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Abstract: - The penetration of renewable energy sources and the development of autonomous power systems 
for the supply of isolated consumers find applications such as covering energy needs in lighthouses, small 
islands, monasteries, and even isolated special industrial facilities. Power plant cost is a major limitation in the 
development of these systems. For example, although the electromechanical cost of photovoltaic plants has 
been significantly reduced in recent years, however the land cost is not considered, which is a significant 
expenditure. In this paper, the real problem of an autonomous power station design for the supply of the 
shoreline electrode substation on the Stachtorroi islet of Attica, is taken as the starting point. The electrode 
substation is part of the Attica-Crete high voltage direct current (HVDC) electrical interconnection project.  For 
the above problem, an overall evaluation algorithm for a photovoltaic (PV) plant is proposed that considers the 
technical characteristics of the plant, the installation and operating costs (including land costs in addition to 
electromechanical costs and efficiency of each of the plants components), as well as the actual commercial data 
of the individual key elements (PV panels, inverters) of various companies, choosing the optimal system 
through exhaustive search depending on the required power and the deflated capital reduction interest rate. 
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1 Introduction 
In recent years the development of autonomous 
power systems using mainly renewable energy 
sources (RES) in combination with energy storage 
systems have found several applications including 
the power supply of simple machines, e.g., radio 
transmitters [1], small households of some kW [2], 
poultry farms [3] and oil wells [4] of some hundreds 
of kW, as well as ships [5] and isolated islands [6] 
of some MW. Extensive research has been done on 
optimization methods for dimensioning through 
exhaustive search methods [7-8], metaheuristic 
algorithms [1], Gray Wolf Optimizer [9], Particle 
Swarm Optimization [9], Jaya algorithm [10], Krill-
Herd algorithm [10], Ant Lion Optimizer [10] and 
many others or with ready-made programming 
packages such as HOMER [4, 11]. In addition, 
issues of optimal operation [12], control system 
[13], battery ageing [8], reliability [7, 10] have been 

studied, considering in most cases given the RES 
cost function with an emphasis on 
electromechanical installations. However, the 
penetration of RES encounters important 
limitations. For example, wind turbines have wind 
potential availability limitations, elevation 
limitations due to terrain or neighbouring structures, 
environmental restrictions (passing migratory birds, 
etc.), in photovoltaic plants there are solar radiation 
availability limitations, shadow problems, etc. 
Additionally, one parameter that is almost always 
ignored is the area consumed, as a coal power plant 
requires 50 to 80 m2/MW, a gas turbine plant 10 to 
20 m2/MW, a combined cycle power plant 25 to 40 
m2/MW, a wind power plant park 2000 to 4000 
m2/MW and a PV station 5000 to 10000 m2/MW. 
Especially PV stations require much larger land, so 
the cost of land or even the loss of income from 
their installation must be considered. 
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The impact of finding the necessary land area for 
the installation of PV panels, was raised as a 
concern during the configuration of the autonomous 
power station for the supply of the shoreline 
electrode substation, for the isolated and 
uninhabited islet of Stachtoroi in the Argosaronic 
Gulf of Attica, Greece, which is an integral part of 
the Attica-Crete HVDC electrical interconnection in 
Greece [8]. It is a building of about 100 m2, which 
has a mean load demand between 0,5kW and 4,1kW 
and peak demand load between 4,8 and 22,3kW 
depending on the climate conditions (winter, 
summer, spring/autumn) and the operating mode 
(autonomous mode using battery and PV panels, 
maintenance mode using batteries – PV panels - 
diesel generators). The stand-alone photovoltaic 
system (SAPV), that was finally proposed for 
supplying the shoreline electrode station on the 
Stachtoroi islet, consisted of 115 PVs of type 
Sxp154Q by Solbian (suitable for shipbuilding use) 
with two SMA SUNNY TRIPOWER 10,000 TL 
inverters and two 110V SunLight gel RES 6 SOPzV 
850 battery systems (one parallel branch-55 
elements in series per system) with two respective 
GSA industries chargers for the typical 3% interest 
rate. In addition, for reliability reasons, two back-up 
25kVA diesel generator sets were installed with a 
fuel oil tank of 1000 l each. The classical solution 
involves an MV feeder of 20kV of power supply 
with a 25kVA, 20kV/400V three-phase transformer 
for the off-site electrode station from the Greek 
distribution network by Aegina Island according to 
the guidelines by CIGRE [14, chapter 7]. If the 
SAPV system is also compared with the classical 
solution the proposed SAPV system is superior for 
all rates from 0% to 10% [8]. However, in [8] only 
one type of SOLBIAN PV panel was studied (the 
one with the lowest price in €/Wp) which is suitable 
for shipbuilding as the station is located next to the 
sea (5 to 10 m from the coast). Yet, it was 
considered whether it is acceptable to replace 
special purpose panels by general purpose panels 
with a shorter lifespan, as well as whether the use of 
PV panels of smaller size or higher cost in €/Wp can 
lead to cheaper solutions overall due to better 
utilization of the space in which they are installed. 

The above led to the problem formulation of the 
optimal configuration, both technically and 
economically, of a PV power plant from a set of 
commercially available PV panels and inverters for 
various levels of nominal power, considering 
interest rates and land cost. The latter is usually 
proportional to the area occupied by the PV plant. 
Especially when the building roof is used, as in the 
substation of Stachtorroi [8], the relevant function is 

more complex, because the cost may be zero for the 
immediate available area, but if terrace expansion 
through cantilever construction is required the cost 
is no longer zero but increases significantly. 

This paper proposes a methodology for the 
overall evaluation of a PV plant in order to achieve 
the minimum cost for different nominal power 
levels and deflated interest rates, while satisfying 
both the necessary technical requirements (e.g., 
maximum number of PV panels per string due to 
their maximum operating voltage to ground in 
relation to the PV panel open circuit voltage, 
lifespan according to the certifications, etc.), and 
other various costs, such as electromechanical 
components installation and operating costs, land 
occupation costs (for the complex terrace case), the 
impact of the efficiency of the individual 
components of the PV plant on the generated 
electrical power. The determination of the optimal 
system is based on a large set of real commercial 
data of individual key components (PV panels and 
inverters) of different companies, which necessarily 
leads to the use of the exhaustive search method 
resulting in a reasonable computational time to the 
most economical solution. In section 2 the 
mathematical background of the problem is 
formulated, in section 3 the proposed methodology 
is presented, in section 4 the relevant simulation is 
performed and in section 5 the relevant conclusions 
are obtained. 
 

