814

IEEE JOURNAL OF PHOTOVOLTAICS, VOL. 3, NO. 2, APRIL 2013

An Optimization Method for Designing Large
PV Plants

Tamas Kerekes, Member, IEEE, Eftichis Koutroulis, Member, IEEE, Dezs6é Séra, Member, IEEE,
Remus Teodorescu, Fellow, IEEE, and Markos Katsanevakis

Abstract—Large-scale photovoltaic (PV) plants enable the re-
duction of the PV plant cost per watt of nominal power that is
installed. In this paper, a new method is presented for the calcu-
lation of the optimal configuration of large PV plants, such that
the levelized cost of the generated electricity (LCOE) is minimized.
The proposed design optimization process is performed by consid-
ering the impact of the number of components, as well as their type
and arrangement within the installation field, on the tradeoff be-
tween the lifetime cost and the corresponding energy production of
the PV plant. The high-accuracy feature of the energy production
calculations that are performed by the proposed design tool has
been validated using experimental operational data of an existing
PV plant. The design results demonstrate that using the proposed
optimization method allows a reduction of the cost of the energy
that is generated by the large-scale PV plant, thus enabling the
maximization of the economic benefit that is obtained during the
operational lifetime period of the PV system.

Index Terms—Design optimization, genetic algorithms, grid
connected, levelized cost of energy, photovoltaic (PV) systems.

NOMENCLATURE
As 1 Shaded area of each photovoltaic (PV) set.
BOS Total capital cost increment due to the balance-of-
system components.
Cp Manufacturing and installation cost of the PV mod-

ules mounting structures.
C. Total capital cost of the PV plant.

Ce.ac Cost of the ac cables.

Ce.de Cost of the dc cables.

Cic Cost of the PV plant to MV PCC interconnection
cable.

Ciny Price of each dc/ac inverter.

Cij Cost of the interconnection transformer.

Cr Cost of purchasing the required installation area.

Cn Present value of the total maintenance cost during
the PV plant operational lifetime period.

Cpyv Price of each PV module.

Dpcc Distance of the PV plant to the MV PCC.

DIM; Actual length of the southern side of the available

installation area.
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Maximum permissible length of the southern side
of the available installation area.

Total energy actually injected into the electric grid
by the PV plant during its operational lifetime.
Energy availability factor of the PV plant.
Distance between adjacent PV blocks.
Solarirradiance incident on the PV module surface.
Length of each PV module.

Width of each PV module.

Levelized cost of the generated electricity.

Annual maintenance cost of the ac cables.

Annual maintenance cost of the dc cables.

Annual maintenance cost of the interconnection
cables.

Annual maintenance cost of the dc/ac inverters.
Annual maintenance cost of the interconnection
transformer.

Annual maintenance cost of the PV modules.
Total number of PV modules in the PV plant.
Total number of dc/ac inverters in the PV plant.
Parallel-connected PV strings per PV set.

Number of rows of PV sets per block.

Number of series connected PV modules per PV
string.

Maximum number of PV modules which can be
connected in series in each PV string.

Minimum number of PV modules which can be
connected in series in each PV string.

Maximum power which can be injected by the PV
plant to the electric grid.

Output power of each PV set.

Maximum permissible operating power level of
each dc/ac inverter.

Self-power consumption of each dc/ac inverter.
PV module power rating.

MPP power of each PV module.

MPP power of the PV module after shading.

Total output power of each dc/ac inverter.

PV plant total power injected into the grid.

PV plant power rating.

Actual output power of each PV module.
Power-length product of ac cables from the dc/ac
inverters to the interconnection transformer.
Power-length product of dc cables from PV mod-
ules to dc/ac inverters.

Resistance of the electric grid.

Residual-value coefficient of the PV modules.
Present value of the dc/ac inverters repair cost.
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Sy(y)

Annual growth of the maximum power which can
be injected by the PV plant to the electric grid.

Sp Percentage of the PV module total area shaded by
surrounding obstacles.

SIF Shade impact factor.

Ty Ambient temperature.

U, Medium-voltage nominal level.

Vb max PV inverter maximum permissible dc input voltage.

Vi max PV inverter dc input maximum MPP voltage.

Var max PV module maximum MPP voltage.

Voe max PV module maximum open-circuit voltage.

