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Abstract: This paper focuses on an industrial application where renewable power produced by
photovoltaic panels is exploited to feed a pneumatic transport plant. The proposed system requires
the careful management of the energy flows involved since it includes the interaction with the electric
grid and with an electrochemical storage (battery) rather than the correct choice of the photovoltaic
panel and battery itself. A dedicated control system needs to be developed in order to accord
together these energetic flows, also providing a degree of flexibility to implement different control
logics. The methodology employed in the research is simulation, which through the construction of
a model in Matlab Simulink is able to reproduce the behavior of the system components and their
energetic interactions for a long time period. The aim of the research is to provide a tool for assessing
the energetic convenience of different battery–PV panel combinations. Moreover, an economical
assessment of the proposed system is provided and compared to the traditional setup. Simulation
results show that the proposed system provides energy savings with respect to a traditional grid-
powered plant. The economic assessment shows that the system becomes convenient over the
traditional setup within a time frame compatible with an average PV panel’s useful life.

Keywords: renewable energy; control system; economic evaluation; smart grid; energy storage;
photovoltaic panel; smart inverter; pneumatic transport plant

1. Introduction

The employ of renewable energy is rising both in the civil and in the industrial field.
In particular, for local installation of small and medium power, photovoltaic plants are
the most suitable. The main problem rising with photovoltaic power is the intermittency
and variability of the production, which is particularly harmful in industrial processes
requiring continuous energy supply [1–5]. In [1], the authors face the issue by the employ
of sun irradiation forecasting methods so as to predict the PV plant’s behavior and act,
consequently stabilizing the operation of the connected smart grid. In [2], the authors focus
on the compensation of non-linear and unbalanced loads of the electric power system by
the use of a line conditioner device. In [3], the authors consider the storage of energy in
batteries or super-capacitors while defining proper algorithms for energy management.
In [4], the approach is similar as that in [1], proposing a new short-term probabilistic
forecasting method. In [5], a study on water-cooled PV panels performance is presented.

This paper proposes a system for renewable energy exploitation in connection with
an industrial transport application. In particular, the focus is posed on a pressurized
air pneumatic transportation plant [6–12], whose main energy-consuming component is
the blower or compressor generating the air and material motion inside the pipelines.
In most cases, such types of plant operate with an intermittent modality, switching on
and off according to the frequency and timing of material loads arriving to the charging
port of the pneumatic transport facility. The possibility of feeding the blower electric
motor by a renewable energy source is investigated in this paper, and the source chosen is
photovoltaic energy.
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However, the employ of a photovoltaic system to power the pneumatic transporter
requires a careful design for the entire management system of the energetic flows involved:
in fact, the intermittent operation of the transportation plant combines with the also
intermittent sun energy flow, and the two phenomena need to be fit together to obtain
the desired transportation outcome. With this in mind, the proposed system is integrated
with the connection to the electric grid, which is able to deliver or absorb the power flows
in defect or in excess occurring during operation. Moreover, this paper investigates the
possibility of installing an electrochemical storage (battery) in the system in order to operate
as an energy reservoir to reduce the interactions with the electric grid. This particularity
positions the proposed scheme in relation to the topic of smart grids [13–18]. In particular,
papers [17,18] focus on the battery component with an experimental approach.

The system was investigated by simulation, with the aid of the Matlab Simulink
software tool. Therefore, a model of the components constituting the system (pneumatic
transport plant, photovoltaic panel, electric grid, and electrochemical storage) and that is
able to calculate the energy exchanges between them was implemented with the aim to test
different operational conditions and different sizes of the components. The energy flows
involved are accorded together by a control system, physically located in an electronic
component named “smart inverter”, in which the operational logics are included; such
component was implemented in the Matlab Simulink model in order to easily change the
operational logics. A similar simulation approach has been used in other previous works;
for example, ref. [19] presents a Matlab Simulink model for simulating a combined PV
panel–battery–supercapacitor system to smooth the electricity production peaks owing
to unregulated energy demand and weather changes. Ref. [20] describes a hybrid wind–
solar system in combination with battery storage. The model envisages a filter and hybrid
forecast engine based on neural network and an intelligent evolutionary algorithm. Ref. [21]
describes a neural-network-based simulator for domestic PV panel–battery systems aimed
at assessing the battery sizing and the behavior with different control logics for managing
the battery discharge methodologies. Finally, [22] presents a transient model of the panel–
battery hybrid generation system connection using Matlab Simulink. Simulations have
been employed to assess the system interaction with the electric grid to stabilize output in
varying environmental conditions.

