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Abstract: The article contains an analysis of charging elec-

tric cars as a way to increase the use of energy produced

from a photovoltaic system. A photovoltaic system is de-

scribed, consistingof twomicro installations,with apower

output of up to 40 kWp each, supplying two sectors of the

building of the Lublin Science and Technology Park. An

internet platform for monitoring the operation of a photo-

voltaic system is presented. Next, an innovative system for

monitoring, consumption and production analysis of elec-

tric energy in individual building sectors is described. A

surplus of energy produced in one of the sectorswas found.

It was proposed that this excess energy would be used to

charge electric vehicles. An analysis of the surplus power

generated by the photovoltaic system in excess of the en-

ergy consumed by the building sector was used to deter-

mine the power available to the wall charger. The surplus

of energy producedwasused for calculations related to the

amount of charging the electric vehicle required and the

cost of traveling 100 km. Charging an electric car not only

provides a faster return on investment in the installation,

but also presents drivers with a very ecological and eco-

nomical transport solution.
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1 Introduction

At present, subjects related to the design, construction

and control of energy produced by photovoltaic systems

are being eagerly studied by scientists from various scien-

ti�c disciplines. This is due to the mechatronic nature of

photovoltaic farms. They containmechanical components

and electronic controls based on measured and processed

signals. Photovoltaic systems are devices of the Internet

of Things capable of communicating with each other and

with the buildings and the cars they supply.

Security sensitive services within critical infrastruc-

tures have speci�c requirements regarding availability of

the network architecture [1]. Such infrastructure also in-

cludes transport and tra�c, as well as information tech-

nologies and telecommunications.

Energy intensity of transport is a current topic around

the world [2]. An emphasis on technologies ensuring

clean environment is greatly demanded of modern cities,

where the signi�cant growth of transportation results in

increased pollution and other serious environmental prob-

lems [3]. Global warming and air pollution are largely

caused by GHG [4]. They are emitted by many anthropo-

logical activities like industrial and transport activities [5].

The producers of vehicles for public transport introduced

electric and hybrid vehicles that minimize the use of com-

bustion engines and its negative e�ects on environment by

integrating them with electric motors [6].

Photovoltaics is one of the main global trends related

to obtaining energy from renewable energy sources (RES).

It is an estimated billion-dollar market which presents

an alternative to obtaining energy from fossil sources [7].

It turns out that this trend may be combined with other

trends, such as Electromobility. Electric cars, chargedwith

electricity producedbyphotovoltaic systems, becomecom-

pletely zero-emission vehicles. In addition, the increasing

number of electric vehicles in Poland [8] and in the world

will require substantial amounts of electricity to charge

them.

Photovoltaic systems may be divided into station-

ary and mobile systems. The stationary ones are usually

mounted on the roofs of buildings or on the ground. Spe-
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cial ground structures are often created for the production

of electricity and shadow generation for parked vehicles

– so they called carports [8]. Having a source of electric-

ity next to a parked vehicle, means that it may be used to

charge parked electric vehicles. Photovoltaic systems have

been mounted on various types of vehicles. First, public

transport buses were used because of the availability of a

large area for the installation of photovoltaic panels [9]. Re-

searchers studied the subject of the safety of mobile pho-

tovoltaic systems and their productivity. Flexible photo-

voltaic panels can also be mounted on various body parts

of passenger vehicles [10].

Regardless of the location of the photovoltaic system,

an issue often raised by scientists and individual users

are the economic aspects related to the return on invest-

ment from the system. Technical aspects related to their

construction are also very important. We may also cate-

gorise photovoltaic systems according to the amount of

power generated. In this respect Polish law distinguishes

micro-installations with a power output of up to 40 kWp.

They are usually su�cient to supply individual house-

holds and smaller public institutions generating electric-

ity for their ownneeds. In thisway theybecomeprosumers,

i.e. both producers and consumers of the energy produced.

Researchers from various countries have been collecting

information concerning energy use they base their fore-

casts on current energy consumption in households. De-

pending on the size of the photovoltaic system and the

building’s requirement for electricity, theremay be a di�er-

ent degree of use of energy produced for own needs. If the

amount of energy produced by the photovoltaic system is

higher than the building’s requirement, it is necessary to

sell the surplus of produced energy for use in the power

grid. The alternative is to accumulate the excess electric-

ity produced in stationary or traction batteries for vehicles.

Excess energymay also be used to produce pure hydrogen,

which can then be converted into electricity and heat in

hydrogen fuel cells.

