Z 3 I l:—r A International Information and

7 Engineering Technology Association

Polygeneration Grid Including Atmospheric Water Generation, Renewable Sources and |

Storage Technologies: Modelling and Real-Time Management

Check for
updates

Mario L. Ferrari'"®, Lucia Cattani’?, Anna Magrini®

! University of Genoa, Genova 16145, Italy

2SEAS SA, Société de ’Eau Aérienne, Technical Office, Riva San Vitale 6826, Switzerland

3 University of Pavia, Pavia 27100, Italy

Corresponding Author Email: mario.ferrari@unige.it

Copyright: ©2025 The authors. This article is published by IIETA and is licensed under the CC BY 4.0 license

(http://creativecommons.org/licenses/by/4.0/).

https://doi.org/10.18280/jesa.580906

ABSTRACT

Received: 12 August 2025

Revised: 19 September 2025
Accepted: 27 September 2025
Available online: 30 September 2025

Keywords:
Energy  Management  System  (EMS),
polygeneration  grid, atmospheric water

generator, storage

The aim of this paper is the modelling of a smart polygeneration grid and the development
of its Energy Management System (EMS) for real-time optimal operations, minimizing
variable costs. The proposed grid includes two different demands: water and cooling
energy. While water can be obtained from the aqueduct or from an Atmospheric Water
Generator system (AWG), cooling energy can be produced from a devoted cooler or from
the chilled air of the AWG. The integration with renewable sources in the form of
photovoltaic panels is also proposed. Moreover, the grid includes a water tank and a
thermal storage system to have additional management flexibility and to avoid money
losses in case of extra-productions. While the optimized management is common in
electrical energy smart grids, the application of EMS tools in such polygenerative grids
including water generation is quite rare. Following the development and validation of
component models, attention is focused on the EMS details and its application aspects. To
assess the EMS performance, the results obtained with the application of this new tool
have been compared with a simple traditional management, showing the obtained

economic and environmental benefits.

1. INTRODUCTION

Since important issues for the human development regard
the access to clean water (UN goal N.6 [1]) and clean energy
(UN goal N.7 [1]), innovative efforts to integrate these aspects
into a smart polygenerative grid have significant potentiality
of market penetration. Considering the current water scarcity
situation affecting more than two billion people [2] and the
future negative forecast due to the climate change process [3],
urgent actions are necessary for recycling, better resource use,
or the application of technologies based on alternative sources.
Considering different alternative solutions, water extraction
from air (or Atmospheric Water Generation (AWG)) started to
be a competitive approach based on different techniques:
radiative cooling, vapour concentration with sorption-
desorption techniques, and active cooling [4]. The third
technique (the most diffused and commercial one [5]) is based
on a reverse cycle, operating with an electricity-powered
compressor, including air flow cooling below the dew point
[6]. This solution can provide from tens to thousands litres of
water per day, depending on the system size and the ambient
conditions. However, an important drawback of this water
generation regards the energy consumption [7] that, for this
reason, links water production to energy management aspects.
This is a very important issue in case water needs to be purified
due to filtering systems, increasing such consumption [8].
Energy consumption is one of the main concerns about the
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sustainability of atmospheric water.

A viable way to address the energy issue consists in
employing advanced AWGs expressly studied to be integrated
with Heating, Ventilation, Air Conditioning (HVAC) systems
[8]. The water harvesting cycle, by direct cooling, gives as
secondary effects a flux of dry-cooled air and a potential
heating flux coming from the condenser. Advanced integrated
AWGs are expressly designed in order to transform these
secondary effects into useful effects [9]. In such a way, the
overall energy efficiency of the system is notably increased, as
the machine gives three contributions, water, cooling and
heating, with the same energy input [9]. Therefore,
atmospheric water becomes a sustainable alternative water
source [9]. Nevertheless, in order to be really effective, such a
kind of AWGs requires to be duly integrated in the existing
HVAC systems.

Due to the extensive application of alternative renewable
sources (such as photovoltaic panels (PVs)), important
requirement for the decarbonization target [10], the integration
with storage solutions is mandatory for both water and energy
generation. For this reason, this work includes a tank for clean
water and a tank for cooling water. Although more complex
devices could be considered (e.g. phase change materials), in
this work simple water tanks are considered because attention
is focused on the integration and the management approach
rather than on innovative technology development. However,
the presented approach is general and easily transferable to
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different types of energy storage technologies. The application
of these tanks is essential to store excessive generation and to
minimize variable costs due to a proper device management
[11].