The system model was used to carry out a set of simulations aimed at finding an opti-
mal combination of panel power and battery capacity from the energetic point of view while
satisfying the user (pneumatic plant compressor) requirements. In particular, other than the
“basic” plant with the only power feeding from the grid, eight other plant configurations
with different combinations of panel power and battery capacity were simulated.

Simulations were protracted for a long time period, namely one year, in order to obtain
sufficient data regarding the operation and the optimal combination of the components
mentioned above.

In addition, an analysis from the economical point of view was performed by a
comparison of the investment and running costs for the various plant solutions simulated.

The paper is organized as follows: Section 2 describes the proposed plant config-
uration, highlighting the system components and their interconnections and providing
the operational modalities of exercise. Section 3 describes the simulation model, with
particular focus on the modelling in Matlab Simulink of the different components of the
system, including a description of the control logics adopted for managing the energetic
flows among the components. In Section 4, we present the simulation results for eight
cases tested, in particular two photovoltaic panels with different powers that were tested
either without battery or combined with three batteries of different capacity. In the same
section, an economic assessment for the different plant solutions is carried out, providing
a comparison with the basic plant, which absorbs the electric power from the grid only.
Finally, in Section 5, the conclusions are drawn.
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2. Plant Configuration

Figure 1 shows the scheme of the proposed system for the pneumatic transport plant
integrated with a photovoltaic energy source. As follows are listed and briefly described
the items composing the system:

• PV panel: the photovoltaic panel converts the sunlight power into continuous current
power; as known, sunlight power is discontinuous and depends on the meteorological
conditions;

• Electric grid: in order to ensure power continuity to the plant, a connection to the
national three-phase electric grid is required;

• Compressor and electric motor: the generator of the air flow employed for the transport
of material particles in suspension; its operation is intermittent according to transport
exigencies;

• Electro-chemical storage (battery): the energy storage employed to accumulate and
release the sun energy by using appropriate logic algorithms turned to efficiency
optimization;

• Smart inverter (power split): represents the heart of the system [23]. It provides the
connection among all the energy sources (PV panel, DC mono-phase current, electric
grid, and AC tree-phase current), the user (AC three-phase electric motor moving
the compressor), and the electro-chemical storage, operating in DC. It contains the
algorithms required to direct the various energy flows involved during the operation.
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Figure 1. Plant schematic configuration.

The pneumatic transportation plant is the final user of the air stream produced by the
compressor, fed by the energy sources described above. In the present article, the pneumatic
plant is considered of the pressurized type, so the blower was installed upstream of the
transportation pipeline; the plant was set in order to transport only one type of material in
a single pipeline; however, the same system could be easily modified in order to cope with
several different materials and/or several different pipelines transporting the materials
to various locations; this could be done by, e.g., modifying the rotational speed of the
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compressor (i.e., by setting the proper feeding frequency in the smart inverter) to provide
the required flow rate and pressure for each material and for each pipeline.

The system is subjected to a double random variability:

• On the one side, the sun power, simply predictable by astronomical correlations, is
however affected by the random behavior of the clouds, whose presence may abate
the output of the PV panel whenever overcasting is particularly intense;

• On the other side, the amount of material to be transported, in the present article,
was chosen to evaluate the operation of a pneumatic plant fed by cargos (e.g., trucks)
of one material type, arriving with regular frequency for 12 h shifts (from 06:00 to
18:00), but the tons of material transported by each cargo are a random value; the
pneumatic plant is exerted in order to blow a constant air flow rate value to move
all the cargo material towards the discharge point; thus, the random variability of
each cargo material mass translates into a variability of the time period in which the
compressor is turned on in order to fulfill the transport.

3. Simulation Model

The model of the pneumatic plant equipped with panel and battery was implemented
in the Matlab Simulink environment, which is ideal for monitoring the time-varying
behavior of variables. The model sample time was set to 1 min [24]; this allows simulation
of the system dynamics while keeping an acceptable simulation runtime. (The latter may be
long owing to the one-year time period simulated for assessing the system performance.)