A very important area of research and development

for photovoltaic system components is material engineer-

ing, which provides innovative materials for the construc-

tion of photovoltaic systems and energy inverters. Cur-

rently, compositematerials [11],metal nano�bers [12], poly-

mers [13] and perovskites [14] are used in the construc-

tionof panels. Applicationof thenanotechnology inphoto-

voltaics should be emphasized [15], especially the various

functional nano�bers due to the high geometric potential

of nano�bers [16–18]. Modern materials are characterized

by increasing e�ciency, lower price and a greater dura-

bility to weather conditions which may lead to a degra-

dation in photovoltaic system performance [19]. Therefore,

the mechanisms of degradation should be thoroughly un-

derstood in order to e�ectively counteract them [20].

One of the very popular and useful ways to research

photovoltaic systems is to investigate their diagnostic sys-

tems. Intelligent algorithms allow for the quick and pre-

cise detection of irregularities in the operation of a photo-

voltaic system [21].

In order to e�ectively control the photovoltaic system

itself and the use of the energy produced, it is necessary

to make precise measurements with a high degree of accu-

racy. Scientists are still working on the evaluation of math-

ematical methods to characterize the electrical parame-

ters of photovoltaic panels [2]. The relationships between

the electrical parameters characterizing the photovoltaic

system are very important [22]. Measurements are vital

for managing the energy produced and its use in charg-

ing energy storage batteries [23]. The measured parame-

ters are processed and used to optimize the system oper-

ation. The control algorithms developed should be thor-

oughly validated in real conditions [24]. Modern photo-

voltaic inverters and energy management systems are be-

coming increasingly advanced and have innovative func-

tions related to the detection of the amount of dirt on the

panels [25] and the generation of messages about the need

to clean them [26, 27]. Short circuits in the installation

are also automatically detected and precisely located [28].

Many systems have the ability to monitor the parameters

of each panel using individual optimizers [29].

Allmanagers of the photovoltaic systemshas set them-

selves the goal of returning the money invested in its con-

struction as soon as possible [30]. The way to achieve this

aim is the total ormaximumpossible use of the energy pro-

duced for own needs. The goal of their research and ap-

plications could be charging an electric car as an e�ective

way to increase theuse of energyproduced from renewable

energy sources.

Many scienti�c studies include the development of in-

frastructure for charging electric vehicles and the growth

of the electric vehicle market in various countries [31].

These studies are conducted as both experimental and sim-

ulation [32].

2 Research object

There is a ground photovoltaic system in front of the build-

ing of the Lublin Science and Technology Park (LSTP). It

consists of 2 micro installations with a peak power output

of up to 40 kWp each, using polycrystalline photovoltaic

panels. The system was launched at the end of November
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2018, the system is shown in Figure 1. LSTP received fund-

ing from the Lublin Agency for Enterprise Support for the

construction of the system.

Both micro-installations were connected to two parts

of the building and power various types of electrical

devices. The �rst micro-installation powers Sector 4

of the building, in which most of the electricity sup-

plies the servers of the Centre for Supervision over the

Eastern Poland Broadband Network. The second micro-

installation supplies Sector 5 of the building where the of-

�ces of the LSTP Board as well as the o�ces and laborato-

ries of various tenants are located. Themain consumers of

electricity in this section are: lighting, air conditioning, of-

�ce equipment and the equipment of low-power research

laboratories.

Figure 1: Photovoltaic plants in front of the building of the Lublin

Science and Technology Park

3 The requirement of the LSTP

building for electricity

The amount of energy drawn from the power grid and the

surplus fed into it can be measured using a two-way elec-

tricity meter. OneMeter was used to automatically obtain

data fromelectricitymeters installed in LSTPSectors 4 and

5. Two OneMeter Business devices were purchased and in-

stalled. The OneMeter measuring device, in the form of a

beacone [34], works with bidirectional electricity meters

on the LSTP Sectors 4 and 5. Then, via Bluetooth trans-

mission, it transmits themeasurement data obtained from

the energy meter to the cloud. Data collected in the cloud

can be displayed in the form of readable charts both on

a PC and on a mobile device [33]. In July 2019, LSTP pho-

tovoltaic plant produced 11,7 MWh of electricity and pro-

duction from both installations was very close to the 50:50

ratio.

From the Sector 4 measurement data, it appears that

almost all the energy produced by 1 micro-installation is

used for the LSTP building’s own requirements (Figure 2).

The surplus produced and sold to the power grid was only

527 kWh compared to consumption 12 740 kWh. Almost to-

tal use of energy produced for own needs is a method for

quick return of money invested in the photovoltaic system.

Figure 2: Graph of energy consumed (A+) and donated (A−) in Sector

4 LSTP in the month of July 2019

The situation in Sector 5 of LSTP appears to be worse

as shown inFigure 3. Compared to Sector 4, there is amuch

lower daily energy consumption requirement and a much

larger surplus of energy produced.