X Vector of the decision variables.

cy Dimensionless factor of the PV modules purchase
cost.

d Day number (1 < d < 365).

dy PV module power derating factor due to dirt.

d; Nominal annual discount rate.

g Annual inflation rate.

k Per-unit maximum permitted voltage change.

n PV plant operational lifetime.

N ac Power loss coefficient of the ac cables.

N, de Power loss coefficient of the dc cables.

N3/ Power loss coefficient of the PV plant to MV PCC
interconnection cable.

npy PV modules lifetime.

r(y) PV module power annual reduction coefficient.

S Capital subsidization rate.

t Time number (1 <t < 24).

t Hour of the day the obstacles start to cause shadow.

to Time duration of the shadow effect.

Y Year number (1 <y < n).

At Simulation time step.

16} PV modules tilt angle.

Ninv dc/ac inverter power conversion efficiency.

Mmppt dc/ac inverter maximum power point tracking
(MPPT) efficiency.

Nt Interconnection transformer efficiency.

1. INTRODUCTION

URING 2011, there were 27.7 GW of new photovoltaic

(PV) systems installed worldwide, which ranged from
kilowatts up to several tens of megawatts in size. There are
now six countries where more than 1 GW of PV has been in-
stalled in 2011, compared with only three during 2010. In 2011,
Italy led the market, which was followed by Germany, China,
the U.S., France, and Japan. Europe is still the major player on
the PV market with a 75% share of all new capacities. There
are now 67.4 GW of PV systems installed worldwide, which
means that PV is the third renewable energy technology after
hydro and wind [1]. Special focus is given to large-scale PV
plants (i.e., >200 kW nominal power rating—the biggest plants
reaching several tens of MW of capacity), since they enable the
reduction of the PV plant cost per watt of nominal power that
is installed [2]-[4]. Toward this direction, various new dc/ac
inverter configurations have been introduced recently, which
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target facilitation of the efficient and cost-effective operation of
large PV plants [5]-[9].

Large-scale PV plants are composed of several thousands of
PV panels, each being in the range of 150-350 W. During the
design of a large PV plant, the designer has to select the values
of many design parameters: number and type of PV modules and
PV inverters, distribution of the components in the installation
field, etc. Additionally, the values of the design parameters are
conflicting. For example, the installation of many PV modules
increases the PV plant energy production but also leads to high-
installation and lifetime maintenance cost of the PV plant. Thus,
the design of a large PV plant is a big challenge.

The process to configure a large PV plant is typically per-
formed by taking into consideration not only the cost of the
installation, but also the annual energy production (AEP), the
performance ratio (PR), and/or the levelized cost of generated
electricity (LCOE). AEP is equal to the aggregate energy in-
jected into the electric grid during a one-year period that the PV
plant is servicing [10]. PR quantifies the overall effect of losses,
and it is equal to the ratio of the final PV system yield divided
by the reference yield [11]. LCOE is a metric that is used in the
electricity market in order to evaluate the commercial break-
even of alternative energy technologies [12]. LCOE takes into
account the electrical output of the installation over its lifetime,
and it is usually expressed in € /MWh.

A decision support tool to optimally plan large-scale PV gen-
eration investments is presented in [13]. The optimal values
of the PV plant location, size, and time of investment, which
comprise the optimization problem decision variables, are cal-
culated such that the net present value of the investor’s profit is
maximized. The financial analysis of a large-scale PV plant is
presented in [14]. The analysis is performed by calculating the
expected power generation of the PV plant using an appropriate
model of the PV modules and considering the capital invest-
ment cost, the annual operating and maintenance costs, and the
performance derating factor of the PV system. Also, the internal
rate of return and payback time period are used as metrics in
order to explore the profitability of the PV installation.

The power rating of the step-up transformers that are em-
ployed in large-scale PV plants is calculated in [15], such that
the economic benefit that is obtained during the PV plant lifetime
is maximized. Both the cost of energy losses due to transformer
overloads and efficiency and the capital and lifetime operating
costs of the transformer are considered during the design pro-
cess. The impact of energy losses due to grid instability is also
taken into account.