The model consists of sub-models:

• Material arrival and compressor activation: it provides random variability of the
material mass incomings, and the latter provides the compressor switch-on for its
transport to the destination point;

• Photovoltaic panel: described in detail in the further sections, it is configurable for the
panel geographic position and orientation and provides a random cloud generator;

• Electro-chemical storage: this sub-model is also configurable concerning the capacity
and the type (performance) of the battery;

• Control logics: contains the operational algorithms; in this sub-section, the input
variables are compared to the configurable set-points to provide signals to the inverter-
power split dedicated to manage the energy flows involved.

All the model sections are highly configurable: it is possible to simulate the real
performance of the various hardware components thanks to the option of uploading the
performance maps if available (e.g., it is possible to upload the real curves of battery
efficiency in charging and discharging so as to determine the panel efficiency in function of
the environmental temperature).

The model is operated in three phases:

• Pre-processing, which consists in the upload of the data for the simulations (e.g., panel
area, battery capacity, load frequency, etc.);

• Processing, consisting of the simulator computations;
• Post-processing, in which the results are displayed; results consist of all the power

flows and energy amounts related to the different system modules.

As follows, the various sub-models are described in detail.

3.1. Material Arrival

The material arrivals with each cargo were simulated by a combination of “Random
Number Generator” (for the cargo material masses) and “Pulse Generator” (for the start
and end of the 12 h shifts) Simulink blocks. The mass of each load in arrival has a normal
distribution, with mean value of 8 tons and a variance of 2 Mg (tons).

The compressor is switched on as soon as the new cargo of material arrives and
switched off as soon as all the material has been transferred to the pipeline discharge point.
The simulator was set in order to operate with a fixed value of air flow rate and a fixed
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value of air to material mass ratio so that a higher amount of arriving material will involve
a longer transfer cycle time. In the present case studied, the design material flow rate of the
pneumatic plant was set to 10 Mg·h−1.

For every simulation time step, the mass of incoming material and the integral of
the transported flow rate (i.e., the current amount of transported mass) are constantly
compared; as soon as the transported mass equals the mass of material arriving with the
cargo, the compressor stops. In Figure 2 is shown the Simulink block scheme for simulating
the compressor operation in the function of the incoming material.
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The air flow rate required to transport the material was calculated by the well-known
semi-empirical formula of Hudson (see Equation (1)) and in the function of the material
density (in the present case, fixed and equal to 800 kg/m3) and of the plant design flow
rate (10 Mg·h−1).

.
Qair = 0.116γT (1)

where
.

Qair is expressed in Nm3·h−1, with γ being the material density in the pile in kg·m−3

and T the material design flow rate of the plant in Mg·h−1.
In Figure 3 is reported the operational cycle of the pneumatic plant for two shifts. As is

visible, the air flow rate for the transport is always equal to 0.26 kg·s−1, while the duration
of the transport period is proportional to the mass of material on arrival.
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3.2. Photovoltaic Panel

To reduce the computational effort and the duration of the runtime, the panel model
was introduced in the simulator in the form of maps; the latter provide the values of
voltage and current per panel square meter in function of sun irradiation and ambient
temperature. These maps were derived by launching several times the photovoltaic panel
model described in [25] with different input data. The maps can easily be changed, allowing,
for example, to upload the model data coming from experimentally tested panels.

To account for sun irradiation, a mathematical model of the solar radiation on the
ground [26] was employed; the latter takes as input the geographical position of the
photovoltaic plant and its orientation with respect to the sun. The radiation model also
accounts for the reduction of solar radiation on the ground due to the presence of clouds.
This was carried out by the implementation of an algorithm based on the Simulink “Random
numbers generator” blocks that simulate the presence, the intensity, and the duration of
cloudy weather in the different seasons of the year.

As visible in Figure 4, the random number generators (which give as output a number
in the range 0–1) are one for each season and are connected to Simulink “Lookup-table”
blocks, in which are set the curves of the weather coefficient; the latter assumes values
between 0.2 (cloudy weather) and 1 (no clouds).
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In this way, the weather coefficient is subjected to a random variation according to the
weather conditions typical of each season. The so-calculated coefficient multiplies the sun
irradiation and lowers it as the sky is cloudy.