2 Problem Formulation 
The aim is to find the appropriate configuration of a 
photovoltaic power plant with fixed PV panels 
including the type and number of PV panels and 
inverters in order to minimize the equivalent annual 
cost for a specific deflated interest rate. A power 
range from a minimum Pmin value to a maximum 
Pmax value (e.g., from 100 W to 25kW) is examined, 
where for each power value P all acceptable panel 
and converter combinations in terms of technical 
specifications are considered, the corresponding 
costs are calculated and the optimal configuration of 
the PV station with the minimum cost is determined.  

It is noted that maintenance costs for safety and 
cleaning purposes (i.e., the technician’s salary, 
washing water, etc.) are considered fixed for the 
limited power ranges under consideration and will 
not be taken into account at this stage. 
 
2.1 Solar panels database elements 
For each type of panel to be examined, the 
following data have been recorded: 
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1. PV panel serial number which can serve as an 
identification number,  

2. PV panel manufacturer’s name,  
3. type of PV panel based on the company,  
4. nominal power Pnom_PV for PV panel at 

Standard Test Conditions (STC): a cell 
temperature of 25oC and an irradiance of 1000 
W/m2  with air mass 1.5 and ASTM G173-03 
standard spectrum,  

5. maximum power point voltage VMPP in V at 
STC,  

6. maximum power point current IMPP in A at 
STC,  

7. open circuit voltage VOC in V at STC,  
8. short circuit current ISC in A at STC,  
9. PV panel length ℓPV-x in mm, 
10. PV panel width ℓPV-y in mm,  
11. PV panel height ℓPV-z in mm, 
12. PV panels total cost CostPV in € including 

purchase/supply costs, transport costs and 24% 
mark-up added tax (for construction in Greece) 
without any temporary discounts,  

13. typical lifespan TPV in years. In the case of PV 
panels with a certificate of resistance to 
seawater (salt water), the typical lifespan is 
equal to twice the warranty years, otherwise 
equal to the years of warranty (most companies 
other than SOLBIAN explicitly state that they 
do not guarantee their materials in a marine 
environment), 

14. maximum system voltage due to dielectric 
strength) Vmax_PV in V that can be applied to the 
panel, 

15. maximum reverse current in A.  
 

2.2 Solar inverters database elements  
For each type of direct current (DC) to alternating 
current (AC) inverter to be examined the following 
data have been recorded: 

1. inverter serial number which can serve as an 
identification number,  

2. inverter manufacturer’s name, 
3. type of inverter based on the company, 
4. inverter’s nominal input power Pnom_INV in W,  
5. maximum no-load DC input voltage / 

maximum operating DC input voltage to 
ground (due to dielectric strength) Vmax_INV in V 
that can be applied to the inverter, 

6. minimum operating DC voltage of the 
maximum power point tracking algorithm 
VMPP_INV_min in V, 

7. maximum operating DC voltage of the 
maximum power point tracking algorithm 
VMPP_INV_max in V, 

8. nominal operating DC voltage Vnom_INV in V, 
which when not given, is computed from the 
mean value of the minimum operating DC 
voltage VMPP_INV_min and the maximum 
operating DC voltage VMPP_INV_max under the 
operating conditions of the maximum power 
point tracking algorithm, 

9. minimum operating DC voltage inverter 
VINV_min in V, 

10. initial DC voltage / inverter start-up voltage 
VINV_start in V, which is greater than or equal to 
the minimum inverter operating DC voltage 
VINV_min, as it corresponds to open-circuit 
conditions, 

11. maximum operating DC current per input of 
maximum power point tracking algorithm 
Inom_INV in A, where in the case of multiple 
strings with different currents the lowest value 
shall be obtained, 

12. maximum short-circuit DC current per input of 
maximum power point tracking algorithm 
ISC_INV in A, where in the case of multiple 
strings with different currents the lowest value 
shall be obtained, 

13. number of inputs NINV_inputs of maximum power 
point tracking algorithm, 

14. number of strings per input of maximum power 
point tracking algorithm NINV_strings_per_input, set 
equal to the unit when not specified, 

15. inverters total cost CostINV in € including 
purchase/supply cost, transport cost and 
purchase added tax with a 24% mark-up rate 
(for construction in Greece) without any 
temporary discounts, 

16. typical lifespan TINV in years, which is equal to 
the warranty years plus 5 years for all 
companies, 

17. typical efficiency ηINV according to European 
standards, 

18. number of inverter phases entering 1 or 3 
respectively for single- or three-phase, 

19. nominal alternating voltage Vnom_INV_AC in V, 
which is 230V for single-phase inverters and 
400V for three-phase inverters, 

20. nominal alternating voltage frequency fnom_INV 
in Hz, which is 50 Hz due to the specific power 
system, 

21. lower limit of the inductive power factor, 
which must be 0.8 or less to meet the 
requirements of the power system concerned 
(inductive load factor ranges from 0.8 to 1),  

22. lower limit of the capacitive power factor, 
which must be 0.8 or less to meet the 
requirements of the power system concerned 
(capacitive load factor ranges from 0.8 to 1).  
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The other output components, such as power 
quality indices, do not need to be recorded on this 
study. 

 
2.3 Determination of manufacturing cost of 

main components of electromechanical 

equipment 
For each type of PV panel, based on the limits of the 
required power between Pmin and Pmax, the respective 
minimum and maximum number of panels Nmin_PV 
and Νmax_PV are calculated as follows: 
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2.3.1 Technical data determination for each 

combination of PV panels and inverters 

For each inverter and each number of panels NPV 
within the limits Nmin_PV and Nmax_PV, the following 
points are examined: 

1. The number of inverters to be installed. 
According to the inverter type, as, if it is single-
phase then three or six, etc., should be installed, 
while if it is three-phase, then the number 
calculated should be placed, as the under-
configuration power system is a three-phase 
system. 

2. The nominal alternating voltage level, which 
must be between 220 to 240 V in the case of 
single phase and between 380 to 420 V in the 
case of three phase. 

3. The frequency level of the alternating voltage, 
which should be between 49.5 and 50.5 Hz. 

4. The power factor range at the inverter's output, 
which must cover the range from at least 0.8 
inductive factor to 1 ohmic factor and from 0.8 
capacitive factor to 1 ohmic factor (narrower 
range is not allowed). 

