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Highlight
This paper focuses on the design of photovoltaics systems for energy self-sufficiency of strategic infrastructure
as well as mobile applications (e.g., command centres, first responders, refugee camps).

Abstract

With both the ecological and economical aspect of fossil fuels as a source of energy, the demand for renewable
sources is rising. This paper aims to analyse two scenarios, which would benefit from the use of a photovoltaic
system. In the first scenario, a strategically important warehouse is analysed, and a photovoltaic system
is designed and simulated. In the second scenario, two designs of photovoltaic systems that could be used
in mobile applications by first responders, military command centres, or during natural disasters are proposed.
The results of the simulations are discussed and may serve as a basis for real-life system design and application.

Keywords
renewable energy; photovoltaics design; mobile PV applications; energy self-sufficiency.

Introduction

With the continuous development of renewable energy sources and the pursuit of clean energy, sources like
photovoltaics, small wind turbines etc., have found great use in small-scale and stand-alone applications [1].
Based on this, the limitation of fossil fuels as a source of energy in remote areas, and the growing price of fossil
fuels (tied to the economic crisis, the war in Ukraine etc.), designs for the replacement of fossil fuel sources
by renewable energy sources are not only needed but also desired in many fields and applications [2].

Ranging from civil sector to military and first responders’ applications, photovoltaic systems can present
a reliable source of energy not only for strategically or otherwise important facilities (warehouses, hospitals, etc.)
but also for mobile applications, such as command centres, refugee camps or the units of integrated rescue
system for their operations in remote areas or disaster relief operations [3]. Mobile photovoltaic systems could
present a reliable source of renewable energy in such operations and may also bring down the cost of such
operations of the integrated rescue system. This paper aims to analyse two proposed scenarios that would
benefit from the use of photovoltaic systems and to design and simulate those systems. For the use
of photovoltaics for important infrastructure, the systems are mainly designed to increase energy self-sufficiency
and can consist of multiple sources (i.e., photovoltaics and wind turbines). In mobile applications, the main goal
is for the system to be easily transportable, modular, scalable, and not require specialized personnel to operate
it. Currently, various versions of mobile photovoltaic and hybrid systems for use in stand-alone, remote
applications as well as for military applications exist. Such examples can be the Alfons Mobile Energy Container
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[4], Energy Power Rack [5], and Multicon container [6]or various prototypes of hybrid systems for mobile
applications [7] and other systems aimed at micro-grids for the use in applications such as refugee camps [8,9].

Methods

In order to appropriately evaluate the possible benefits and the negatives of the use of photovoltaics
as a sustainable source of energy for important applications a two-step methodological approach — Analysis,
Design & Simulation - was created. In the first step, we focused mainly on analysing the chosen scenarios.
To design a system for important infrastructure, a central army warehouse was chosen based on its national
and international strategical importance (from the viewpoint of NATO forces). On visits to this warehouse,
we investigated the internal processes, the material stored there and the infrastructure of the army base.
A theoretical proposal of automated design for this warehouse was also considered. For the second scenario
(mobile command centre), we discussed the importance of mobile command centres for fast response in the case
of natural disasters such as tornadoes or floods. With the integrated rescue system needing a stable base
of operation as well as a command centre, we focused especially on features such as mobility, modularity
of the equipment and being energy self-sufficient [10]. A hypothetical situation based on historical floods
in the town of Bohumin was used for this scenario. The second step consisted of creating a 3D model and a design
of a practically applicable PV system for each scenario (Figure 1, Figure 2).

Figure 2. Mobile command centre PV system visualisation. Source: Own.
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For the simulation of proposed solutions and their further optimization, PV*Sol software was used. Apart from
the calculations, this system was also used for the creation of 3D models of the scenarios, which enabled
us to account for external influences on the PV systems (e.g., shading). Based on the computed data, both
systems were evaluated and optimized for better efficiency. Simulations for both scenarios were also run
with the implementation of a backup generator into the system.