In Figure 5 is shown the PV panel output power for a nine-day winter period. As is
visible, the random presence of clouds reduces the power produced by the panel.
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3.3. Electrochemical Storage

To calculate the instantaneous value of the energetic content, the storage was modeled
as an “Integrator” Simulink block, for which the input is the chemical power to or from the
battery, as reported in Figure 6.
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Figure 6. Simulink block scheme for the electro-chemical storage.

The chemical power is derived from the instantaneous value of the gross power, which
is given by the control algorithms. To obtain the chemical power from the gross power, it is
essential to know the value of the battery efficiency.

The integrator needs as additional input the energy contained in the battery at the
beginning of the simulation: in all the tests performed, this value was set to 50% of the gross
capacity. The state of charge was then calculated by dividing the instantaneous energetic
content by the gross capacity of the battery.

The simulation model was designed to receive as input the efficiency curves of the
battery during charge and discharge; the efficiency values can be uploaded in the “Look-
up table” Simulink blocks (highlighted in Figure 6 as “Charging Efficiency Curve” and
“Discharging Efficiency Curve”) in function of the power-to-energetic-capacity parameter,
expressed in kW/kWh units. In case said curves were not known, a single average value of
the efficiency can be set for charge and discharge phases. In the present article, the curves
of battery efficiency are determined by a separate Simulink model of the battery, described
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in [27–31]. It is, however, possible to upload the real efficiency performance of the battery
from experimental measurements.

3.4. Control Logics

The control logics are intended to command the smart inverter–power split unit,
providing the proper values of electric power from and to the connected components. The
operation of the control logics is based on the values of the controlling variables, which
were chosen as follows:

• Battery state of charge (SOC): to extend the battery life and allow its operation in opti-
mal conditions, the SOC value should not drop below 40% and should not exceed 95%;

• Power produced by the panel: to properly command the system, it is important to
monitor the power produced by the PV panel; the system source of power changes as
the panel is not producing;

• Power absorbed by the compressor: the compressor on-off state is used to understand
whether the final user is absorbing energy.

The controlled variables are the power to and from the grid and the power to and
from the battery. The control system implemented is summarized in Table 1, where the
values of the controlled variables are indicated in function of the possible combinations of
the controlling variables.

Table 1. Synoptic table of the system control logics implemented.

Controlling Controlled

Battery State of Charge
PV Panel Compressor Grid Power Battery Power

Over Range In Range Under Range

1 0 0 0 0 0 0
1 0 0 1 0 - P Panel 0
1 0 0 0 1 0 - P Compr
1 0 0 1 1 - (P Panel - P Compr) 0
0 1 0 0 0 0 0
0 1 0 1 0 0 P Panel
0 1 0 0 1 0 - P Compr
0 1 0 1 1 0 P Panel - P Compr
0 0 1 0 0 0 0
0 0 1 1 0 0 P Panel
0 0 1 0 1 P Compr 0
0 0 1 1 1 0 P Panel - P Compr

P Panel = Panel power; P Compr = Compressor power.

The convention chosen for the power provides a positive sign as power enters in
the battery and enters in the system from the grid and from the panel; the power sign is
negative when power is required by the compressor.

The logics implemented in Table 1 are easily modifiable; it is possible, for example, to
feed the grid with part of the energy stored in battery by discharging it with a previously
decided power value; in that case, the battery should be near full. Furthermore, it could be
interesting to assess the possibility of charging the battery directly from the grid, as its state
of charge results as too low.

4. Simulation Results

The simulation model of the pneumatic plant powered by PV panel with electro-
chemical storage was employed to calculate the energy balance of the system and evaluate
the most apt size of the installed hardware for a plant having the operational cycle described
above. The compressor was sized to overcome a total pressure drop of 2 bar, and during
operation, it absorbs a gross electric power of 55.3 kW.
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In particular, the simulations were turned to the determination of the optimal panel
and battery size by launching six runs with different values of paneled area and battery
capacity. Each run covers one year of operation (432,000 min).

