, heating and cooling energy. On the basis of onsite measurements, calculations about
the efficiencies, using the Water Energy Transformation (WET), plastic savings, due to bottled water
avoidance, and economic sustainability were carried out. The work answers to research questions
concerning the potentiality of integrated systems in Heating Ventilation Air Conditioning (HVAC)
plants revamping, the economic sustainability of water extraction from air and the lack of tests on
real AWG machines of thousand-litre production capability (large size).

Keywords: atmospheric water harvesting (AWH); air to water generation (AWG); water extraction
efficiency; water extraction sustainability; water energy transformation (WET); energy saving;
integrated systems

1. Introduction

Today, the water crisis affects billions people: two billion face high water stress, as
reported by the United Nations” (UN) World Water Development report [1], while four
billion suffer water scarcity for, at least, one month a year [2]. The UN quoted document
depicts a situation that will rapidly worsen, as the yearly water demand, today evaluated
at about 4400 billion cubic metres [3], is expected to increase, between 20 and 30%, by 2050.
At the same time, climatic changes and water pollution are exacerbating the crisis, because:

1.8 billion people already use contaminated water [4];
water-related disasters between 2001 and 2018 were estimated to be accountable for
around 74% of natural disasters, expected to increase in the next few years [5].

To face the issue, strong requirements are represented by better hydric resource man-
agement, wastewater treatments, water recycle and reuse practices [6]. Additionally, new
fresh water sources, achievable and sustainable, are needed [7].

In such a context, in the last decades, air has been rediscovered as a water source. In
ref. [8], the possibilities to employ atmospheric water harvesting in order to enhance the
water supply resilience were explored. One idea, from this perspective, is the recovery of
condensate coming from air conditioning systems. In ref. [9], a review of the potentialities
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of such an approach was presented. Nevertheless, water quality plays a fundamental role.
In particular, water coming from air conditioning systems can be affected by heavy metals
and microbiological pollution [10]; thus, its legal employment normally is confined to uses
not related to humans, as underlined, for example, in Dubai regulations [11]. Moreover,
air conditioning systems are usually designed to minimise condensation, as the latent heat
is perceived as an energy waste, because the condensate is normally treated as a polluted
liquid to be disposed of. In this perspective can be ranked the use of desiccants on the
inlet environmental air and the vapour disposal into the environment, by means of the
hydrophilic substances regenerative air stream [12].

A more dedicated way to extract water from the air is represented by Atmospheric/Air
to Water Generator (AWG) systems, also known as Atmospheric Water Harvesting (AWH)
systems. The research in this field has been particularly active in the last few years, and
various processes of water extraction have been explored. For example, in ref. [13], the
available technologies were presented, and the research gaps were underlined, while the
review presented in ref. [14] focused on the most promising techniques for water extraction
in arid zones. The work described in ref. [15] collected the findings concerning systems that
employ a passive approach. In the current work, a brief description of the state-of-the-art
AWGs is reported in paragraph 2. It is worth noting that one of the main research questions
concerns the need for more field tests about real machines of medium-large sizes (from
hundreds to thousands L/day) that, up to today, are comparatively few, as underlined in
ref. [13]. The same lack of tests—in particular, for Middle East regions—was also underlined
in ref. [10]. As a matter of fact, it is possible to find some data coming from tests about
little size systems capable of producing some litres per day up to a few hundreds. For
example, in the review of [10], concerning the Middle East, the maximum water extraction
test, performed by AWGs, gave a production of about 232 L/day. In ref. [16], a prototype
able to produce up to 8 L/day in arid conditions was described. In ref. [17], there was a
comparison of different models of machines able to provide less than 20 L/day. Studies
based on desiccant materials or on thermoelectric coolers are normally sized to produce
few litres per day; thus, tests carried out on prototypes of such kinds of machines describe
productions that go from a few grams to a few kilograms of water per day, as it is reported
in refs. [18,19]. Real production tests about larger sizes, capable of more than one thousand
litres per day, are currently very few. As far as the authors’” knowledge goes, the only
examples about large-sized machines are:

o the case study described by authors in ref. [20], which provided a methodological
approach refined and used in the current study;

e the experience reported in ref. [21], which used the same machine subject of the current
work but only for water quality analyses purposes;

e the test performed in ref. [22], where it was tried to improve the water yield, increasing
the vapour content in the air by means of adiabatic cooling.