The surplus of the energy produced by the enterprises

was resold to an energy seller at a very unfavorable price

constituting less than 25% of the total purchase price (in-

cluding distribution and sale). In practice this constitutes

a 4-fold increase in the payback time in the case of a large

ratio of surplus energy sold to the distributor. To counter-

act this situation, the option of connecting other Sectors

to Sector 5 should be considered. However, the situation

is complicated by the ownership structure and the current

design of the electrical network throughout the building.

Figure 3: Graph of energy consumed (A+) and donated (A−) in Sector

5 LSTP in the month of July 2019
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Overview of consumption on weekdays (Figure 4) and

on weekends (Figure 5) showed that the surplus of en-

ergy produced is much higher on non-working days. The

amount of energy produced these days by the photovoltaic

system was very similar and amounted to 446.1 kWh and

439.0 kWh. The surplus energy was 70.8 kWh and 123.2

kWh, respectively.

Figure 4: Graph of energy consumed (A+) and donated (A−) in Sector

5 LSTP on an example weekday

Figure 5: Graph of energy consumed (A+) and donated (A−) in Sector

5 LSTP on an example weekend day

The graph in Figure 6 shows the pro�le of active power

consumed during the day. The minimum, maximum and

average values are presented in 15-minute intervals. The

pro�le clearly shows the night consumption values when

the photovoltaic system is notworking. During the day, the

impact of energy produced by the micro-installation is vis-

ible, which during photovoltaic hours reduces the power

consumed by Sector 5 to values close to zero. Maximum

values occur on days of very low sunlight, when the power

generated by the photovoltaic system is not able to cover

the needs of Sector 5. Therefore, the maximum values in-

form users about the potential power consumption of the

building without a photovoltaic system.

Figure 6: 15-minute pro�le of active power consumed in Sector 5

LSTP in the month of July 2019

4 Charging electric cars from a

photovoltaic system

In sector 5 LSTP, a surplus of generated power and thus of

produced energy wasmeasured. Surplus power was gener-

ated on almost all days of the spring months and ranged

from several to 25 kW. Table 1 presents the values of en-

ergy consumed and returned to the power grid in various

months of 2019. In individual months, the surplus of elec-

tricity produced was found to range from 1.5 to 2.6 MWh.

Table 1: Active energy consumed and energy given away in various

months of 2019 year in Sector 5 LSTP

Month of

2019

active energy consumed

[kWh]

energy given

away [kWh]

April 4043.0 1898.0

May 3305.6 2162.8

June 3038.4 2622.4

July 3682.4 1928.4

August 4848.8 1728.8

September 3680.8 1511.2

These are signi�cant amounts of energy that can sig-

ni�cantly a�ect the payback time of an investment in a so-

lar installation. The authors propose to use the excess en-

ergy produced to charge electric cars. An important chal-

lenge is to choose an electric car with the appropriate

charging mode.

The purchase of an electric vehicle with an on-board

three-phase charger with a maximum power of 22 kW was

proposed to cater for the needs of LSTP. The power re-

quirements of the on-board charger corresponds to the ex-

cess power produced by the photovoltaic system in sec-

tor 5 LSTP. Wall chargers are used to charge electric vehi-
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Table 2: Comparison of charging parameters and autonomy of electric vehicles

Battery

capacity

[kWh]

Power of

on-board

charger [kW]

Time of full

charging [h]

Number of

full

chargings in

month

Autonomy in

NEDC [km]

Month total

autonomy

[km]

Cost of

driving 100

km [€]

Nissan

Leaf II

40 6.6 7.5 50 378 18 900 0.54

Renault

Zoe

41 22 2.4 48.8 370 18 056 0.57

cles. In fact, they are not chargers, but electricity consump-

tion points. Their task is to provide three-phase alternat-

ing current to the vehicle’s on-board charger using a Type

2 connector. Another very important function is communi-

cation with the powered vehicle through which it is pos-

sible to carry out controlled and safe charging. Communi-

cation mainly includes determining the state of readiness

and current parameters required by the charged vehicle.

Wallboxes very often have a blockade of access to energy

using RFID cards. The more advanced ones have the abil-

ity to control the maximum power consumed and monitor

via cloud storage all of the charging parameters. Based on

such data, a report is generated concerning the charging

record and it is possible to settle the costs of electricity

consumed. The cost of such a device ranges from 1,000 to

2,000 €.

An example of such a device is the Wallbox presented

in Figure 7. It is described by the manufacturer as an intel-

ligent, innovative semi-fast charger for 22 kW electric cars.