Automated warehouse scenario

The proposed automated design for a warehouse of 4 500 m? used for this scenario considers six automated
ground vehicles (AGV) and a human staff of five employees. This means that there is no reduction in energy
consumption due to safety standards needed for the human staff, however, the level of automatization promises
increased efficiency in electric energy usage. Based on the analysis of the internal processes, case study on energy
consumption in automated warehouses [11], other studies [12,13], and educated guess, the yearly energy
consumption of the facility to be used in the design of the PV system was set as 415 000 kWh. Both
the automatization and the importance of the facility to the Czech Armed Forces encourage the design
of a solution for situations such as blackouts, which would also aim to increase the energy self-sufficiency
of the facility. To guarantee energy self-sufficiency of important infrastructure even during blackouts, a practical
solution used by GoodWe company was considered for the design (Figure 3) [14]. This solution uses regulated
generators that are connected to the PV system, and are started in the case of grid failure, thus simulating grid
parameters (voltage, FQ) needed for the operation of the inverters. They are also used to supply electricity into
the system when the PV system is not operational (night, weather conditions).
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Figure 3. Backup generator scheme. Source: [14].

As the warehouse building by itself is not suitable for PV system installation, the roofs of surrounding buildings
were chosen for the installation of the solar panels. Although the one inclined and six flat roofs offer ideal
mounting surfaces, the SW (ca 220°) orientation reduces energy yield in the early mornings and creates slightly
sub-optimal conditions for the system with energy being generated up to the late afternoon when
the consumption is lower. This shows us the importance of batteries in the PV system as the available energy
storage greatly increases the overall efficiency of the system.

The proposed PV system consists of 820 solar panels in total, with an installed power of 492 kWp. CanadianSolar
HiKu7 CS7L-600 [15] panels were chosen for this system based on their 600 W peak output power and efficiency
of 21.2%. To convert the DC output to an AC output, five central inverters are used. These are GoodWe MT
GWB8O0KBF-MT [16] inverters with a nominal output of 80 kW. These inverters are able to work with very low
starting voltages (200 V) and can work up to 150% of the nominal input voltage. From the wide range
of generators used by the Czech Armed Forces, a three-phase, 60 kW 230/400V, diesel generator CSAD-60-3-400
was used. Based on current trends in storage technologies, Lithium-iron-phosphate batteries made by Sonnen
GmbH company were chosen. To ensure enough capacity, a total of 540.6 kWh of battery capacity was used
in the design. For the batteries to be able to be charged also by the grid or backup generator, they are connected
in AC coupling. Although this type of connection introduces some losses of energy into the system,
it is outweighed by the ability to be charged by sources other than solar power. A schematic diagram
of the proposed system can be seen in Figure 4.
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Figure 4. Schematic diagram of the proposed system. Source: Own.

Mobile command centre scenario

The main goal of this scenario was to design and simulate a mobile photovoltaic system that would be able
to provide electric energy for a command centre in a crisis, such as floods or other natural disasters. It was
important for the proposed design to remain as mobile as possible and to supply enough energy. This was
achieved with two designs, a fully off-grid photovoltaic system and an off-grid PV system with a backup
generator. An interval of 6 months (April - September) was used for these simulations. This was due to the lesser
probability of the need for mobile command centres during the rest of the year. Due to the lower availability
of solar power during winter, completely self-sufficient system would not be optional. With regards to mobility,
the design of a system with a backup generator would also be prioritised before other forms of hybrid systems.
In the case of natural disasters or other situations, a command centre presents a strategically important part
in the coordination of rescue teams and other forces. The design for this scenario was proposed with not only
military applications in mind, but also the possibilities it presents for the integrated rescue system, who could
utilize this system for assistance during natural disasters or in refugee camps [3,8,9]. Command centres should
represent real control, communication, and coordination centres. To fulfil their tasks, conditions that are
as suitable as possible for the planning and organization of activities need to be created. The organizational
structure of the staff must also ensure and enable the issuing of tasks and cooperation with the state security
forces in operation. For this, a constant and reliable supply of electrical power must be ensured [10]. Similar
designs are also the goal of NATO initiative to reduce energy consumption of deployable camps [17].
For the design, optimization and simulation of the proposed PV system, a model of a command centre using
a standard army tent was devised. Similar designs are also the goal of NATO initiative to reduce energy
consumption of deployable camps. A list of electrical appliances for the needs of the command centre was
created to simulate the load using PV*Sol database. The average total consumption of the mobile command
centre per day was calculated as 55.73 kWh.