Another lack of research concerns economic considerations about water coming from
the air in order to determine its sustainability, taking into account AWG integrated ma-
chines, which are an AWG evolution, and also considering the possible plastic saving due
to the onsite water production and distribution, as declared by [23]. Moreover, HVAC
plant sustainable retrofitting analyses, with a particular attention to water coming from
the air, are also needed [24]. The scope of the current paper is to contribute to the scientific
knowledge providing new results focused on the said lack. The research questions to be
answered concern:

e more data about large-sized integrated AWG real tests;
HVAC retrofitting potentialities by means of integrated AWG;
extended economic evaluations, taking into account the water quality and the particu-
larity of the integration (HVAC contributions);

e  considerations about plastic saving.
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In order to answer to the research questions, this paper presents a test carried out on
an integrated AWG machine placed in a worker village in Dubai. Starting from the results
coming from such a test and data concerning the existing HVAC plants serving the village,
the current research work studies:

e  the machine behaviour during an entire year, tuning the physically based model used
in ref. [20];
revamping potentialities of the existing HVAC plant;
economic analyses, carried out considering the integration advantages and the quality
of the produced water;

e plastic savings potentialities.

To address the above topics, the research work is developed as follows: a brief de-
scription of the AWG machines technology, with a particular attention to integrated AWGs
(Section 2), the applied methodology (Section 3), the case study (Section 4), the machine
behaviour (Section 5), economic evaluations (Section 6) and, finally, considerations about
plastic savings (Section 7) and results discussion (Section 8).

2. AWG Technologies

Water extraction from the air, up today, can be carried out principally by means of
humidity condensation. Vapour contained in the breathable air is forced to change its state
into liquid. Different techniques can be used in foggy climates, where fog nets permit water
extraction from air directly collecting the fog aerosol by means of coalesce [25].

In the other cases, the humidity contained in air must be captured from the atmosphere
and transformed toliquid by means of thermal and/or chemical-physical processes. Such
an operation can be carried out by means of refrigeration of the air under its dew point. The
condensate is then collected and treated in order to achieve the required quality. Vapour-
harvesting processes can be classified into passive and active. The processes that do not
need an artificial energy input are defined passive [8], and an example of such an approach
is represented by the radiative cooling, such as that employed in the dew plant described in
ref. [26], where panels with a particular emissivity and geometry are installed in the open
air. The temperature gradient, caused by irradiation, between the environmental air and the
panel surfaces, permits vapour condensation. The main advantage of such a process is that
it does not require an artificial energy input. The disadvantages are that: it can be carried
out only in particular climates, it strongly depends upon weather conditions and requires
large spaces to collect meaningful water quantities, usually represented by a few litres a
day for a squared metre [8]. In the active processes, there are comprised AWGs based on a
thermodynamic reverse cycle. Those that employ a compressor represent the most diffused
and scalable technology, as stated in ref. [13] and confirmed by consulting [27]. The working
principle is the following. Environmental air is forced to flow into an evaporator coil, where
a refrigerant at a low pressure and temperature is flowing as well. The heat is removed
by the refrigerant, and the air is cooled under its dew point. Condensate is collected
and the processed air is disposed into the environment. The refrigerant, compressed,
passes through the condenser coil, where it exchanges heat with the external environment
and returns, after the lamination valve, to the starting conditions of the cycle. The main
advantages of such an approach are the comparative high yields (up to thousand L/day),
the compactness (dimensions comparable to those of an air conditioner chiller) and the
possibility to operate the machine in a wide temperature and relative humidity range (even
when the dew point is low, with defrosting cycles). The main weak point is the energy
consumption that increases when the dew point is under 4 °C [28].

The cooling effect can also be obtained using thermoelectric coolers [29], instead of the
compressor. The main advantages of such an approach, in comparison to the compressor
use, is the compactness of the devices, the absence of moving parts and the absence of any
kind of refrigerant. The weak points are represented by a low efficiency thus, the energy
consumption is higher than that related to compressor employment and by a difficult
regulation and a low yield (few L/day) [30].
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Another approach to water harvesting consists into increasing the vapour content in
the air by means of materials able to adsorb, or absorb, part of the atmospheric humidity.
Once such materials are saturated enough, they are forced to release the vapour into a
controlled air volume or air flux, normally using a low temperature heat flux [31]. After
that, the process continues with the air cooling that permits collecting liquid water. In
the desiccant field, a very promising substance is a super moisture adsorbent gel [32],
a material able to adsorb moisture and release a part of it, directly in the liquid phase,
by means of low temperature heating. At any rate, this kind of material also requires a
final air-cooling process in order to collect a meaningful part of water and to restore the
material in its starting conditions. A promising approach consists of a mix between the
desiccants oriented approach and the reverse cycle application, as the example described
in ref. [33], where a thin layer of desiccant coats condenser coils. The condensation heat
is used to extract humidity from the desiccant, while the absorption is performed on
environmental air.