An analytic hierarchy process is proposed in [16] for the se-
lection of the optimal manufacturing technology of PV modules
(i.e., multicrystalline silicon, CdTe etc.) that are employed in
large-scale PV systems. The decision-making process is based
on criteria such as the investment cost, energy production, COy
emission, and energy payback time. The impact of the PV mod-
ules’ configuration (i.e., connection in series and/or parallel) on
the PV array power production under partial shading conditions
is explored in [17]. A tradeoff study is presented in [18], which
evaluates the benefits of using a distributed PV architecture as
compared with the central inverter structures in large-scale PV
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plants. The effects of partial shading, PV module mismatch,
cable losses, and power converter efficiency are also quantified
in order to obtain the energy yield of the PV plant for each of
the architectures under study. The optimum relation between
the PV array nominal power rating and the dc/ac inverter nom-
inal ac power capacity as a function of the solar irradiation
conditions and the PV array surface tilt and azimuth, which re-
sults in the minimization of the energy production losses due
to inverter output power limitation, is explored in [19]. A cost
analysis, together with an investigation of the impact of time
threshold, which is defined as the protection time delay when
the input power of the inverter is 150% of its nominal power, is
additionally presented in [20].

A sizing algorithm that uses evolutionary programming is
proposed in [21] for the design of roof-mounted grid-connected
PV systems. The optimal type of PV modules and dc/ac inverter
are calculated such that the expected annual specific yield of
the PV system is maximized. In [22], the optimal tilt of the PV
modules, number of collector rows installed in the PV field,
and distance between the rows are calculated such that PV plant
energy production is maximized.

In this paper, a new method is presented for the optimal de-
sign of large-scale PV plants. Using the proposed optimization
technique, the optimal configuration of the large PV plant is
calculated, such that the LCOE is minimized. The design pro-
cess is performed by considering the impact of the components’
number, type (in terms of their operational characteristics, such
as the power rating, the operating voltage range etc.), and ar-
rangement within the installation field on the tradeoff between
the lifetime cost and the corresponding energy production of the
PV plant. In contrast with the past-proposed methods that are
described previously, the optimization method presented in this
paper has the advantage that it takes into account during the de-
sign flow simultaneously all design characteristics of large PV
plants, which highly affect both the resulting energy produc-
tion and the capital and lifetime maintenance costs, such as the
arrangement of the PV arrays within the installation field, the
reduction of the power produced by the PV plant due to mutual
shading between adjacent rows of PV modules, etc.

This paper is organized as follows. The large PV plant mod-
eling and the proposed optimization algorithm are analyzed in
Section II. The results of a design example are discussed in
Section III and finally the conclusions are presented.

II. PROPOSED OPTIMIZATION METHOD
A. Modeling of the Large PV Plant

A block diagram of the large PV plant that is considered in
the proposed optimization process is illustrated in Fig. 1. The
PV modules are distributed in multiple PV inverters, and the
generated power is injected into the electric grid at the point
of common coupling (PCC) through an interconnection (i/c)
transformer and cable, respectively.

The total number of PV modules which must be installed
in the PV plant Ny, is calculated according to the PV plant
power rating Pp1ant nom (MW,,) that is specified by the PV plant
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Fig. 1. Block diagram of the large PV plant.

designer, as follows:

6
Pplant,nom -10

Ny, =
? Pyrste

(1)
where Py s7c (W) is the power rating of each PV module.

As shown in Fig. 1, the PV modules of the PV plant are
distributed in PV sets, and each PV set is connected to a PV
inverter. Each PV set consists of IV, PV strings (N, > 1), while
each string is comprised of Ny PV modules that are connected
in series (Ng > 1). The minimum and the maximum number of
PV modules which can be connected in series in each PV string,
Ngmin and Ny ax, respectively, are calculated according to the
PV inverter dc input maximum power point (MPP) voltage level
Vi max (V) and the maximum permissible dc input voltage level,
Vbc max (V), both specified by the PV inverter manufacturer,
as follows:

Nsmin =1< Ns < Nsmax =

. V;,max VDC,max

- |:ﬂ00r (Vw,max) , floor < V:nzjnax >:| (2)
where V¢ max and Vi max are the maximum open-circuit volt-
age (V) and MPP voltage (V), respectively, which can be de-
veloped at the PV module output terminals according to the
incident solar irradiation and ambient temperature conditions

that prevail at the PV plant installation site during the year.
The actual output power of each PV module on year y
(1<y<mn),dayd (1 <d<365),andattimet (1 <t <?24),
P,y (y,d,t, 3) (kW) is calculated according to the following
) 'ngsh (y, da t) ﬁ)

equation [23]:
W) (;
100
(3)

where (3 (°) is the PV modules tilt angle (0° < 8 < 90°), r(y)
(%lyear) is the annual reduction coefficient of the PV module
output power (if y = 1, then r(y) = 0; for 1 < y < n, its value
is specified by the PV module manufacturer), dy (%) is the
PV module output power derating factor due to the dirt that is
deposited on its surface (derating up to 6.9% has been reported
for large-scale PV plants in [24]), and P, .« (y,d,t, 3) (KW) is

s

va(y7d7taﬁ):|:1_y - 100
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the output power of each PV module at the MPP [25], which is
calculated also considering the shading conditions as analyzed
next.