Table 1. Command centre electricity consumption per day.

Appliance kWh/day
Electric kettle 0.56
Transmitters + chargers 10.98
Lights 1.10
Notebooks 36.43
Printer 5.23
Projector 1.43
Total 55.73
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In total two designs were created for this scenario — with and without a backup generator. The solutions were
designed with the aspect of mobility in mind. Thus, a solution using mobile trailers carrying the technology was
used. A visualisation of a possible trailer design can be seen in Figure 5.

Figure 5. Visualisation of a mobile PV system trailer. Source: Own.

The first proposed system consists of one-phase inverters (GoodWe GW5048D-ES), AXITEC Li-ion batteries
with a total capacity of 60.4 kWh and 18 pcs. of CanadianSolar HiKu7 CS7L-600 [15] 600 Wp solar panels. This is
coupled with an army standard 4 kW/ 230 V generator that is operating when the energy produced from the sun
is not enough to provide for the command centre. Visualisation of this design can be seen in Figure 6.

Figure 6. Visualisation of a PV system with a backup generator. Source: Own.

The main goal of the second design was to achieve full self-sufficiency of the command centre without the use
of a generator. To achieve this, a total of 48 pcs. of PV panels needed to be used, along with a third inverter,
and 16 batteries with a total capacity of 161 kWh. Due to the lack of a generator providing grid parameters, off-
grid inverters (Fronius Simo 8) were used. This design eliminates the reliability of the command centre on fossil
fuels, however, the space for the installation of such a system and the initial investment is much higher.
The visualisation of the second proposed design can be seen in Figure 7.
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Figure 7. Visualisation of a fully photovoltaic system. Source: Own.

Results and discussion

Although the orientation and the tilt of PV panels have a significant effect on their efficiency and electricity
production throughout the day [18], it may be easier sometimes to mount the panels in less favourable
orientations (i.e. rooftop-mounted systems). Such systems then should be optimized through the technology
used, battery capacity or consumption regulation, which may also assist in better solar energy utilization [19].
The main advantage of using simulation software is the amount of data that can be used to evaluate the benefits
of the proposed designs beforehand. Based on the data from the simulations, the designs can be amended
and optimized without any additional work. This also enables us to evaluate various conditions, such
as the simulation of a blackout in the winter months. In mobile systems, we can use simplified calculation tools
when placing the PV panels to ensure maximal efficiency based on the geographical place and time of year.
Notable differences in the utilization of solar energy in different geographical locations can be observed in [20].

Automated warehouse scenario

Even though the used software lacks some simulation functions for a precise PV system with generator
simulation, the created 3D design of a grid-tied system enabled us to account for losses and other influences
on the system. The simulation was run as an on-grid system to simulate normal operations and then as an off-
grid system to simulate power grid failure and get data about the backup generator usage in three days period
with the lowest solar irradiation (21st-24th December) and the highest solar irradiation (22nd-25th June).
The results of the simulation can be seen in Figure 8 below. Two parameters important for the design of a PV
system are Own Power Consumption and Solar Fraction. The proposed PV system generates approximately 531
MWh/year. The Own Power Consumption parameter tells us that 58.4% of it is used to power the facility
and charge batteries, while the rest is sent to the grid. On the other hand, the Solar Fraction parameter is related
to the consumption and, in our case, tells us that 72.7% of the electric energy consumption was supplied
by the PV system.