5. If the resulting inverter is out of specification, 
another inverter is examined, otherwise the 
next step is followed. 

6. For the specific inverter the maximum PV 
panel string size NS is calculated: 
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Where on the right hand side of the equation 
the first term expresses the maximum integer 
number of elements as determined by the 
maximum PV panel system voltage with 
respect to the PV panel's open-circuit voltage 
(increased by a safety factor of +15% due to, 
temperature variations, range of values during 
the industrial production process, etc.), the 
second term expresses the maximum integer 
number of elements determined by the 
maximum no-load DC input voltage of the 
inverter with respect to the PV panel open-
circuit voltage (increased by the corresponding 
safety factor of +15%), the third term expresses 
the maximum integer number of elements due 
to the maximum operating DC voltage with 
respect to the nominal PV panel voltage under 
the operating conditions of the maximum 
power point tracking algorithm, the fourth term 
expresses the rounded integer number of 
elements due to the inverter's nominal 
operating DC voltage of the maximum power 
point tracking algorithm with respect to the 
nominal operating voltage of the PV panel 
under operating conditions of the maximum 
power point tracking algorithm. Eq. (3) 
requires a number greater than or equal to 1, 
otherwise the inverter is out of the required 
specifications and another inverter is chosen, 
otherwise the next step follows. 

7. The required number of PV strings Nstrings is 
calculated in order to configure the 
photovoltaic station with NPV number of panels: 
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That is, if the number NPV of PV panels is 65 
and the maximum number of NS strings is 32, 
then the necessary number of series is 65/32= 
2.03125, where rounding up results 3. 

8. Subsequently it is checked whether the 
minimum voltage level for the smooth 
operation of the maximum power point 
tracking algorithm is achieved by first 
calculating the minimum number NminPV_string of 
PV panels in a string as follows: 
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That is, if the number NPV of PV panels is 65 
and the required number Nstrings of strings is 3, 
then the minimum number NminPV_string of panels 
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in a string is 65/3= 21.6667, where rounding 
down results to 21. It is then checked whether 
the operating voltage condition is met, where 
the minimum nominal DC voltage VMPP_INV_min 
of the maximum power point tracking 
algorithm must be smaller than the voltage 
generated by the minimum number NminPV_string 
of PV panels per string operating at nominal 
voltage under the maximum power conditions 
VMPP at STC. 

 
        

_ _ _MPP INV min minPV string MPP
V N V     (6) 

 
If eq. (6) is not met, the inverter is out of 
specification and another inverter is chosen, 
otherwise the next step is taken. 

9. Following, the produced currents per inverter 
input, operating the maximum power point 
tracking algorithm, are checked. In particular, 
the maximum number NPVmax_strings_inputINV of 
parallel strings per input of maximum power 
point tracking algorithm is calculated in 
relation to the PV panel’s maximum power 
point current, the PV panel’s short circuit 
current and the number of strings per input of 
the maximum power point tracking algorithm 
from side of the inverter’s manufacturer: 
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Where on the right hand side of the equation 
the first term expresses the maximum integer 
number of PV strings per input as determined 
by the maximum operating DC current Inom_INV 
of the inverter per input of the maximum power 
point tracking algorithm (increased by 10% for 
transient charge conditions) with respect to the 
nominal current of the PV panel at maximum 
power conditions IMPP (increased by a safety 
factor of +25% due to, temperature variations, 
range of values during the industrial production 
process, etc.), the second term expresses the 
maximum integer number of PV strings per 
input as determined by the maximum short 
circuit DC current ISC_INV of the inverter per 
input of maximum power point tracking 
algorithm (without any increments, as the 
phenomenon is already transient) with respect 
to the short-circuit current ISC of the PV panel 
(increased by the corresponding safety factor of 
+25% due to manufacturing and temperature 
variations), the third term is the maximum 

integer number of PV strings per input and it 
cannot exceed the number of PV strings per 
input NINV_strings_per_input of the maximum power 
point tracking algorithm as given by the 
manufacturer. Eq. (7) requires a value greater 
than or equal to 1, otherwise the inverter is out 
of the required specifications and another 
inverter is chosen, otherwise the next step 
follows. 

10. If the inverter is three-phase, then the required 
number of inverters NINV is calculated as the 
maximum between the quotient of the required 
number of PV strings Nstrings to the total number 
of available strings per inverter given by the 
product of the maximum number of parallel 
strings per input of the maximum power point 
tracking algorithm NPVmax_strings_inputINV and the 
number of inputs of the maximum power point 
tracking algorithm NINV_inputs on the part of the 
inverter manufacturer, and the quotient of the 
nominal power of all PV panels NPV·Pnom_PV to 
the nominal power of the inverter Pnom_INV: 

 

      _ _

_

_

_

,

max

strings

PVmax strings i

V

nputINV INV in

INV

P nom PV

no

p

m

uts

INV

N
N

N

PN

P

N

  
  

      
  
  
    

 (8) 

 
If there is a requirement for an increased level 
of reliability, then the required number of 
three-phase inverters NINV cannot be less than 2. 
If the inverter is single-phase, to form a three-
phase network one inverter per phase is 
required, so the number of inverters should be a 
multiple of 3, which is achieved as follows: 
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If there is a requirement of increased reliability 
level, then the necessary number of single-
phase inverters NINV cannot be less than 6. 
 

2.3.2 Equivalent annual cost of installing and 

operating inverters 

The annual equivalent cost of installing and 
operating the inverter in question is calculated as 
follows: 

1. Calculation of the capital recovery factor for a 
specific deflated rate i and typical inverter 
lifespan TINV as follows: 
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2. Calculation of the annual equivalent cost of 

construction and operation of the inverter as 
follows: 
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Where the first term concerns the annual 
depreciation of inverter supply capital for the 
required number of inverters NINV at a cost of 
CostINV per unit, the second term refers to the 
cost of energy lost from the ideally produced 
energy by the PV panels Eideal_PV due to the 
efficiency of the inverter ηINV with an indicative 
cost of energy loss per kWh equal to cno_supply, 
in order to take into account the inverter 
efficiency (i.e., between two inverters with 
similar cost and lifespan to prefer the one with 
the best efficiency). 
The calculation of the ideally produced energy 
by the PV panels Eideal_PV is done as follows: 
Let it be a typical day of the year that is taken 
to be the spring or autumnal equinox, during 
which the solar radiation on a surface of the 
earth without the mediation of clouds, shading, 
etc. varies sinusoidally between the hours of 
06:00 and 18:00, so with a constant degree of 
efficiency of the PV panels and ignoring the 
starting voltage required for the operation of 
the inverters the corresponding power produced 
by the PV panels of number NPV and nominal 
power Pnom_PV during the day also varies 
sinusoidally as follows: 