The sorption-based atmospheric water harvesting is currently mostly focused on the
development of new materials, but paying less attention to the entire system that should
embed them thus with no clear calculation of the real energy cost [34]. Actually, complete
machines based on such an approach are comparatively few and at an early stage of
development [35]. Moreover, desiccant based technology very often is not employed in
complete passive devices, but it only tries to minimise the energy required to obtain the
vapour condensation. Normally, water harvesting machines are equipped with fans that
need the external energy input. The main advantage of the desiccant material approach is
the possibility to harvest water in dry climates, as desiccants are able to capture water at
low humidities (under 30%), avoiding defrosting cycles. Nevertheless, in this case, large
spaces are also required if more than a few L/day are needed. It is worth noting that one of
the tests most performing reports a yield of about 5 L/ (day m?) [10].

First rough attempts to make a comparison between a compressor-based solution and
a desiccant based one, in water harvesting, were carried out in ref. [36]. However, in such
a research, authors compared the behaviour of different types of dehumidifiers, instead
of AWGs, as it was declared (and as it could be easily inferred by the quality of collected
water). The results are not very meaningful for the AWG topic, as dehumidifier are not at
all AWG machines, not from the point of view of employed materials, nor from that of the
thermodynamic cycle set points design and control, and nor from the point of view of the
quality of water, as underlined in ref. [37].

At any rate, when a considerable water harvesting is needed (exceeding few L/day),
active technologies are required; thus, AWGs are affected by energy consumption that is
related not only to the vapour condensation but also to the need to move the air inside
the harvesting device, as said in ref. [37]. This last voice is very difficult to be avoided
even if the condensation can be obtained by means of free cooling or other mechanisms,
such as those employing new desiccant materials as that described in ref. [32]. When water
production achieves the order of thousand litres a day, the energy consumption related to
air moving can be very significant: several kWh a day [37]. Actually, the energy issue is
one of the main concerns of the AWG technology. In particular, the energy consumption
related to reverse cycle-based AWGs was estimated to be responsible for 50% of the entire
cost of commercial water from air production [21]. One of the means to bypass such an
energy issue is represented by AWG integrated machines, as said in ref. [23]. As described
in ref. [38], an AWG integrated machine is a system able to extract water from air, by means
of a compression reverse cycle, and, at the same time, to provide valuable side effects,
coming from the water extraction process. The integrated machine can provide, with the
same energy input (en), three useful effects:

a certain quantity of condensed water;
a cooled and dried airflow that can be directly employed as primary air or convoyed
into an Air Handling Unit (AHU) of an air conditioning system;

e  aflux of heating energy, which can be used to heat up, for example, domestic water.
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Environmental air

A scheme of the process is reported in Figure 1, where it is possible to observe that the
process is obtained applying a reverse cycle to the refrigerant and processing environmental
air. In traditional AWGs, the colder and dryer air flux is discharged into the environment,
as well as the heat flux, while, in AWG integrated machines, the system design permits
employing them inside HVAC plants.

Cold and dry air

AWG Integrated machine

Lamination valve Thermal energy

-

Reverse cycle
applied to the
refrigerant

Compressor

en
Water Energy consumption

production

Figure 1. AWG integrated machine scheme.

A first example of integrated approach involving water from air production was
described in ref. [28], where a comparison between a traditional air conditioning system
and an integrated one, able to extract water from air, as well as to perform the same cooling
of the traditional one, was carried out. In such a study, the integrated machine, with almost
the same energy consumption, was able to provide a considerable ratio of the needed
drinking water and to guarantee the desired inside temperature and humidity conditions.

Another example of water production during air conditioning was analysed in ref. [39],
where a theoretical study of possible water recovery in a conditioned greenhouse was
described. The study described in ref. [40] proposed a theoretical study about an integrated
system able to collect water and to provide the flux of the treated air (colder and drier in
comparison to the external air) to control the microclimate of an outside area; nevertheless,
it is not clear where the heat flux is disposed.