The use of PV energy throughout the year is shown in Figure 9, where the generated energy surplus, especially
in May-September, can be observed. This surplus occurs due to the amount of generated energy in days with
lower consumption, as well as better irradiation conditions in the summer months in the Czech Republic.
As this surplus of energy can be fed into the public grid and sold, it contributes to a faster return on the initial
investment. We can also observe significant drop in the amount of generated power as the conditions during
late autumn and winter are not satisfactory for PV systems. This, coupled with additional power consumption
(e.g., heating), may in some situations prove the need of hybrid systems utilizing wind turbines, to be fully self-
sufficient. Other methods of compensation for lower production and higher consumption, apart from
the distribution grid, may be consumption regulations with the use of weather (and solar energy availability)
forecasts [19].
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PV System

PV Generator Output

Spec. Annual Yield
Performance Ratio (PR)

Yield Reduction due to Shading

PV Generator Energy (AC grid)
Direct Own Use
Battery Charge
Down-regulation at Feed-in Point
Grid Feed-in

492.00 kWp
1079.94 kWh/kWp
89.38 %
2.1 %/Year

531435 kWh/Year
185 470 kwh/Year
125 198 kWh/Year

0 kwh/Year
220934 kWh/Year

PV Generator Energy (AC grid)

. o, I Direct Own Use

Own Power Consumption 58.4 % e Charge

CO, Emissions avoided 245 403 kg [ year - Point reguiaton st Fesdn
I Grid Feed-in

Appliances

Appliances 415 000 kWh/Year

Standby Consumption (Inverter)

Total Consumption
covered by PV power
covered by battery net
covered by grid

Solar Fraction

103 kWh/Year

415 103 kWh/Year
185 470 kwh/Year
116 540 kWh/Year
113 260 kWwh/Year

727 %

Total Consumption

covered by PV power

Il covered by battery net
I covered by grid

Figure 8.Simulation results (PV*Sol). Source: Own.
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Figure 9. Graph of the use of PV energy in the warehouse (PV*Sol). Source: Own.

The use of backup generators, compared to solar energy, in simulated power grid failure on the days with
the lowest irradiation is shown in Figure 10. We can observe a high utilization of the backup generator to cover
the warehouse consumption, especially due to insufficient sunlight and short days. However, we can also see
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that the system is capable of covering part of the consumption with photovoltaic energy even at a relatively small
intensity of irradiation around 270 W/m?2. On the other hand, relatively low utilization of the backup generator
is needed during days with high irradiation. In Figure 11, we can see a simulation of the system during June.
With irradiation of around 850 W/m?, it is apparent that the generator is used only to upkeep the minimal state
of charge (SOC) of the batteries and that the system is capable of supplying the warehouse with enough power

to ensure its operation.

Lo Simulation of the proposed system during blackout - December
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Figure 10. Use of backup generator during low-irradiation days (PV*Sol). Source: Own.
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Figure 11. Use of backup generator during high-irradiation days (PV*Sol). Source: Own.
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Mobile command centre scenario

As mentioned before, an interval of 6 months was used (April — September) for the simulation of the design
for mobile command centre. Firstly, the simulation for the design with a backup generator was run. Based
on the results of this simulation, the system was optimised and then we designed and simulated the PV-only
system.