 

 _

2
cos 12 , 6 18

24
( )

0 6 &
0,

18 24

PV nom PV
N P t t

P t
t

t

   
      

  
 

 
  

 (12) 

 
So, the ideal daily energy is equal to: 
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The corresponding average ideal power is equal 
to: 

_
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Therefore, the average annual ideal energy 
produced by the PVpanels is equal to: 
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For the calculation of the indicative energy loss 
cost per kWh, a typical 20kW diesel generator 
is considered [8], which follows the 
consumption curve: 
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Which is obtained by applying the least squares 
method to the data of [15] for different values 
of generator output power Pg. At its optimum 
operating point, it produces 20 kWh with an oil 
consumption of 5.0707 kg/h, i.e., 0.253535 
kg/kWh. Considering that in Greece the cost of 
diesel is 1.35 €/l and with a typical density of 
0.832 kg/l it appears that the minimum energy 
cost is 0.411 €/kWh, so the typical cost of 
energy loss cno_supply is taken equal to 0.42 
€/kWh. 

3. After all the inverters are examined for each 
possible number of PV panels NPV, the one that 
gives the lowest value of construction and 
operation costs from eq. (11) is chosen along 
with the corresponding number of panels. 

 
2.3.3 Equivalent annual cost of installing PV 

panels 

Regarding the annual equivalent installation cost of 
PV panels, the capital recovery rate for a specific 
deflated interest rate i and typical panel lifespan TPV 
is initially determined as follows: 
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So, the annual equivalent cost of PV panels 

construction CostPVeq based on the number of panels 
NPV and the PV panel cost CostPV per panel is equal 
to: 

 
      

VPVPVeq PPV
C s CRF oNo t C st    (18) 

 
2.3.4 “Land occupation” equivalent annual cost 

In cases such as the present, where the PV panels 
are placed on the roof of a building, in order to 
determine the cost of "land occupation", it is 
necessary to first calculate the maximum number of 
panels that can be placed on the roof in question, 
according to its dimensions. In particular, suppose 
that the length and width of each PV panel are ℓPV-x 
and ℓPV-y respectively and that the panels are placed 
on a roof of dimensions LΧ and LY along the xOx' 
and yOy' axes, without additional inclination or 
slope support frame. In addition, there are aisles of 
width dΧ and dΥ along the xOx' and yOy' axes (with 
a width of 0.40 m), while in order to allow human 
access over the panels between two aisles, the 
maximum allowed length is ℓper (with a value of 
2.00 m), as shown in Fig. 1. 
 

 
Fig. 1.  Roof section with PV panels placed along the 
xOx' axis, indicating minimum aisle distances and 
maximum permissible lengths of the PV panel groups, 
under formation on the roof. 
 

So, the panels can be placed on the terrace in the 
following ways, as shown in Fig. 2: 
 mounting a panel with the length ℓPV-x along the 

xOx’ axis, so that the width of ℓPV-y is along the 
yOy’ axis, 

 mounting a panel with the width ℓPV-y along the 
xOx’ axis, so that the length of ℓPV-x is along the 
yOy’ axis. 

Intermediate placements, i.e., at an angle to the 
Oxy level of the terrace, are not implemented, 

because they generally give worse results (fewer 
panels), while it is considered that the terrace is 
already oriented on the north-south axis [8]. 

Initially, the number of panels nPV-x that can be 
placed between two aisles is determined, if the 
panels are joined lengthwise ℓPV-x and if there is an 
aisle along the corresponding axis that they are 
placed, which is equal to: 
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Respectively, the number of panels nPV-y that can 

be placed between two aisles is determined, if the 
panels are joined width wise ℓPV-y, and if there is an 
aisle along the corresponding axis that they are 
placed, which is equal to: 
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If the panels are placed with their length ℓPV-x 

along the xOx’ axis and there is no aisle, i.e., 
theoretically the aisle has zero width (practically for 
dΧ <0.001 m), then the total number of panels ntot-x is 
equal to: 
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(b) 

Fig. 2.  Panel placement on a roof plan: (a) panel length 
ℓPV-x along the xOx’ axis and width ℓPV-y along the yOy’ 
axis, (b) panel width ℓPV-y along the xOx’ axis and length 
ℓPV-x along the yOy’ axis, indicating minimum aisle 
distances and maximum permissible lengths of the PV 
panel groups, under formation on the roof. 
 

If the panels are placed with their length ℓPV-x 
along the xOx’ axis and there is an aisle with width 
dX, then according to Fig. 3 the number of panel 
groups nteam-x that fit along the length LX is 
determined as follows: 
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Fig. 3.  Rooftop section with the panels placed with 
their length ℓPV-x along the xOx’ axis, with aisles of dX 

width and with nteam-x number of panel groups to be 
determined (nteam-x= 3, nPV-X= 2). 

 
Possibly, an additional aisle of width dX and an 

additional number of panels ΔnX smaller than nPV-x 
may be also installed along the xOx’ axis. To 
examine this possibility, the remaining length left by 
the panel groups and the respective aisles must be 
calculated, as shown in Fig. 4: 

 

       PteamX X V x Xx PV x
L L n n d

 
       (24) 
 

 
Fig. 4.  Roof section with the panels placed with their 
length ℓPV-x along the xOx’ axis, with aisles of dX width 

and with nteam-x number of panel groups and with 
additional number of panels ΔnX to be determined (nteam-

x=3, nPV-Χ=2, ΔnX=1). 
 