The case study described by the authors in ref. [20] was the first and, up today, unique
example of a real AWG integrated machine purposely designed to maximise the water
production and, at the same time, to permit to use the other two useful effects of the reverse
cycle. In that research, the integrated machine, whose configuration was similar to that of
the machine used for the current paper, was installed on the roof of a hotel in Villahermosa,
Mexico. The produced water was enough to cover drinking water needs, while the heat
flux was enough to cover the domestic water heating. Savings due to the installed machine
were calculated at about 80 thousand dollars/year. In such a test, the flux of dry and
cold air was not used to help the existing air conditioning system but was delivered to
the laundry, not served by the air conditioning system in order to mitigate the inside
working conditions.

In the current study, another test was carried out on another integrated machine in a
different climate and context. In this case, the study is oriented not only to provide further
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data about large size AWG machines but also to enhance the knowledge of the integrated
approach potentialities, answering the lack of knowledge stated in the introduction.

3. Methodology

The study was carried out by adapting the methodological approach proposed in
ref. [20]. In such a work, the method was intended to be a prevision process in order to
decide, from a theoretical point of view, whether an installation of an integrated machine
can be effective. In the current case, the method is applied on results coming from a real
test in a worker village in Dubai, and it is used to define a revamping package suitable for a
portion of such a worker village. To the initial procedure formulation, presented in ref. [20],
some more steps are added in order to refine the approach from a sustainability point of
view, such as the weather data frequency analysis, the economic indicators calculation and
the possible plastic saving. The complete analysis flow is described below.

e Data collection: the case study section reports information about the test site and
the characteristics of the possible buildings to be served by the integrated machine.
Moreover, needs about drinking water, primary air and thermal heating for domestic
water were described too. Data concerning the existing plants were also collected, as
well as costs about drinking water and energy sources.

e  Weather environmental conditions: statistical hourly data about temperature and
relative humidity from a weather station placed in Dubai, at only 5 km from the
installation spot, were collected in order to have the climatic conditions of an entire
statistical year. A brief analysis of the weather data frequency was also added.

e Integrated system behaviour analyses: the behaviour of the machine, installed nearby
the kitchens building, was monitored by the data collection in some time periods.
On the basis of such data, the simulator, used in ref. [20], was fine-tuned and run
using the Dubai climate conditions, collected by means of the said weather station
in order to determine how the machine was expected to behave all over the year in
terms of produced water, energy consumption, heating power/energy and cooling
power/energy. In order to evaluate the energy efficiency of the machine, in terms
of produced water and consumed energy, the Water Energy Transformation (WET)
indicator was employed [37].

o  Covered needs: matching the integrated machine behaviour in the Dubai weather and
the needs (drinking water, primary air and domestic water heating), it was calculated
how many buildings it was possible to serve.

e  Economic evaluations: all the voices, positive and negative, related to the machine
installation and its use, were collected and the Pay Back Time (PBT) calculated. More-
over, the Net Present Value and the actualised Pay Back Time were calculated, because
the installation can be seen as a sort of investment.

e  plastic savings: on the basis of the literature data, savings in terms of avoided plastic
bottles were calculated.

4. Case Study
4.1. Geographical Site, Buildings, Existing Plants and Energy and Water Supply

In December 2017, an integrated AWG machine was tested in a worker village in the
industrial side of Dubai. In Figure 2, the installation site is shown. The worker village
is placed at about 15 km from the shore and 5 km from the weather station of the Al
Makatoum International Airport.

The worker village is composed by tens of residential buildings, each of them housing
200 guests. There are various common kitchen buildings, where meals are prepared and
served in turns. Kitchens are equipped by an air conditioning system, composed by fans,
moving external air inside an air duct, air vents and splits. The fans work continuously
during the year, providing about 12 m3/h of fresh air, while the splits were estimated to
work continuously only from April to October, with an average EER of 3.5, providing the
air cooling and dehumidification. It was estimated that cooling starts working when the
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outside temperature is over 20 °C, because, due to internal loads, in such a case, air changes
by themselves are not enough to give internal comfort.

DUBAI

2

Weather station

workervillage

AWG integrated
machine installation

Figure 2. Integrated machine installation site.