For sake of comparison, the plant equipped with electro-chemical storage was sim-
ulated in parallel with a plant having the same configuration but not equipped with a
battery: in this case, the power coming from the panel exceeding the requirements of the
compressor cannot be stored and must be sent to the electric grid. This is not an issue from
the plant management point of view, but it is from the grid management point of view; in
fact, as stated in [1,32,33], renewable power introduced in the grid with non-controllable
timing can provoke an increase in the grid power disturbances, affecting alternate current
frequency. However, this is an issue that may affect a great number of distributed small
power plants, such as those envisaging smart-grid installations spread all over a territory;
from the authors’ point of view, installations as those objectively are not so numerous as to
induce significant distortions to the grid frequency.

4.1. Overall Results

Figure 7 shows the variation with time of the power values involved in the simula-
tion: power produced by the panel, power to and from the grid, power absorbed by the
compressor, and power from and to the battery. As is visible, in the three days of operation
reported in the diagram, the solar power is rather low since the data concern a winter
period. Figure 8 shows the time variation of the battery state of charge for the same three
days as shown above. The case presented in Figure 8 regards the configuration with 55 kW
PV panel and 75 kWh battery. As is visible, the SOC values remain in the low range since
on one side the incoming renewable power from the winter sun is still weak, while on the
other side, the battery capacity is set to the highest value.
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Figure 9 shows the utilization diagram of the battery for the simulated case with
the 55 kW PV panel; this diagram indicates the amount of time for which each state of
charge (SOC) value was maintained by the battery. This diagram comes from the sorting,
in descending order, of the SOC versus time diagram values; from Figure 8, it is possible to
state that, as expected, in the simulation regarding the battery with lower capacity (25 kWh),
the SOC remains full for about 2.5 × 105 min, whereas for the cases with higher capacities
(respectively, 50 kWh and 75 kWh), the battery is available for a longer time period. From
the diagram in Figure 8, it is also possible to state that the curves for the 50 and 75 kWh
cases appear rather similar; therefore, from this point of view, it may not be economically
convenient to choose the 75 kWh type.
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Figure 9. Utilization diagram of the battery state of charge for three batteries with different capacities,
and PV panel having 55 kW power.

4.2. Comparison between Different Battery–Panel Sizes Combinations

In order to carry out a sizing of the renewable energy-powered pneumatic transport
system equipped with electro-chemical storage, a series of eight simulations were carried
out with different combinations of batteries and panels. Their details are given as follows:

• 27 kW panel, no battery;
• 27 kW panel, 25 kWh battery;
• 27 kW panel, 50 kWh battery;
• 27 kW panel, 75 kWh battery;
• 55 kW panel, no battery;
• 55 kW panel, 25 kWh battery;
• 55 kW panel, 50 kWh battery;
• 55 kW panel, 75 kWh battery.

The panel power and battery capacity set for the tests were chosen in a way to match
the features of the pneumatic plant compressor, which absorbs 55 kW of electric power.
The PV panel sizes were chosen in order to have one setting with the same power of the
compressor and another one with half the power of the compressor. The battery capacity
range was chosen according to the compressor operational cycle: a 50 kWh battery would
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be able to feed, alone, the compressor for circa 1 h; beyond that, it would be totally charged
by the full-power panel in about 1–2 h depending on the PV panel size.

The comparison was made on the basis of the energy values in kWh calculated by the
model at the end of the one-year simulation time. In particular, the parameter on which the
attention is focused is the energy amount received or provided from or to the electric grid
to which the proposed system is connected.

Table 2 presents the energetic results of the simulations. In the case of 27 kW panel,
the system is a net consumer since energy enters from the grid. (As previously stated in the
sign conventions, positive values are entering from the grid to the system) The simulations
made with the 27 kW panel highlight that the system equipped with the battery is not
energetically sustainable because the amount of energy absorbed from the grid is higher
than or equal to that of the system without the battery. Further considerations could be
made with regards to the interferences and disturbances that a battery storage would
avoid regarding the grid frequency, above all, in case of large power transportation plants.
However, it is interesting to notice that the system equipped with a panel and 75 kWh
battery absorbs from the grid an amount of energy circa equal to the system without battery;
therefore, it would be interesting to assess the behavior of a system equipped with an even
larger battery, e.g., a 100 kWh unit.