Due to these integration aspects, energy management is
important to pursue optimization objectives, such as cost
minimization [12]. Although the application of an Energy
Management System (EMS) is an extensively studied topic in
smart grids for heat and electricity generation [13-15], the
EMS technology is innovative for the application of AWGs.
Especially in polygeneration grids equipped with different
energy sources, different generation technologies (including
the AWG for water), and/or devoted to generation of different
useful flows (such as water, cooling energy, etc.), a robust
EMS is essential to operate the grid in optimal conditions. This
is important not only for the cost point of view, but also for
reducing the environmental impact minimizing emissions
(especially in case of integration with fossil fuels or the
utilization of an electrical grid not based on zero-emission
generation). For this reason, this work focuses special
attention on the development of a real-time EMS tool to
minimize variable costs during operations against standard
management approaches.

2. GRID LAYOUT AND COMPONENTS

The polygeneration grid considered in this work was
designed to integrate an advanced AWG system with a
renewable source (PV panels) and some traditional
components (a chiller and connections to the national water
and electricity distribution grids). Storage technology was also
included for amplifying the management degrees of freedom
(essential aspect for the integration of non-dispachable
renewable sources).

C. Storage

Legend

—  Water grid

== Cooling grid
==+  Electrical grid

W. Storage

Figure 1. Polygeneration grid layout
2.1 Grid layout

The polygeneration grid includes the distribution of water
and cooling energy in the form of chilled air (Figure 1). The
water grid is also equipped with a connection with the
aqueduct. Thanks to these devoted grids, it is possible to
satisfy the related demands (represented with the “W. User”
and the “C. User” in Figure 1). Moreover, an electrical grid is
also present to supply the electricity to the chillers included in
this system: an AWA250 for producing both water and cooling
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energy and a heat pump used just for the cooling side [16]. Due
to the local electricity production with PVs, an integration with
renewable-source generation is also present and the
connection to the general electrical distribution grid is based
on two-way exchanges. Finally, both water and cooling grids
are equipped with storage devices (water tanks for both cases
—with an air/water heat exchanger for the cooling energy side).
This layout could represent a system integration for
application in different cases ranging from residential or
commercial districts to small industries or industrial sites.

2.2 Description of the involved components

The main component considered in this work, for studying
the application of an EMS to a grid including the distribution
of both water and cooling energy, is the advanced integrated
AWG machine AWA250 [16]. It is designed to obtain the
useful effects of water extraction from air thanks to the
application of a reverse cycle. An external air flow is provided
to the machine with fans. Then, following a mechanical
filtration, it is cooled below its dew point for obtaining the
atmospheric water harvesting. These AWG machines are
designed for an optimal integration with buildings,
considering that the air flow can be used for the cooling system,
as demonstrated in a study involving hotel laundries [17].
Moreover, the heat discharged at the condenser side can be
used for heating the domestic water, resulting in additional
cost and energy savings. Although in this paper the heating
energy is not used, considering no presence of heating demand,
in the application shown in the study [17], using both cooling
and heating energies, it was obtained a saving of about 80,000
$ per year. Although the water quality aspects are not included
in the discussion of this paper because they are linked to the
application, their impact on the AWG was carefully analysed
in previous works [18, 19]. In the activity discussed in the
study [17], machines included materials certified for food
contact. Moreover, in study [19] the produced water was tested
and demonstrated comparable to high-quality bottled water.
The AWG machine (AWA250), considered in this paper,
works with R134a as refrigerant fluid and it is composed of
these main components: (i) 30 kW compressor, (ii) air
treatment unit for 100 kW cooling capacity, (iii) condenser
based on a plate heat exchanger, (iv) evaporator and
condensation fans.

The “C. Gen. 2” in Figure 1 is a heat pump (used only for
the cooling side) supplied by Mayekawa Europe [20]. This
device is chosen for this activity because it is available in the
Innovative Energy Systems laboratory of the University of
Genoa. It includes a superheater and a 6-cylinder reciprocating
compressor driven by an electric motor (11 kW maximum
active power). The working fluid is normal-butane (R600),
and the COP (cooling side) is in the 1.31-2.08 range, as
referred on the measurements reported in the study [20].
Although this is a water/water heat pump, the connection with
the cooling grid is obtained with a water/air heat exchanger.

Also for the photovoltaic panels this work refers to the
installed devices in the Innovative Energy Systems laboratory.
They are 6 single-crystal units for a total maximum power of
1.1 kWp. They nominal efficiency is 14.5% [14]. However,
the data used in this work are significantly lower than the 1.1
kWp due to significant component aging (they were installed
more than 10 years ago).