The tap water comes from the desalinisation system. Such a water is employed for
domestic uses, such as showers, toilets and general washing, not for human consumption.
It was estimated that each building, housing 200 guests, working in turns, needed to heat
18,000 L/day of tap water, from 10 °C to 50 °C. The installed heating plant is represented
by 24 electrical boilers of 2 kW of power each, with an efficiency of 95% and about 18 h of
daily work. Drinking water is provided to guests by means of bottled water. To each guest,
2 L/day of drinking water are supplied by means of half-litre bottles (four bottles/day).

The kitchen building is equipped by an LPG boiler of 125 kW, with a calculated
efficiency of 70%, connected to a hot water tank of about 3 m3. The daily provided hot
water is between 20,000 and 22,000 L/ day, and the required temperature is 50 °C. The cold
water, for domestic uses, comes from the municipality, which delivers desalinated water by
means of the aqueduct.

The test was carried out in a worker village, because such a kind of settlements
are diffused in United Arab Emirates (UAE). Actually, Ministerial Resolution 44 of 2022
establishes that, whenever 50 or more workers, with earnings under 1500 AED/month, are
employed, they must be accommodated in proper settlements that should answer to precise
standards regulated by the law. In particular, besides proper room sizes, it is specified
that the accommodations must be provided with drinking water, common kitchens, air
conditioning and hot and cold domestic water [41]. Due to the technology peculiarities,
described in Section 2, the integrated AWG machines employment can be particularly
effective whenever more than one useful effect of the reverse cycle is required at the same
time. In the case of the worker villages, all the potentialities of an integrated AWG machine
can be required, because, following the Ministerial Resolution 44 of 2022 rules, there are
needs of drinking water, cold and dry air and heating energy for domestic water, all at the
same time. Thus, worker villages are a good benchmark for integrated AWG installation.

4.2. Bottled Water Cost

Taking into account data coming from [42], the average cost for a litre of water in
United Arab Emirates is about EUR 0.37; that means, considering a currency conversion
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of 0.236 EUR/AED, which corresponds to the average value in the last 5 years [43], about
1.56 AED (Arab Emirates Dirham). In order to obtain safe results, for the current study,
a beginning cost of 1 AED/L was considered, in compliance with the values applied in
ref. [21]. A further reduction of 30% was applied in order to consider possible discounts
applied to large stock orders; thus, the final considered bottled water cost is equal to
0.7 AED/L, that means 0.165 EUR/L.

4.3. Electricity Cost

On the basis of the worker village bills, electricity cost in 2017-2018 was equal to
0.44 AED/kWh, that means 0.10384 EUR/kWh. Such a price is in compliance with
the official calculator results [44] that can be obtained taking into account a global con-
sumption of about 4800 MWh/year, imputable to the only domestic water heating of the
whole village.

4.4. LPG Cost

The worker village fee for LPG provision, in 2017-2018, was evaluated equal to
1.9 AED/L, taxes and transport included. In 2022, the costs are almost the same [45]
for small provisions. In the current study, the above value of 1.9 AED/L, equal to
0.4484 EUR/L, was adopted.

4.5. Weather Conditions

In the following Table 1, there are the average temperature, t, and relative humid-
ity (R.H.) data coming from the weather station of Al Makatoum International Airport.
Averages are calculated on the basis of hourly samples collected in the last five years.

Table 1. Dubai climate, expressed in monthly averages.

Average January February March April May  June July August  September October = November December
t(CO 20.6 21.7 244 28.5 32.8 34.2 37.0 36.8 34.4 312 26.5 223
R 507 565 532 466 395 488 446 446 515 54.4 537 574

(%)

The Dubeai climate is classified as BWHh, tropical and subtropical desert, following the
Koppen-Geiger classification [46]. The climate presents a colder period, from December
to February, and a mild month, March. The rest of the year is almost hot. In the current
research, weather data were used in order to extend the integrated AWG test results to the
entire year. As discussed in ref. [47], for such a kind of climate, which is similar to that of
Abu Dhabi, it is acceptable to consider the monthly average day (24 values of temperature
and relative humidity for each month of the year, representing the average day of each
month) to evaluate the AWG energy behavior. Nevertheless, an hourly frequency leads
to more accurate results. In the current research, the analyses were carried out using both
the frequencies; in particular, hourly data were used in order to determine the machine
behavior and monthly average day data for the overall analyses.