As we can observe from the results of the simulation below, the total consumption of the command centre over
our interval would be 10 MWh. From this consumption, 68.3% would be covered using solar energy with the rest
would be covered by the backup generator. This would mean estimated consumption of 2 235 L of fuel,

or on average, 12.5 L / day.
Appliances

Consumption
Consumption with Load Shedding
Standby Consumption (Inverter)
Cable Losses
Total Consumption

covered by PV power

covered by battery

covered by auxiliary generator
Solar Fraction

10 078 kWh/Year
10 078 kWh/Year

3 kWh/Year

0 kWh/Year
10 081 kWh/Year
4029 kWh/Year
4623 kWh/Year
1430 kWh/Year

69.0 %

Total Consumption

covered by PV power
I coversd by battery

B coversd by suxiliary generator

Figure 12. PV system with backup generator simulation results (PV*Sol). Source: Own.

PV System

PV Generator Output

Spec. Annual Yield
Performance Ratio (PR)

Yield Reduction due to Shading

Maximum possible PV Energy
Usable PV Energy
Coverage of Consumption
Battery Charge

Appliances

28.80 kWp
1079.07 kWh/kWp
87.98 %
5.3 %/Year

31116 kWh/Year
11 502 kWh/Year
5122 kWh/Year
6 380 kWh/Year

Usable PV Energy

I Coverage of Consumption

I Esttery Charge

Consumption
Consumption with Load Shedding
Standby Consumption (Inverter)
Cable Losses
Total Consumption

covered by PV power

covered by battery
Solar Fraction

10 078 kWh/Year

10 078 kWh/Year

39 kWh/Year

0 kWh/Year

10 117 kWh/Year

5122 kWh/Year

4994 kWh/Year
100.0 %

Total Consumption

covered by PV power
B coverad by battery

Figure 13. Stand- alone PV system design simulation result (PV*Sol). Source: Own.

Further optimization of this system would require additional batteries and a trade-off between their longer
lifespan and set parameters of maximal discharge of the batteries, as the possibility to effectively use more of
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their stored energy (the simulated setting was max 80% SOD) would require less generator usage. Correct spacing
between the construction, panel orientation and their tilt would also have to be adhered to during the system
installation as this could create losses in power production due to shading. The fully photovoltaic solution for the
mobile command centre design (Figure 13) had to be scaled to account for the need to supply enough power
even in inconvenient conditions. The simulation of the design showed us that the system would be around 32%
efficient should the setup be used for the whole duration of the 6-month interval. On the other hand, it also
proved that the system would be capable of energy self-sufficiency even in sustained adverse conditions (PV*Sol
calculated 4.7 days of autonomy).

Impact

The presented paper deals with the design of photovoltaic systems as renewable energy sources and their use
in specific applications to substitute fossil fuel energy sources (partially or fully). The presented designs are based
on practical scenarios and lay the basis for future applications and development. The main impact
is environmental, as we aimed to increase energy self-sufficiency in both presented scenarios. Not only do these
designs reduce the dependability on fossil fuel use, but they also enable further development
in the problematics, especially regarding mobile applications. Another environmental impact is the reduction
of emissions due to using renewable energy sources. Based on the PV*Sol simulations, the utilization
of the photovoltaic system for strategic warehouse would avoid generating approx. 245 t of CO2 emissions per
year. The mobile photovoltaic systems would avoid generating approx. 17 kg (backup generator design) and 22
kg of CO2 emissions per day of operation. This would support the initiatives for renewable energy sources
and declining trend of CO2 emissions in Europe [21]. Although energy and resources are required to manufacture
the technology for PV systems, their operation produces this energy back (without emissions) multiple times
over the life cycle of the PV system [22,23]. The mobile applications have also the impact of lesser, or fully
eliminated noise pollution as opposed to regular use of generators as a source of power. Lower dependability
on fossil fuels and energy self-sufficiency also has an economic impact on both presented scenarios.
For the designs used for critical infrastructure, the overall cost of energy for the general operations
of the facilities is greatly reduced, especially in times of crisis, such as economic crisis or the current energy
market crisis. For mobile applications, photovoltaic systems promise a reduction in the cost of fossil fuels that
would be otherwise necessary for energy production. Exact economic impact would vary mainly with
geographical location of the installed system. As the availability of solar energy and its effective usage reduces
with the distance from the equator, countries closer to the equator would see larger energy output from
the same system than e.g. Nordic countries [20]. Thus, the geographic location should be taken into
consideration during the design of the photovoltaic system as it impacts its overall efficiency and economic
impact (return of investment, rentability). With the mobile photovoltaic system, this could be overcome
by modularity of the system, i.e., scaling the system based on the specific locations and their availability of solar
energy. Simulations of the designs in both scenarios brought results similar to other studies on the topic [3,7—
9,19].