Although large-scale PV plants are typically built such that
there are no obstacles surrounding the installation field, the im-
pact to the PV plant power production of topographies where
a uniform shadow is projected by such objects on all cells of
the PV module has also been incorporated in the proposed de-
sign method. The PV plant designer specifies the percentage
of the PV module total area that is shadowed by the surround-
ing obstacles S}, (%) as well as the hour of the day ¢; (h) that
these obstacles start to shadow the PV modules of the PV plant
and the corresponding time duration of the shadow ¢ (h). Then,
the output power of each PV module is calculated considering
that for the cases under study, the power loss due to shading
is proportional to the shaded area of the PV module [26], as
follows:

Pm Ash(y7 d: ta [)))
s, .
— —£ ] <t < s
_{(1 100) Paly,d,t,0), it ststitt
Pm (y7 d? tu ﬁ)7 else'

where P, (y,d,t, 3) (W) is the power that is produced by each
PV module at the MPP.

The value of S}, in (4) is estimated using field measurements
or geometrical calculations. The value of P, (y,d, t,3) is cal-
culated as analyzed in [27] using the specifications of the PV
module under standard test conditions (STC), available in the
datasheet that is provided by their manufacturer, as well as the
solar irradiance G(d, t,3) (kW/m?) incident on a PV module
with a tilt angle equal to 3 (°) and the ambient temperature con-
ditions T'4 (d, t) (°C), respectively, during day d (1 < d < 365)
and at time ¢ (1 <t < 24).

The output power of each PV set (i.e., dc input power of each
inverter) is calculated also incorporating the impact of mutual
shading between adjacent PV blocks on the resulting power
production, according to the model for the power loss due to
shading that is presented in [26], as follows:

As,] (Q)
N - Np - Lpy - Lpy o

o - i- ]

Nnide
1 ~PLC)-N9-N-
X( 100 ¢ s

nmppt(Ns . Np : va(y,d,t,ﬁ)) : va(y,d,tﬁ) (5)

where A, 1 (q) (m?) is the shaded area of PV set ¢ which is
caused due to shading by the front (southern) PV block, Ly 1
and L, o (m) are the length and width of each PV module,
SIF = 2 is the shade impact factor [26], n; 4. is the dc cables
power loss coefficient (%/kW/m), PLpc is the power-length
product (kW), - m) of dc cables from PV modules to dc/ac
inverters in the PV plant, and 7, is the MPPT efficiency of
the dc/ac inverters.

The value of A ;(q) is calculated geometrically by using the
relative position of consecutive blocks of PV sets (e.g., blocks
#1 and #2, respectively, in Fig. 2) within the installation area.
For the PV sets that comprise the southernmost block, it holds
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block #1

Fig. 2. Arrangement of the PV power generation sets in blocks within the
available installation area and the PV power generation sets in rows within each
block.

that A, ;(g) = 0. Using this method, the proposed algorithm is
able to detect the overall optimal distance of adjacent PV blocks
even if during some time intervals, one or more of them are
mutually shaded. Thus, it is possible to explore the impact of
the PV plant configuration on the energy-production/land-cost
tradeoff.

The total output power of each dc/ac inverter P,(q) (MW) at
day d (1 < d < 365), and at time ¢ (1 <t < 24) is calculated
as follows:

1) if Hn (Q) S HJLG’ then Po (Q) = Tlinv (Hn (q)) : P)in (q)7

else P, (Q) = Tlinv (]Di.na) . ]Di.na;

2) if ]Din (Q) < Pi,sc or ]Vs . VM (y,d,tvﬁ) < V;?,min, then

Py(q) =0

where P, ,,, (kW) is the PV inverter maximum permissible op-
erating power level, which is provided by the manufacturer of
the dc/ac inverter as a function of the installation altitude and
ambient temperature, P; ;. (kW) is the self-power consumption
during operation (it is equivalent to the minimum required dc
power for operation) of each dc/ac inverter, provided by the
manufacturer of the dc/ac inverter, Vi, (y,d,t,3) (V) is the
MPP voltage of the PV modules on year y (1 <y < n), day d
(1 <d<365)and at time ¢ (1 <t < 24), which is calculated
as analyzed in [27], and V; i, (V) is the PV inverter dc input
minimum permissible MPP voltage level.