5. Integrated Machine: Description, Plant Linking and Behaviour Analyses
5.1. Integrated Machine Description

The machine is the same used in the test described in ref. [21]. That research analysed
data coming from a test carried out between 2018 and 2019. In such a period, the machine
was moved from the worker village of Dubai to a desert area of United Emirates, and
it was used only to produce water to be bottled. The said research goal was focused on
the water quality and water from air bottling economic effectiveness in comparison to
traditional bottled water. The results are very interesting as they report that the produced
water quality is comparable to that of the main bottle labels sold in the UAE. Thus, such a
water quality is also assumed in this study.
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The current research is based on the data coming from the test outputs of December
2017. In that period, as said before, the integrated machine was placed in the industrial
side of Dubai in a worker village. It is worth mentioning that, for water extraction from
air, the worst period in Dubai is from December to March, as it was underlined also in
in ref. [47]. The machine was connected to the existing heating and cooling plants of the
village kitchens in order to test the integration potentialities, intended to enhance the energy
efficiency of the existing plants while producing high-quality water.

The machine used in the worker village has the same features of that used for the
test in Mexico [20]. The system is based on a thermodynamic reverse cycle, where the
circulating coolant is R134a. The major items of the machine are described below:

e  Air filters placed in the inlet section. The air coming from the environment is cleaned
by means of a filtration stage composed by two filter arrays in series: the first composed
by coarse filters followed by pocket filters in order to avoid pollution due to dust,
sand, insects, bacteria and other particles.

e  Evaporation and heat recovery coils. The cooling process is carried out by means of
direct cooling on an evaporation coil combined with a heat recovery system. Both of
them are made of food contact materials [48]. The airflow, after the cooling process,
can be collected in a duct in order to be delivered to zones requiring cooled and dry
air changes.

e  Evaporation fans. The machine has centrifugal evaporation fans that can provide an
average airflow, in Dubai conditions, of 10,000 m3/h.

e  Screw Compressor. The compressor running the thermodynamic reverse cycle is a
screw compressor having, in Dubai environmental conditions, an average cooling and
heating capacity, respectively, of 81 kW and 105 kW. The coolant is R134a.

e Condensation coils. The machine is equipped by two kinds of condenser: a finned
air-cooled coil and a plate heat exchanger. The condensation heat is delivered to the
domestic water by means of this second condenser, where the water flow is run by
a pump, regulated by the setting temperature. When heating is not required, the
condensation is provided by the fined coil, cooled by the environmental air. The plate
heat exchanger works with a classic temperature difference of 5 °C. The domestic
water heating was set to obtain a temperature difference of 40 °C and a maximum
temperature of 50 °C.

e  Water treatment unit. The condensate coming from the evaporator is collected in a tank
in stainless steel. After that, the liquid is processed in a multistage system comprising
mechanical filtration made by three stages with decreasing meshes, the last one having
a mesh of 1 um, activated carbon filter, adsorption resins, UV (ultraviolet) lamps,
reverse osmosis and a mineralisation stage. The system is continuously monitored by
means of a pH probe and a conductivity probe and a water meter dedicated to count
the produced water.

Besides the probes required by the reverse cycle, the machine is equipped by tem-
perature, relative humidity and pressure probes. In particular, the environmental air, as
well as the airflow exiting the water extraction process, is continuously monitored by the
temperature and relative probes. A Programmable Logic Controller (PLC) controls the
machine working process and collects all the relevant data.

5.2. Integrated Machine Plant Linking

The integrated machine was linked to the air ducts of the kitchen building and to the
drinking water tank housed in the courtyard of the same building and normally used for
drinking purposes. The water was then delivered to a dispenser point. The system, for this
test, was also connected to the domestic water heating plant of the kitchens. A scheme of
the configuration is reported in Figure 3.
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Figure 3. AWG integrated machine useful effects employment scheme.

As described before, the integrated machine houses a plate heat exchanger for domestic
water heating, working on a classical temperature difference of 5 °C. In Figure 4, it is
possible to recognise the green pipes connecting such a heat exchanger to the inside
domestic hot water tank, visible in Figure 5.

The hot water tank was linked to the existing LPG boiler too, as can be seen in Figure 5.
Such a boiler has a declared power of 125 kW. The efficiency (1) was calculated equal to 0.7
on the basis of the collected data.