If the remaining length is greater than zero, then 

the additional number of panels ΔnX equals: 
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So, the total number of panels ntot-X at xOx’ is 

equal to: 
 
      

tot X team x PV x X
n n n n

  
    (26) 

 
If the panels are placed with their width ℓPV-y 

along the yOy’ axis and there is no aisle, i.e., 
theoretically the aisle has zero width (practically for 
dY <0.001 m), then the total number of panels ntot-y is 
equal to: 
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If the panels are placed with their length ℓPV-y 

along the yOy’ axis and there is an aisle with width 
dy, then the number of panel groups nteam-y that fit 
along the length Ly is determined similarly to the 
xOx’ axis: 
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Possibly, an additional aisle of width dY and an 

additional number of panels ΔnY smaller than nPV-Y 
may be also installed along the yOy’ axis. To 
examine this possibility, the remaining length left by 
the panel groups and the respective aisles must be 
calculated, similarly to the previous xOx’ analysis: 
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       (29) 

 
If the remaining length is greater than zero, then 

the additional number of ΔnY panels equals: 
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 (30) 

 
So, the total number of panels ntot-Y at yOy’ is 

equal to: 
 
      

tot y team y PV y Y
n n n n

  
    (31) 
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Therefore, the total number of panels ntot on the 
surface of the roof is equal to: 

 
      

tot tot x tot y
n n n

 
   (32) 

 
Likewise, one can consider the case of rotating 

the panels with respect to the directions, i.e., the 
panels are placed with their width ℓPV-y along the 
xOx' axis and with their length ℓPV-x along the yOy' 
axis. 

The following four combinations are considered 
in this case: 
 the panels are placed with their length ℓPV-x 

along the xOx’ axis and with their width ℓPV-y 
along the yOy’ axis, with only one aisle along 
the xOx' axis, 

 the panels are placed with their length ℓPV-x 
along the xOx’ axis and with their width ℓPV-y 
along the yOy’ axis, with only one aisle along 
the yOy' axis, 

 the panels are placed with their width ℓPV-y 
along the xOx’ axis and with their length ℓPV-x 
along the yOy’ axis, with only one aisle along 
the xOx' axis, 

 the panels are placed with their width ℓPV-y 
along the xOx’ axis and with their length ℓPV-x 
along the yOy’ axis, with only one aisle along 
the yOy' axis. 

From the four combinations, the one that 
according to eq. (32) gives the largest number of 
panels is selected in each case. It is also possible 
that the required number of panels may not fit in the 
initial dimensions of the terrace LX-in and LY-in along 
the xOx 'and yOy' axes respectively. In this case the 
dimensions of the terrace LX and LY can be altered 
from LX-in and LY-in to (LX-in + ΔLΧ) and (LΥ-in + ΔLΥ) 
respectively with a step Δℓstep. For the present case 
of the small building of Stachtorroi the respective 
values are [8]: roof plan dimensions LΧ-in= 13.30 m, 
LΥ-in= 7.60 m, maximum cantilever width ΔLΧ= 
ΔLΥ= 4.00 m (for techno-economic reasons, a 
cantilever of more than 2.00 m cannot be 
constructed and the cantilever of the terrace extends 
symmetrically on both sides) and Δℓstep= 0.10 m (in 
concrete constructions the best accuracy is 5 cm, so 
with extension to both ends it becomes 2 * 5 cm= 10 
cm). For the first meter of cantilever around the 
roof, the cost of extension amounts to croof-1 
(indicatively at 225 €/m2) and for the next meter the 
cost amounts to croof-2 (indicatively at 300 €/m2), as a 
more reinforced construction is required. For zone 
1, i.e., when the dimensions of the roof are from LΧ-

in * LΥ-in to (LΧ-in + ΔLΧ-lim1) * (LY-in + ΔLY-lim1), the 
additional lengths within it are determined as 
follows: 
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    (33) 
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    (34) 

 
where the first terms on the right-hand side of eq. 
(33) and (34) determine whether an extension has 
been made and therefore is in zone 1 and the second 
terms determine the maximum limits of zone 1, as 
shown in Fig. 5. 

 

 
Fig. 5.  Roof plan with two extension zones (“1” and “2”) 
achieved with cantilevers. 

So, the area of zone 1 is equal to: 
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For zone 2, the corresponding additional lengths 

within it shall be determined as follows: 
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Where the terms on the right-hand side of eq. (36) 
and (37) determine whether an extension has been 
made and therefore is in zone 2. Unlike eq. (33) and 
(34) there is no other term, as the dimensions cannot 
exceed the dimensions (LΧ-in+ΔLΧ) and (LΥ-in+ΔLΥ) 
respectively. In which case the area of zone 2 shall 
be equal to: 
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 (38) 

 
It is then possible to calculate the roof 

occupation/expansion cost from the side of the PV 
panels as follows: 
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Following, the capital recovery rate can be 
calculated for a specific deflated interest rate i and 
typical roof lifespan Troof (typical duration 25 years) 
as follows: 
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 (40) 

 
So, the annual equivalent cost of constructing the 

roof extension Costroof-eq is equal to: 
 

roof fr q rooof e o
CRFCost Cost


   (41) 

 
Then, for each possible number of panels NPV, 

the roof dimensions that fit the panels are found, and 
from all the accepted dimensions, those with the 
lowest annual equivalent cost are selected. If no 
dimensions are appropriate, the solution is 
discarded, and the algorithm goes to the next step. 

 
2.3.5 Total equivalent annual cost of PV plant 
Then, the total cost for the number NPV of panels of 
specific nominal power according to the panel type 
is determined by choosing the most economical 
inverter and rooftop size as follows: 
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Where sπ is a scaling factor of 10% on the cost of 
supplying PV panels and inverters for the electrical 
connections, while the latter term serves as a 
“penalty term” for the energy lost from the ideally 
generated energy by the PV panels due to the 
inverter's efficiency.  

Finally, for each type of PV panel, the annual 
equivalent cost curve is levelized per regular power 
steps Pstep (indicative of 100 W), where in this case, 
for each power value the installation cost and other 
technical characteristics of the photovoltaic power 
station chosen is the one that marginally covers the 
required power, as shown in Fig. 6. The levelized 
cost curves of the different types of PV panels are 
then compared and the cheapest solution is selected 
for each power level per interest rate. It is not 
possible to compare the actual cost curves for 
different types of panels due to the different nominal 
powers per panel. 
 

 
Fig. 6.  Annual equivalent cost of a photovoltaic plant 
with respect to nominal power (blue line= actual, red= 
levelized). 

 
3 Proposed Methodology 
Based on the above, the steps of the proposed 
methodology are:  

1. The actual data for the PV panels and inverters 
that are available from commercial companies 
are entered, as well as the ranges and steps of 
change of the deflated interest rate and the 
nominal power of the PV plant under 
construction. 