To conclude this component presentation, it is important to
report the details for the storage devices: while the water grid



includes a 2000 1 tank, the cooling grid is equipped with a
chilled water tank for a storage maximum capacity of 2000
kWh.

Since the target of this activity is the EMS development and
verification, no specific size optimization was performed on
the components. Their size was chosen on the basis of
available market components (e.g. for the AWA250), of
existing devices available in the laboratory (for the R600
chiller), and to have flexibility for storing water and cooling
energy daily operations (starting from the analysis reported in
the study [12]).

3. DEVELOPMENT OF THE MODELS AND THE
ENERGY MANAGEMENT SYSTEM

For the EMS development and the related performance
assessment through simulations, it was essential to develop
real-time models for the involved components. Due to the
necessity to have only global values (e.g., produced, consumed
or stored power values) and fast calculation performance,
simplified models were used on the basis of 0-D approaches
(with input-output balance equations) or interpolation of maps
(steady-state part) connected to first order delay tools
(transient response). This approach was already presented and
successfully validated in different previous works, starting
from the study [12] (a preliminary activity on AWG
integration) to the study [21] (an application of 0-D models in
real-time calculations).
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Figure 2. Heat pump model validation (cooling power)
3.1 Development of component models

The model of the AWA250 AWG system was developed
with design data from the manufacturer’s web site [16], using
literature data [17] and other data for off-design conditions. So,
the steady-state part of the model is based on interpolation of
performance maps to calculate the values of produced water,
cooling power and electrical power consumed at different
operating conditions. Due to the influence of these important
parameters, they are functions of ambient temperature and
relative humidity. A further model part was implemented for
the time-dependent response: two subsequent first order delay
blocks were used. Due to this very simplified approach, the
time constant setting was carried out on the basis of
experimental data. The validation of this model was reported
in the study [12] considering the cooling side of a scaled-up
heat pump available in in the Innovative Energy Systems
laboratory at the University of Genoa [22]. During a
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component start-up and shutdown phase, a good matching
(simulation versus experimental data) was obtained in the
study [12]: maximum errors close to +3% in quasi steady-state
conditions and accurate calculation of transient response.
Considering that measurement accuracy was in the £3% range
for the power values reported in the study [12], the obtained
performance was considered good for the purpose of this
analysis.

A similar approach was considered for the heat pump whose
cooling side provides the additional cooling energy to the grid
(“C. gen. 2” in Figure 1). While the steady-state performance
modelling was based on the measured data reported in the
study [20], the transient response was based on single first
order delay blocks. Following preliminary settings of this time
constant, the model was successfully validated against
experimental data. For instance, Figure 2 shows the good
matching  between  calculations and  experimental
measurements (accuracy in the +3% range) for the cooling
power produced by the R600 heat pump during a start-up
phase.
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Figure 3. Thermal storage (chilled water tank) model
validation

The model of the thermal storage vessel was based on global
power input-output balance to calculate its State of Charge.
Moreover, a single first order delay block was included for
simulating the time-dependent response. It was modelled
considering a system composed of different 500 1 chilled water
tanks installed in parallel. To be general, since the amount of
tanks depends on the operative temperature difference, no
detailed design is included in this work and every analysis is
reported in the form of inlet-outlet power exchange and stored
energy. The validation of this model was performed
considering a single 500 | tank internally equipped with a 30
kW electrical heater [23]. In the validation test presented in
Figure 3, starting from equilibrium conditions, at time zero the
heater set-point was switched to 20 kW. The circuit response
that mainly depends on the dimension (thickness of the vessel
and the pipes, circuit length, thermal insulation, etc.) was
reported in Figure 3. Although the simplified model was not
able to calculate details, such as the temperature distribution
in the vessel, the model results were able to produce the time-
dependent trend with an accuracy level in agreement with the
measurements (errors in the +3% range) and with the accuracy
needs of this optimization analysis.

A further model regards the water storage tank. Also, in this
case a very simple tool was implemented. It was based on an
integrator block to calculate the mass changes on the basis of
the inlet/outlet balance of the fresh water. The model
development activity included also the calculation of its state
of charge (SoC), as a number in the 0-1 range.



3.2 Energy Management System layout

The core of this activity was the development of the Energy
Management System (EMS) starting from the preliminary tool
presented in the study [12]. The EMS of the entire
polygeneration grid was developed to minimize the related
variable costs. Considering that the target of this work was the
development of a real-time EMS to manage the grid during
operations, no component size optimization was performed.
Although this could be another important optimization (as in
the study [22]), attention is focused on specific component
management. The optimizer core is the cost function in Eq. (1)
and the linked functions in Egs. (2)-(3).