Chargermanagement is possible from the application level

with the use of amobile device. The application assists the

user to manage energy consumption, the range of features

available include:

• control of energy use with real-time monitoring,

• remote control (lock / unlock and output current),

• car charging planning and settings for speci�c tar-

i�s,

• charging, energy consumption and cost statistics,

• application for iOS and Android.

The function of remotely controlling the current and

output power at the same time may be used to optimize

the consumption of surplus power from the photovoltaic

system.

In order to justify the use of the surplus electricity

generated to power electric vehicles, a comparison was

made between two of the most common electric vehicles

in Poland: Nissan Leaf and Renault Zoe (Table 2). Both of

the vehicles have traction batteries with the same energy

Figure 7:Wallbox with Nissan Leaf. Source: [35]

capacity andare sold at a similar price. 2MWhof electricity

is available to charge the vehicles in question per month.

We assume that the cost of the electricity is 41.92 € net / 1

MWh, which gives a total cost of 103.06 € gross / 2 MWh.

Table 2 presents that compared cars are characterised

di�erent power of the on-board charger. More powerful

charger a�ects faster charging and greater use of surplus

power and energy. An electric vehicle with less on-board

charger power is not able to use all the surplus power.

The comparison shows that the Renault Zoe is a better

solution for the needs of LSTP. The power of the 22 kW on-

board charger would allow the owner to use almost all of

the excess instantaneous power generated. On the other

hand, the Nissan Leaf is available on the Polish market

with only a 6.6 kW charger, which translates into a three-

fold longer charging time. With the current monthly over-

production of electricity, the electric vehicles which avail

of this electricity could travel several thousand kilometres.
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Figure 8: The conceptual diagram of the electronic control system

The authors also presented a calculation of the cost of driv-

ing 100 km. These are very modest costs that would o�set

the high costs of purchasing electric vehicles.

5 Electronic control system to

management of the surplus

power

Figure 8 shows a conceptual diagram of the electronic con-

trol system for the surplus of power produced by the pho-

tovoltaic system. The control input is the instantaneous

value of surplus of power that can be read from the elec-

tricity meter (Psurpl). This value is then used to determine

the power of the charging point. Then the charging point

sends information about the available power to the vehi-

cle’s on-board charger (Pcharg). This is the control output

from the Electronic Control Unit (ECU). This communica-

tion is done by means of a pilot pin in a Type 2 electrical

connector using a signal in the form of a variable PWM

(Pulse-Width Modulation).

The proposed control method is innovative. Is based

on information about the surplus power produced by the

photovoltaic system to control the power of the electric ve-

hicle charger. This approach ensures that the surplus en-

ergy produced by the photovoltaic system is fully utilized.

Unfortunately, the total charging time will be extended,

as the charging process will not take place at maximum

power. However, the costs of the charging process will be

minimized due to the costs of energy consumed and given

away the power grid.

6 Conclusion

Aphotovoltaic systemconsistingof twomicro installations

with a power output of up to 40 kWp each was built to sup-

ply electricity to two sectors of theLublin Science andTech-

nology Park building. Themanager of the photovoltaic sys-

tem has set himself the goal of returning the money in-

vested in its construction as soon as possible. The way to

achieve this aim is the total or maximum possible use of

the energy produced for own needs. Any other eventuality

associated with the sale of the surplus energy would cer-

tainly extend the return on investment period. This is due

to the method of paying electricity distributors and sell-

ers which is unfavorable to the RES energy producer. The

online platform presented formonitoring photovoltaic sys-

tem operation is a very useful tool for monitoring perfor-

mance and diagnosing the operational characteristics of

the system. It was used to assess the power generated and

the amount of electricity produced by the photovoltaic sys-

tem. An innovative system for monitoring, analyzing con-

sumption and production as well as the e�cient use of

electricity in individual building sectors produces a very

wide range of possibilities. With its assistance, the surplus

of energy produced was measured for one of the sectors.

It was proposed that it should be used to charge electric

vehicles. An analysis of the surplus power generated by

the photovoltaic system over the energy consumed by the

building sector (up to 25 kW) was used to determine the

power required by the wall charger. A 22 kW device was se-

lected, which is a three-phase AC supply point for electric

vehicles with on-board chargers. The monthly surplus of

energy produced (amounting to 2 MWh) was used for cal-

culations related to the number of full charges of the elec-

tric vehicle in question and the cost of driving it 100 km.

The calculations were made for two electric vehicles pop-

ular in Poland: Nissan Leaf and Renault Zoe. Charging an
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electric car is an e�ective way to increase the use of energy

produced from renewable energy sources. It not only en-

sures a faster return on investment in the installation but

also ensures that a very ecological and economical form of

transport is used.
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