2. The current interest rate is defined through an 
appropriate loop statement. 

3. For each type of PV panel, eq. (1) and (2) 
determine the range of the number of panels. 

4. For each possible number of panels all 
available inverters are examined as follows:  
i. The technical characteristics are checked 

according to subsection 2.3.1, the PV plant is 
configured by calculating the number of PV 
panels per string, as well as the number of 
strings and inverters according to eq. (3) to 
(9). 

ii. If the use of the inverter in question is 
possible based on the technical 
specifications, the cost of its installation and 
operation is calculated according to eq. (10) 
to (16). 

iii. From the set of inverters that satisfy the 
technical specifications, the one with the 
lowest installation and operation costs is 
determined. 

Then the equivalent cost of installing PV panels 
is determined through eq. (17) and (18), the 
equivalent cost of occupying land through eq. 
(19) to (41), and the total equivalent annual 
cost of the PV plant through eq. (42).  

5. Taking into account, for the type of PV panel 
under consideration, all possible values of the 
number of PV panels, the total curve of the 
annual equivalent PV plant cost for the power 
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range considered is formed, which is levelled at 
appropriate power steps according to Figure 6.  

6. Steps 3 to 5 are repeated for all types of PV 
panels and the total curve of the minimum 
annual equivalent PV plant cost is determined 
from all the PV panel types, where each power 
step can correspond to a different type of panel 
- inverter – PV plant configuration, as well as 
roof extension. 

7. Steps 2 to 6 are repeated for all interest rates 
considered, thereby implementing a sensitivity 
analysis of the solutions proposed. 

Basically, due to the use of real data regarding 
the PV panels, the inverters and the extension of the 
roof, the method of exhaustive search is applied. 

 
4 Application of the Proposed 

Methodology 
The proposed methodology will be applied for the 
autonomous supply power system of the shoreline 
electrode substation on the Stachtorroi islet of 
Attica, as described in the introduction. 

The input data include: 
 133 types of panels of the following 

companies: SOLBIAN [16], LG, REC, BenQ, 
Sharp, Trina, Panasonic, Axitec, Luxor, 
SunPower, Victron [17],  

 205 types of inverters of the companies: SMA, 
Fronius, Kaco, Kostal, Sungrow, Solax, 
Huawei, ABB, Goodwe, DELTA [18]. Some 
types have been excluded that require a 
particular kind of battery, or that contain an 
integrated charger (due to the specific 
requirements of the existing arrangement in 
Stachtoroi), or that have separate inverters and 
DC-to-DC converters with optimum power 
generation devices (which depending on the 
type of installation require a different 
combination of inverter and DC-to-DC 
converter per set of installed PV panels), such 
as SolarEdge company.  

27,625 combinations of PV panel types and 
inverter types are practically examined and if the 
different interest rate levels are considered (from 
0% to 10% with a step of 0.5%) they amount to 
572,565 different financial evaluations. Due to the 
special configuration of the electrical installation of 
the autonomous system, increased levels of 
reliability are required (i.e., at least two inverters are 
needed, etc.), and the types of PV panels and their 
number are determined, the types of inverters and 
their number are determined, extension dimensions 
of the roof and the total annual equivalent cost are 
determined. 

Regarding the selection of the panel type, the 
following types emerge according to the 
corresponding results of Fig. 7, which has the three-
dimensional chart of the panel types in relation to 
the nominal power of the PV plant and the deflated 
capital recovery interest rate: 
 S/N= 46, type= ND-BA385 of SHARP 

company with nominal power 385 W,  
 S/N= 50, type= ND-AF330C of SHARP 

company with nominal power 330 W,  
 S/N= 55, type= HoneyM TSM-

335DE06M.08(II) of Trina company with 
nominal power 335 W,  

 S/N= 56, type= HoneyM TSM-
330DE06M.08(II) of Trina company with 
nominal power 330 W,  

 S/N= 58, type= Honey M+ TSM-
310DD05A.08(II) of Trina company with 
nominal power 310 W,  

 S/N= 59, type= Honey TSM-285PE06H of 
Trina company with nominal power 285 W,  

 S/N= 61, type= HoneyM TSM-
340DE06M.08(II) of Trina company with 
nominal power 340 W,  

 S/N= 69, type= Axitec AXIpremium AC-
300M/156-60S of Axitec company with 
nominal power 330 W,  

 S/N= 95, type= ECO LINE HALF-CELLS 
P120/280W of LUXOR company with nominal 
power 280 W. 

The corresponding study shows the overwhelming 
dominance of the photovoltaic panel with S/N 95 
type ECO LINE HALF-CELLS P120 / 280 W of the 
LUXOR company with a nominal power of 280 W 
for powers up to 20 kW and higher prices for small 
interest rates up to 3% at 75.1% of the cases 
examined, as recorded in Table 1. This is due to its 
low cost, high power, despite its replacement in 5 
years. There is also a slight variation in the PV 
panel choice for the same power depending on the 
interest rates, which is due to marginal variations 
resulting from the participation of the ideal energy 
of the PV panel and the inverter's different technical 
specifications according to the PV panel that leads 
to small variations of the respective annual 
equivalent cost and the corresponding selection. At 
the same time, it is observed that PV panels of large 
geometric dimensions and high nominal power are 
selected, displacing the SOLBIAN panels, which are 
specialized for shipbuilding applications and with a 
5-year warranty in salt environment, while the other 
panels under these conditions have zero warranty. 

Regarding the selection of the number of panels of 
each PV panel type, there is an increasing trend of 
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the number of panels used as the nominal power of 
the PV plant increases, as shown in Fig. 8. The 
difference in prices per interest rate is due solely to 
the change of the PV panel type. 

 

 
Fig. 7.  Three-dimensional graph of the PV panel type 

serial number in relation to the nominal power of the PV 
plant under configuration and the capital recovery interest 
rate, with increased reliability requirements for the set of 
133 PV panels. 

Table 1: Number of occurrences and percentage optimal selection of the PV panel type in terms of annual equivalent costs 
for various deflated interest rates for the 133 types of photovoltaic panels. 