]COSt =Cy - ngrid + (CO&M + Cel) ’ PelAWAZSO

+Cel 'Peal +C0&M 'Peal (1)
* COPHP
PelAWAzso ©)
= f(mWAWAZSO' WETswazs0, RHamp, Tamb)
COPHP = f(Tamb) (3)

Water Energy Transformation (WET) is an efficiency
parameter related to the atmospheric water generation. It
represents the ratio between the needed theoretical energy for
condensation and the real machine consumption [6]. Although
it is based on the COP concept, for the WET parameter the
useful effect is the condensation of atmospheric water.

The objective function in Eq. (1) is minimized by a
MATLAB optimizer to have in real-time mode the values of
three decision variables: water from the general grid

(aqueduct), water produced with the AWA250 (P, 4550 18

dependent on my, , ... ) and the electrical power consumed
by the heat pump (Pg;,,) that is used for the cooling side. The
optimization process is based on a constrained non-linear
minimization of variable costs [24]. The procedure needs to
satisfy both water and cooling demands and the constraints
reported in Table 1. Although the application of a MATLAB
optimizer implies no specific research activity on the
algorithm side, an important innovative aspect of this work
regards the application of a real-time EMS on an integrated
system including water, cooling energy generation and related
storage systems.

Table 1. Optimization process constraints

Minimum Maximum

Parameter Value Value Unit
Water from
the grid 0.00 0.03 kg/s
Water from
the AWA250 0.0 0.06 kg/s
Cooler
electrical 0.0 11.0 kW
power
Water from
the storage -0.02 0.02 kg/s
tank
Storage tank
for cooling -30.0 30.0 kWh

energy
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The management of the storage tanks is based on the cost
forecast. As presented in the studies [12, 14], a scheduling is
necessary to consider a prediction. For instance, in this
analysis, discharging the water tank during low water price
periods could be erroneous if the storage system is at low level
condition or if the water price is affected by a further decrease.
So, in this analysis the following approach is proposed: the
tank charging is activated (at its maximum) when the
electricity cost is lower than its average value and the AWG is
in active phase. In case of the opposite electricity cost situation,
the tank is discharged. A similar approach is used for the
management of the cooling energy tank. However, in this case
the charging of this energy storage system is activable only
during operations of one (or both) cooling systems. The
utilization of both storage systems is constrained in the 10%-
90% range.

The PV panels are included in the EMS considering the
related electricity production at zero variable cost. This is
included in the EMS as described in the study [12] (a
recalculation of the electricity cost through a weighted average
with grid electrical energy cost).

4. SIMULATION RESULTS

For the case study presented in this paper, the same input
values of study [12] are considered. In details, the ambient
conditions and the electricity cost during 24 hours are shown
in Figure 4. These data are typical of a summer day at
intermediate latitude for a location with a double-peak trend
for electricity costs [14]. The following further input values
are considered (as in the study [12]): 10 €/MWh for Operation
and Maintenance (O&M) of both inverse-cycle systems, 2
€/m? for the water obtained from the aqueduct, and 45 €/MWh
for the cooling energy. However, differently from [12], no
cooling energy selling is remunerated because the related
demand is considered part of the same entity in charge of the
grid management. So, the cooling energy price is used only for
valorizing cooling energy in the storage system.

The choice of some cost parameters is carried out
considering realistic values. For instance, the water cost is
representative of Barcelona (Spain) [25] and the O&M cost is
derived from the study [26]. Finally, an electricity generation
from the PV panels is included. The maximum generation is
about 650 W at 12:00, as from laboratory measurements.

The simulation results obtained with the EMS are compared
with the “No EMS” case (Figure 5). This is a simple approach
driven by the necessity to satisfy both demands. So, in the “No
EMS?” case, thermal loads lower than the heat pump maximum
(cooling side) are satisfied by this small system, while higher
cooling demands require the AWA250. In case of cooling
demands higher than the AWA250 maximum, the heat pump
is used in parallel. For the water generation point of view, the
aqueduct is used when the AWA250 is off or in case of a water
demand higher than the flow generated by this AWG system.

The simulation performed with the EMS shows that it is
profitable to activate the AWA250 during the central hours of
the day due to low electricity cost. During the night, the AWG
was not activated (even with low electricity cost) due to the
ambient conditions. Lower water producibility was observed
compared to daytime conditions with the AWA250, due to the
specific weather conditions. It is worth noting, however, that
in many climates the opposite occurs, as nighttime typically



brings higher relative humidity and lower temperatures than
daytime.