From a social point of view, the proposed designs aim at sustainable energy sources for the future. The designs
present assurance in the form of reliable energy sources for critical infrastructure, as well as for mobile command
centres in both military and civil sectors. Especially the designs of photovoltaic systems for mobile applications
are already impacting the integrated rescue system of the Czech Republic, as there is an effort aimed at practical
applications of such systems. These could be used in medium to long-term operations during and following
natural disasters (i.e., provisory shelters, energy source during the disaster clean-up and debris removal
operations), for mobile hospitals (e.g., during COVID pandemic) or for refugee camps, where clean source
of energy (i.e., without the noise pollution from generators) may be favoured. Specifically modular and scalable
systems may impact such operations of the integrated rescue forces even during their assistance abroad.

Conclusions

To evaluate the possibility of the use of solar energy as a source of electricity in strategic applications and mobile
applications, two scenarios were discussed and created. After this, many aspects of the scenarios (Automated
warehouse, mobile command centre) were analysed to design an optimized photovoltaic system to ensure
a reliable source of power as well as self-sufficiency in the events of blackout. For both scenarios, 3D models and
visualisations were created. The proposed systems were optimised and simulated using PV*Sol software.
The first scenario presented a central warehouse with significant strategic importance to Czech Army Forces
and NATO forces. Due to the automatization of the facility and its importance as one of the few central
warehouses of the Czech Armed Forces, a grid-tied PV system with an emergency backup generator was
designed. The system was designed with a backup generator in mind to ensure the functioning of the system
even in the case of power grid failure. PV*SOL software was used for the 3D design and simulations. The
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simulation showed us that the proposed system design fits the needs of the facility as it can cover approximately
71% of the warehouse energy consumption. However, due to the varying conditions of irradiation in winter
and summer, approximately 40% of the generated energy would be sent to the grid. Although this energy could
be sold, the system could be optimized by installing larger capacity energy storage. This would not be an issue
as the system is easily scalable. Based on the simulations of blackout we found out that the system is fully able
to function with the use of a 60 kW backup generator to ensure the functioning of the facility. In the second
scenario, two designs of PV systems for mobile command centres were designed and simulated. Firstly, a system
with the use of a backup generator was proposed. Such a system not only has a lower initial investment but
is also significantly smaller and allows for easier transport than a fully PV system. The second design of a fully PV
system proved to be able to support a mobile command centre using only solar energy, however, this comes
with a few downsides. Namely the need for a larger system due to the need to supply enough power even
in unfavourable conditions. With this comes not only transportation issues but also the higher initial cost
of the system (even though the operating cost is lower).The analyses of the scenarios and simulations
of the proposed systems showed us the possibilities of implementing renewable sources of energy not only
in strategic applications but also in mobile applications. The results of the simulations are also comparable
with results of similar researches [3,7-9,19]. A benefit for further research would be case studies, mainly aimed
at the mobile command centre scenario, as this practical solution could be used in both military and civil sectors,
especially with a focus on the integrated rescue system and its operations. Further research could also be aimed
at the capabilities of such systems during winter months, when the energy output of solar system is notably
reduced. Data measured this way (during real application) could also help with further optimising the proposed
design and lead to the basis of fully modular designs that could be adjusted for specific needs and situations,
such as operations of the integrated rescue system regarding a refugee crisis, refugee camps or natural disasters.
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