Number of cases Serial number of photovoltaic panel type  
Interest rate [%] 46 50 55 56 58 59 61 69 95 Rest cases 

0.0 0 1 0 0 5 1 6 0 228 0 
0.5 0 1 0 1 7 1 14 0 217 0 
1.0 0 1 0 1 7 1 16 0 215 0 
1.5 0 1 0 1 5 1 20 0 213 0 
2.0 0 1 0 1 11 1 24 0 203 0 
2.5 0 1 0 1 11 1 26 0 201 0 
3.0 0 1 0 1 9 1 32 2 195 0 
3.5 0 1 0 1 13 1 36 2 187 0 
4.0 0 1 0 1 17 1 36 3 182 0 
4.5 2 1 0 1 19 1 39 3 175 0 
5.0 2 1 0 1 22 1 40 5 169 0 
5.5 2 1 0 1 21 1 44 5 166 0 
6.0 2 1 0 1 19 1 44 7 166 0 
6.5 2 1 0 1 18 1 44 10 164 0 
7.0 0 1 0 1 18 1 44 15 161 0 
7.5 0 1 0 1 18 1 44 15 161 0 
8.0 0 1 0 1 17 1 45 15 161 0 
8.5 0 1 0 1 17 1 43 17 161 0 
9.0 0 1 0 1 17 1 43 17 161 0 
9.5 0 1 1 1 17 1 43 18 159 0 

10.0 0 1 1 1 17 1 45 18 157 0 
Total cases: 5061 10 21 2 20 305 21 728 152 3802 0 
Total cases: 100% 0.198 0.415 0.040 0.395 6.026 0.415 14.385 3.003 75.123 0.000 

 
 

 
Fig. 8.  Three-dimensional graph of the number of PV 
panels depending on the respective type in relation to the 
nominal power of the PV plant under configuration and 
the capital recovery interest rate, with increased 

reliability requirements for the set of 133 PV panels. 
 
Regarding the change of the dimensions of the 

roof, it is found that for powers up to 12.3kW no 
cantilever is needed, while for higher powers the 
optimal expansion of the roof to minimize its 
construction cost leads to a non-increasing change 
of its respective dimensions, as shown in Fig. 9 for 
the xOx 'axis and Fig. 10 for the yOy' axis using all 
frame types. The same is observed for the change of 
the roof's extension area, as shown in Fig. 11. 
Usually with the increase of the roof area, the 
necessary number of panels are placed in order to 
achieve the required nominal power, unless the type 
of panels used changes, which can lead to a 
reduction of the area. Any variances in the 
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dimensions of the roof and in the extension of its 
area for the same interest rate are due to the changes 
in the dimensions of the selected panels during the 
configuration of the PV plant of corresponding 
power and only. 

Regarding the selection of the inverter type, the 
following types emerge according to the 
corresponding results of table 2 and of Fig. 12, 
which has the three-dimensional chart of the 
inverter type for all 205 PV inverters in relation to 
the nominal power of the PV plant and the capital 
recovery rate: 
 S/N= 37, type= Symo 15-3-M of Fronius with 

nominal output power 15 kW,  
 S/N= 104, type= SG3K-S Residential single-

phase inverter of the Sungrow company with 
nominal output power 3,5 kW,  

 
Fig. 9. Three-dimensional graph of the increase in the 
dimension of the roof in relation to the xOx’ axis as a 
function of the nominal power of the PV plant under 
configuration and the capital recovery rate, with 
increased reliability requirements for the set of 133 PV 
panels. 

 

 
Fig. 10. Three-dimensional graph of the increase in the 
dimension of the roof in relation to the yOy’ axis as a 
function of the nominal power of the PV plant under 
configuration and the capital recovery rate, with 
increased reliability requirements for the set of 133 PV 
panels.. 

 

 
Fig. 11. Three-dimensional graph of the increase of the 
terrace area in relation to the nominal power of the PV 
plant under configuration and the capital recovery interest 
rate, with increased reliability requirements for the set of 
133 PV panels. 

 
 S/N= 108, type= SG5KTL-MT-V14 of 

Sungrow with nominal output power 5 kW,  
 S/N= 109, type= SG6KTL-MT-V13 of 

Sungrow with nominal output power 6 kW,  
 S/N= 110, type= SG8KTL-MT-V13 of 

Sungrow with nominal output power 8 kW,  
 S/N= 111, type= SG10KTL-MT-V15 of 

Sungrow with nominal output power 10 kW,  
 S/N= 183, type= GW12KN-DT of GoodWe 

with nominal output power 12 kW,  
 S/N= 184, type= GW15KN-DT of GoodWe 

with nominal output power 15 kW,  
 S/N= 185, type= GW17KN-DT of GoodWe 

with nominal output power 17 kW. 
The corresponding study shows the dominance 

of the inverter with S/N 108 type SG5KTL-MT-V14 
of the Sungrow company with nominal output 
power 5 kW at a rate of 33.99% and then of the 
inverter with S/N 110 type SG8KTL-MT-V13 of 
Sungrow company also with nominal output power 
8 kW in 31.59% of the cases examined, as recorded 
in Table 2. In fact, Sungrow covers all cases in 
84.13% due to the long basic warranty period of 10 
years, with the consequence that the lifespan of the 
respective materials is typically considered to be 15 
years. 

Type SG5KTL-MT-V14 with S/N 108 
dominates for powers up to 6.7 kW when interest 
rates are low and up to 13.7 kW for high interest 
rates. For powers up to 16.2 kW the dominating 
type is SG8KTL-MT-V13 with S/N 110, next comes 
the type SG10KTL-MT-V15 with S/N 111 for 
powers up to 20.1 kW, and the type GW17KN-DT 
with S/N 185 for powers between 23.8 kW and 24.4 
kW, while the other inverters are inserted in 
intermediate intervals. The different inverter choices 
for the same nominal power of the PV plant 
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depending on the interest rates arise from marginal 
variations resulting from the participation of the 
ideal energy of the PV panel and the inverter's 
different technical specifications according to the 
PV panel that leads to small variations of the 
respective annual equivalent cost and the 
corresponding selection of panel and inverter types. 
At the same time, it is observed that inverters of 
relatively high nominal power are selected. 

For the number of inverters required, the 
selection is based on both the inverter type and the 
rated power of the PV plant under configuration. 
The corresponding graph of the number of inverters 
in relation to the nominal power of the PV plant and 
the capital recovery rate is recorded in Fig. 13.  

 
 

 
Fig. 12. Three-dimensional graph of the inverter type 
serial number in relation to the nominal power of the PV 
plant under configuration and the capital recovery interest 
rate, with increased reliability requirements for the sets of 
133 PV panels and 205 PV inverters respectively. 