During tests, part of the condensation heat was used for the domestic water. Due to
such an operation, it was recorded a daily saving of about 216/day litres of LPG fuel. The
saved heating energy, en;, can be calculated using Equation (1), taking into account an LPG
Inferior Calorific Power (ICP) of 6.67 kWh/L, called Cp, the said LPG saving, expressed as
a volume, v, of 216 L/day and the said boiler efficiency:

Cp-v

eny = @

The calculation gives en; = 1008.5 kWh.

The domestic water, coming from the water system of the worker village, was directly
used inside the plate heat exchanger of the machine. A global efficiency of 0.95 was
estimated in the heating operation. The machine, in such a period of the year, had a
residual average heating capacity of 1472 kWh per day, considering said efficiency.

During the test, the fresh air was provided by the integrated machine. The kitchen
fans were turned off, and the splits did not work, because the energy, given by the machine
evaporation fans, was enough to win the resistance of the air duct and vents, and the overall
air conditions were judged comfortable. Cooling and heating energy calculations, in detail,
are reported in the next subparagraph.
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Figure 4. AWG integrated machine installation.

5.3. Integrated Machine Behaviour and Needs Coverage

The behaviour of the machine was estimated using the test results data of December
2017 (10 days of test). Data were collected by means of onboard probes, whose readings
were monitored by onsite personnel and also collected by the onboard PLC. The display of
the machine gave various pieces of information, such as outside temperature and relative
humidity, water production and energy consumption and domestic water heating. Water
production was also recorded manually by the onsite personnel by means of a water
counter.

In Table 2, probe types and their related uncertainties are reported.

Table 2. Main probes characteristics.

Physic Variable Probe Type Probe Error (in the Test Conditions)
. - Capacity hygrometer o
Relative Humidity HTCT 01 +(1.3 + 0.003 measured r.h. value)%
Temperature Resistance thermometer Pt100 +02°C
Water flow Oscillating piston +2% of the read value
water counter
Water weight Electronic Pressure scale +£0.01kg
Air Flow Vane Anemometer +1% of the read value or £2% 0.02 m/s

Energy Integrated Power meter 1% + 2 words
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Figure 5. Hot water tank and LPG boiler. In the image, green pipes, connecting the integrated

machine to the hot water tank, can be seen.

The sampling frequency was 30 min; thus, the collected data for each testing day were 48.
In Table 3, the most relevant experimental data, cumulated (water production and
energy consumption) or averaged (temperature and relative humidity) for each day of the

test, are reported.

Table 3. Experimental data.

Temperature Rela.t i‘.le Watel: Energy.
Day of Test Humidity Production Consumption
(@) (%) L/Day kWh/Day
1 19.6 63.2 1229 772
2 20.6 61.7 1215 793
3 214 59.8 1335 813
4 21.7 60.4 1392 848
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Table 3. Cont.
Temperature Rela.t i‘.le Watel: Energy-
Day of Test Humidity Production Consumption
(@) (%) L/Day kWh/Day
5 21.7 62.6 1423 827
6 20.1 74.6 1777 846
7 21 73.2 1775 864
8 20.7 53.6 1544 847
9 19.8 64.2 1022 795
10 19.6 63.2 1253 826

Temperature [°]
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7

During each day, the environmental air temperature and relative humidities varied.
In the following graphs of Figure 6, there is an example of the weather behaviour (day 5).

Environmental air behaviour day 5

80
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Relative Humidity [%)]

9 11 13 15 17 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47
samples (30' frequency)

—Temperature  =Relative Humidity

Figure 6. Environmental air temperature and relative humidity. Samples were collected with a
frequency of 30 min (30').

The collected data were used to tune and test the calculation model, which is physically
based (the main characteristics are briefly reported in Appendix A). Such a model, described
and used also in ref. [20] with good results, is a modular, real-time reverse thermodynamic
cycle simulator, based on the principles of mass and energy conservation. The required
input data are given by the environmental air conditions, expressed by means of the total
pressure, the dry bulb temperature and the relative humidity. The simulation tool main
outputs are water production and energy consumption. Using the weather data, collected
during the test, and the production and consumption data, it was possible to tune and test
the simulator behaviour.

Figure 7 reports a comparison between the real data and the calculated ones con-
cerning water production. The average error is below 3%; thus, the simulated data were
considered acceptable.

It is worth remembering that, on the basis of energy consumption data, it is possible to
determine the WET indicator, wh