Table 2. Energetic results of the simulations.

kWh ×104
Panel 27 kW Panel 55 kW

No Battery 25 kWh 50 kWh 75 kWh No Battery 25 kWh 50 kWh 75 kWh

Grid energy 3.285 3.287 3.287 3.285 −0.691 −0.695 −0.688 −0.687

Panel energy 3.933 7.909

Compressor energy −7.218

In the case of the 55 kW panel, the system is a net producer, as it provides energy to
the grid. In particular, it is worth noting that the system equipped with a 25 kWh battery
provides to the grid more energy than in the two other cases equipped with larger batteries.
In addition, the energy output with the 25 kWh unit overcomes that of the system with
no battery. This can be explained remarking that, in the case of no energy coming from
the panel, the pneumatic plant compressor is fed by the energy stored in the battery. This
situation could not be verified for the system without battery, in which case the energy
required for moving the compressor would have to be absorbed from the grid. Additionally,
it is worth noting that, when the panel is producing power, and the battery is over range, the
panel power is discharged into the grid. The bigger the battery size, the less the over-range
situation occurs; this explains why less net energy is provided to the grid with increasing
battery size.

This analysis was made with the control logics for the inverter/power split unit
indicated in Table 1. It would be interesting to provide, in further works, a comparison
between different system control logics to evaluate the possibility of maximizing the system
performance. It would also be meaningful to carry out tests with larger-sized batteries.

4.3. Economic Considerations

In addition, the authors considered it interesting to work out a simple economic assess-
ment for the different plant solutions tested. This was carried out in order to determine the
economical convenience of the employ of renewable energy with a complex management
system in an industrial plant.

The economical assessment was carried out based on data for the investment cost
and for the energy cost, assuming that the latter does not change over the years. Since
the pneumatic transport plant (including electric motor, compressor, pipelines, and other
accessories) is the same for all the examined cases, its initial cost was computed in the



Electrochem 2023, 4 250

calculation. Therefore, the investment cost was determined assuming a PV panel cost of
3200 euro·kW−1 [34] and a battery cost of 121 euro·kWh−1 [35]. The cost of the inverter,
which is proportional to the electric power elaborated, was set to 258 euro·kW−1 [36]. The
energy cost was set to 0.363 euro·kWh−1 both for the energy entering the system and for the
energy provided from the system to the grid. This value comes from the average electricity
selling price in the four hourly bands considered in the Italian market. The analysis was
protracted for a number of years in line with the average life of a photovoltaic panel, namely
25 years.

The analysis was set to compare the traditional pneumatic transport plant costs with
the eight solutions described in the article’s previous sections. To obtain a sensate compari-
son, the actualized costs (at a current discount rate of 3.3% per year, according to EURIBOR)
as well as the cumulative costs were calculated for the various solutions. The results are
presented in two diagrams appearing, respectively, in Figure 10 (actualized costs) and
Figure 11 (cumulative costs). In the diagrams, the label “Basic” refers to the traditional
pneumatic transport plant fed by electric power coming from the grid.
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Figure 10. Actualized costs for the simulated plant solutions compared to the basic plant fed by
electric power from the grid.

According to Figure 10, the break-even point between the basic plant and the various
innovative solutions occurs between the 7th and the 8th year, indicating that, from this mo-
ment on, the plant equipped with the innovative feeding system will provide an economic
savings. In particular, the system equipped with the 55 kW panel shows a descending trend
of the costs due to the selling of the extra power produced. It is worth noting that, with
the present battery technological development and with the system management logics
implemented here (see Table 1), the solutions including batteries do not provide a higher
saving than the solutions equipped with only panels. Moreover, the impact produced on
the results when changing the battery capacity is limited, whereas the panel power’s impact
on the results appears much higher. This may be explicable by looking at Figure 9, which
shows the utilization diagrams of the batteries, where it is possible to see that, even for
the larger capacities (50 kWh and 75 kWh), the storage is full (thus unavailable) for about
50% of simulation time. This means that the energy flow in this component is small with
respect to the energy flows of panel, grid, and compressor. This might be the reason that the
economic impact of the different batteries on the system is not so important as expected, at
least with the battery size range considered in this study. To research a condition in which
the solution with batteries becomes economically convenient, other simulations should be
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carried out by changing the battery size range and setting the management logics of the
system with an optimization purpose turned to maximum money saving.
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Figure 11. Cumulative costs for the simulated plant solutions compared to the basic plant fed by
electric power from the grid.