Figure 6 shows the interaction with the storage systems for
both generated water and cooling energy. The EMS used the
generated water stored in the 2000 I tank for a couple of
periods with electricity costs higher than the average (about in
the 5-8 and 20-22 hours). As already shown in study [12], the
re-charging phase is mainly due to a water generation excess
from the AWAZ250 when it is active for satisfying the thermal
demand. A similar trend is obtained for the cooling energy
storage tank. However, it is important to highlight that, even if
the EMS is constrained in the £30 kW range for this tank,
excess of generated cooling energy (especially in the 14-20
hours) produces significant additional charging effect.
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Table 2. Sensitivity analysis on property variations

EMS Saving
(€] No EMS [€] (%]
Base case 52.47 66.11 -20.6
Cooling cost (-20%) 55.23 74.44 -25.8
Cooling cost (+20%) 49.71 57.79 -14.0
Cooling demand (-20%) 39.86 55.60 -28.3
Cooling demand (+20%)  62.59 75.18 -16.7
PV generation (-20%) 52.56 66.20 -20.6
PV generation (+20%) 52.38 66.03 -20.7

The global variable costs of these 24-hour simulations
(Figure 7) show the effectiveness of the EMS against the “No
EMS” case. Including also the cost related to re-charging
operation of both storage tanks (if the final SoC values is
different than the initial ones), the EMS produces a significant
decrease in variable costs: -20.6%. In comparison with study
[12], the costs show an important increase due to a different
organization of the grid: while in study [12] the cooling energy
was remunerated, here no earnings are obtained from this side.
Although these simulations are based on cost decrease
objective, important environmental benefit can be also
obtained due to CO, emission decrease (especially if grid
electricity is produced with fossil-fuel sources).

A further analysis (in Table 2) regards the effect of £20%
changes in different parameters. Since the cost of cooling
energy has an impact on the valorization of the stored cooling

energy, a cooling cost increase produces a significant decrease
in the global costs. Moreover, another property change that can
generate an important impact on global variable costs is the
cooling demand. Its increase produces cost increase due to the
necessity to satisfy it with additional energy consumption on
the electrical side. Finally, the electricity produced by the PVs
has a negligible impact on the global costs due to the small
amount (650 W in the maximum generation) considered in this
case. As a final consideration on Table 2, it is important to
remark that in all cases the saving in variable costs is
significant (-14% in the worst case).
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Figure 7. Global variable costs related to this 24-hour
simulation (comparison between the “EMS” and the “No
EMS?” cases)

5. CONCLUSIONS

This paper regards the development of an innovative EMS
for a polygeneration grid integrating advanced AWG
technology with a heat pump (cooling side), storage systems
and electricity generation from PVs. The main innovation is
the application of a management technology usually
developed for grids including combined heat and power
generation to the water supply issues. The work mainly reports
the results summarized in the following points.

The models of the components included in this

polygeneration grid were based on 0-D approaches

(interpolation of performance maps plus first order delays

for the transient response). The model validation was

carried out considering available experimental data,
obtaining good reliability in simulations.

A devoted EMS was developed to manage the grid

components with the objective to minimize variable costs

and operate in real-time mode.

The management of the storage systems was based on a

scheduling: charging operation when the electricity cost is

lower than its average with prime movers (the AWG
and/or the heat pump) in active phase; discharging
operation in the opposite electricity cost condition.

The simulation results presented for the base case

produced a significant decrease in global variable cost (-

20.6%).

A sensitivity analysis (+20% changes in different

parameters) showed significant saving in variable costs

for all cases (-14% in the worst case).
The results presented in this paper successfully candidate
this polygeneration grids to further analyses in the WISHeR
PRIN2022 project. They will be based on laboratory tests in
cyber-physical mode (as in the study [14]) for assessing the
EMS performance from the experimental point of view.
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NOMENCLATURE

AWG Atmospheric Water Generator

C. Cooling

EMS Energy Management System

Gen. Generator

HVAC Heating, Ventilation, Air Conditioning

PV PhotoVoltaic

W. Water

Variables

C cost, €

cop Coefficient of Performance, -

J cost function, €

m mass flow rate, kg/s

P Power, W

RH Relative Humidity, %

SoC State of Charge, 0-1

T Temperature, K

WET Water Energy Transformation, -

Subscripts

amb ambient

AWA250 AWG machine considered here

cool cooling

el electrical

HP Heat Pump

0o&M Operating & Maintenance

w Water