 
Table 2: Number of occurrences and percentage optimal selection of the inverter type in terms of annual equivalent costs 
for various deflated interest rates for the 205 inverter types under the option of selecting from 133 types of PV panels 

Number of cases Serial number of photovoltaic inverter type 
Interest rate [%] 37 104 108 109 110 111 183 184 185 Rest cases 

0.0 0 0 58 0 132 45 0 0 6 0 
0.5 0 0 61 0 120 45 0 0 15 0 
1.0 0 0 63 0 116 45 0 0 17 0 
1.5 0 0 66 0 109 45 0 0 21 0 
2.0 0 0 72 0 99 45 0 0 25 0 
2.5 0 0 75 0 94 45 0 0 27 0 
3.0 0 0 77 0 86 45 0 0 33 0 
3.5 0 0 80 0 79 45 0 0 37 0 
4.0 0 0 83 0 76 45 0 0 37 0 
4.5 2 0 86 0 70 43 0 0 40 0 
5.0 2 0 89 0 67 39 3 0 41 0 
5.5 4 0 91 0 64 37 2 0 43 0 
6.0 4 0 91 0 64 37 2 0 43 0 
6.5 4 0 91 0 64 37 2 0 43 0 
7.0 2 0 91 3 61 37 4 0 43 0 
7.5 2 0 91 6 58 37 4 0 43 0 
8.0 2 0 91 9 55 36 4 0 44 0 
8.5 0 0 91 14 50 36 4 2 44 0 
9.0 0 0 91 17 47 36 4 2 44 0 
9.5 0 1 91 20 44 35 4 2 44 0 

10.0 0 1 91 20 44 33 4 2 46 0 
Total cases: 5061 22 2 1720 89 1599 848 37 8 736 0 
Total cases: 100% 0.435% 0.040% 33.985% 1.759% 31.595% 16.756% 0.731% 0.158% 14.543% 0.000 

 
  

 
Fig. 13. Three-dimensional graph of the number of 
inverters depending on the nominal power of the PV 
plant under construction and the capital recovery rate, 
with increased reliability requirements for the sets of 133 

PV panels and 205 PV inverters respectively. 
 
In this case, an overwhelming predominance of 

the minimum inverter population equal to 2 (due to 
the requirement of increased reliability) is found in 
94.94% of the cases considered, while the 
occurrence of 3 inverters is only at 5.02% (for some 
cases of very high power of 23 kW and very low 
interest rates) and the occurrence of 6 inverters is 
only 0.02% (for some cases of very high power of 
25 kW and especially very high interest rates of 
9.5% or more). The last case specifically concerns 
the use of the inverters with S/N 104 (SG3K5-S 
Residential single-phase inverter of the Sungrow 
company) with nominal output power of the inverter 

WSEAS TRANSACTIONS on CIRCUITS and SYSTEMS 
DOI: 10.37394/23201.2021.20.26

George J. Tsekouras, Panagiota M. Deligianni, 
George A. Vokas, Antonios X. Moronis, 

Constantinos D. Tsirekis, 
Anastasios D. Salis, Christos N. Bolakis

E-ISSN: 2224-266X 240 Volume 20, 2021



3.5 kW. Other inverter count values are not 
displayed in the graph. 
 

In terms of the annual equivalent construction 
cost of the PV plant with increased reliability 
requirements depending on its rated power and the 
corresponding deflated capital recovery interest rate, 
the results are recorded in Fig. 14. If the procedure 
of the initial solution is repeated for the default PV 
panels of Solbian company [8] and the 
corresponding difference between the annual 
configuration costs of the PV plant of Fig. 15 is 
calculated, then it is immediately established that 
the use of photovoltaic panels by SOLBIAN leads to 
much more expensive solutions. The difference at 
the expense of the solution of SOLBIAN against the 
PV panels becomes greater as the power of the PV 
plant under construction increases and the interest 
rate increases. The corresponding reduction of the 
installation and operation costs of the PV plant 
achieved by the application of the proposed 
methodology compared to the initial solution [8] 
(which is also the benchmark) ranges from 61.7% to 
78.2%, with the higher reduction values being 
achieved for higher powers and lower interest rates. 

The corresponding computational time for all 
these combinations is 50 minutes using original 
code in the MATLAB R2014b programming 
package running on an Inspiron 3593 Intel(R) 
Corel(TM) i7-1065G7 CPU@1.3GHz and RAM 8 
GB laptop, which despite the exhaustive search and 
execution of all possible combinations is 
satisfactory and practically usable. 

 

 
Fig. 14. Three-dimensional graph of the annual 
equivalent cost of construction - operation of a PV plant 
with increased reliability requirements for the sets of 133 
PV panels and 205 PV inverters respectively depending 
on the nominal power of the PV plant under construction 
and the interest rate. 

 

 
Fig. 15. Three-dimensional graph of the difference of the 
annual equivalent construction-operation costs of a 
photovoltaic plant with increased reliability requirements 
between the case of using PV panels of SOLBIAN 
company [8] and the case of selecting from the sets of 
133 PV panels and 205 PV inverters respectively 
depending on the nominal power of the PV plant under 
construction and the capital recovery rate. 
 

5 Conclusion 
This paper presents a methodology for the overall 
evaluation of a photovoltaic plant with the aim of 
achieving the minimum cost for different levels of 
nominal power and deflated interest rate, while 
satisfying both the necessary technical requirements, 
the installation and operation costs of 
electromechanical components, the cost of land 
occupation (even if it is a roof), as well as the 
impact of the efficiency of individual elements of 
the photovoltaic plant on the generated power. The 
optimum system is determined from an economic 
point of view using the method of exhaustive search 
and the utilization of a large set of real commercial 
data of individual basic elements (PV panels and 
inverters) of different companies. 

The methodology is applied for the real problem 
of a PV plant design for the power supply of the 
shoreline electrode substation on the isolated and 
uninhabited islet of Stachtoroi in the Argosaronic 
Gulf of Attica, Greece [8] with mean load demand 
up to 4.1 kW and peak demand load 22.3 kW. 
Against the initial solution with one type of PV 
panel and inverter [8] all technically permissible 
combinations of 133 different PV panels and 205 
PV inverters were examined, achieving a reduction 
of the total equivalent cost of installation and 
operation of the PV plant between 62% and 78%, 
with a computational cost of less than an hour, 
despite the use of exhaustive search. The counter 
value is that for the same nominal power, depending 
on the deflated interest rate of capital recovery, 
there is a different optimal configuration of PV 
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panels - inverters - roof extension. Of course, this 
problem is limited, as shown in Fig. 7 to 13. 
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