To investigate the effective convenience of the solutions, it is necessary to consider the
cumulative costs diagram presented in Figure 11. According to the latter, it is possible to
observe that the innovative solutions become more convenient than the traditional (basic)
plant around the 18th year of operation.

An interesting evaluation of the investment should take into consideration the net
saving (NS) of the plant’s useful life, which calculates the difference between the cumulative
costs for the traditional plant and those for the most economical solution of the innovative
plant at the 25th year of production. The NS value corresponds to EUR 1,619,147, consid-
ering as costs for the most economical solution those of the plant with 55 kW panel and
no battery. Another meaningful parameter is the saving to investment ratio (SIR), which
is the ratio between the previously calculated NS and the investment cost for the 55 kW
panel plant solution. Considering an investment cost of EUR 185,286 for said plant, the
SIR parameter assumes the value of 8.74. Moreover, it would be interesting to calculate
the adjusted internal rate of return (AIRR), which accounts for a possible investment of the
saved money in other profitable business. The AIRR can be calculated through the formula
AIRR = (1 + r)·SIR1/N − 1, where r is the re-investment rate (i.e., the percentage of the saved
money that is re-invested in other relevant profitable activities, prudentially assumed in
this case as 5.75%), and N is the number of years (25). Based on the afore-presented data,
the AIRR assumes a value of 15.3%.

From the calculations presented, it is possible to judge the analyzed investment as
profitable unless the photovoltaic panel should go out of order before 18 years of life.

5. Conclusions

This paper presents a proposal for a system combining a photovoltaic panel and a
pneumatic plant to exploit sun power for material transport purpose. The system can be
equipped with an electrochemical energy storage (battery), which is thought to improve, in
certain conditions, the energetic performance. In any case, the system is connected to an
electric grid with which exchanged electric energy flows.

In order to assess the performance of the system, a simulative approach was selected,
and a Matlab Simulink model of the different parts (panel, grid, user, battery, and control
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algorithms) was implemented. The model is highly flexible, allowing to change the different
components of the system and their main parameters as desired. Thus, the simulative
approach highlights the advantage of allowing the performance assessment of the system
in different configurations and with different sizes of the components.

Regarding the simulations carried out, two PV panel configurations (27 kW and
55 kW of electric peak power) and three battery configurations (25, 50, and 75 kWh of
capacity) were tested in different combinations, taking as the basic case for comparison
the system with no battery installed. The simulations, which were protracted for one year
of functioning, highlight that the system with the 27 kW panel is a net energy absorber,
while the system with the 55 kW panel is a net energy producer and provides energy to
the grid. Simulations with varying battery size show that with the smaller panel, battery
is not sustainable, as it requires more energy income than the system without battery, at
least for the three capacity values tested; with the larger panel, instead, battery presence
seems to have a beneficial influence in the 25 kWh capacity configuration since in this case,
it provides to the grid more energy than in the case without a battery. In general, it can
be observed that when the PV panel power is set to a similar value as the load power, the
system becomes a producer, thus providing electric power towards the grid. Regarding the
battery size, it is probable that the capacity values chosen for the research and the control
logics implemented are not the most suitable to draw determinant conclusions about the
battery’s role in the system.

Regarding the economic evaluation, the discussion is presented in Section 4.3. The
assessment of the actualized costs for the different plant solutions (presented in Figure 10)
shows that the proposed innovative solutions provide an economic saving from the 7th–8th
year of operation on. In particular, the plant equipped with the larger PV panel (55 kW)
provides a power surplus that can be sold in the market, and thus, its curves for the
actualized costs show a descending trend. In this analysis, the battery size impact on the
economic results is significantly less remarkable than the impact made by the panel size.
This can be explained by the observation that the energy flowing in the battery is small
with respect to the energies flowing in the other plant components, as the battery results
as fully charged for about 50% of the simulation time (see Figure 9). Such observation
suggests that future studies should consider a different choice of battery size range and a
more careful assessment of the system control logics for managing the energy flows. The
assessment of the cumulative costs for the different plant solutions (presented in Figure 11)
points out that the solution of equipping the traditional pneumatic plant with a renewable
power-feeding system interacting with the electric grid becomes more convenient than the
basic grid-powered solution from the 18th year of plant operation on within a time frame
in line with the average photovoltaic panel life, which normally is 25 years.
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