Both the dc/ac inverter MPPT efficiency in (5) 7yt and the
power conversion efficiency above 7, are stored in the form of
a look-up table of the efficiency value versus the corresponding
PV set output power.

As illustrated in Fig. 2, the PV power generation sets are ar-
ranged within the available installation area in multiple blocks,
where each block is comprised of multiple rows of PV genera-
tion sets. The number of rows of PV modules sets per block is
equal to N,. The adjacent blocks are installed with a distance
F, (in meters, F;, > 0) between them, which defines the shad-
ing conditions of each block, as described previously. The PV
modules tilt angle 3 (°) is constant during the year. The length
of the southern side of the available installation area DIM; (m)
is constrained to be less than the maximum permissible length,
which is specified by the PV plant designer DIM; ,,,,« (m), such
that

DIMI S DIMlﬁma)p (6)

The parameters 3, N,., I, and DIM; are design variables,
and their optimal values are calculated by the optimization
algorithm.
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The total power that the PV plant is able to inject into the
electric grid Pyant (y, d, t, 5) (MW) atday d (1 < d < 365) and
attime ¢ (1 <t < 24) is given by

/i 1— N ac . PL. .
Poiant (y,d,t, 8) = 100 ( 10100(()) a )

x ( 1 PLI/C) ZP %)

where 1, (%) is the efficiency of the interconnection transformer,
PL,. is the power-length product (kW) - m) of ac cables from
the dc/ac inverters to the interconnection transformer, N; =
Nro/(Ns - N,) is the total number of dc/ac inverters that are
used in the PV plant, n; .. is the power loss coefficient of the
ac cables (%/kW/m), and n; ;. is the power loss coefficient
of the PV plant to medium-voltage (MV) PCC interconnection
cable (% /MW /m).

However, depending on its operating conditions (e.g., main-
tenance, low load, etc.), the grid might not be able to absorb
the generated power. Thus, in case that Ppan(y,d,t,3) >

Pgrid.max (yv d, t) ' [ ( - 1) 1(50)] then

S ()
100
®)
where Pyrid max (Y, d,t) (MW) is the maximum power that
can be injected by the PV plant to the electric grid at day d
(I<d<365)andattimet (1 <t < 24)ofyeary (1 <y <mn),
including programmed maintenance and grid limitations, and
Sy(y) (%) is the annual growth of the maximum power which
can be injected by the PV plant to the electric grid due to the
increase of the grid load and the grid capacity.

Additionally, the maximum power which can be injected by
the PV plant, such that the voltage change is limited to the
maximum permitted level, k - U, (e.g., k = 0.1 per unit), is
given by

Ppldnt (%d t ﬁ) ﬂrld mdx(ya d t) 1 + (y - 1) :

2
Un,

P an ’d,t7 SI{J ny
pla i(y B) (R+%-U3'DPCC'1076)

plant,max (9)

where U, is the MV nominal voltage level, Dpcc (m) is the
distance of the PV plant to the MV PCC, and R () is the
resistance of the electric grid.

In case that the calculated value of Ppiant (y, d, t, 3) is such
that Py1ant (¥, d, £, 8) > Pplant,max. then the dc/ac inverters out-
put power is limited such that P10t (y, d, £, ) = Pplant,max-

The total energy that is actually injected into the electric grid
by the PV plant during its operational lifetime F;,, (MWh) is
given by

EAF n 365 24
Bt = o5 ~;;;PM (y,d,t,5)- At (10)

where EAF (%) is the energy availability factor of the PV
plant due to scheduled and nonscheduled maintenance events
of the PV plant components, such as the PV modules, the dc/ac
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inverters etc. (typically, EAF > 99.5%) [28] and At = 1h is
the simulation time step.
The total capital cost of the PV plant C, (X) (€) is calculated

as follows:
s BOS
C.(X :(1——)- 1+—2) [N, - N, - N,
(%) 100 ( BT ) [ ’
Py ste Rpv
LM, N L I N, P, -
1000 100 ) Oy N P Covy
+CL +Cp +Cijy + Ceae + Ceae +Cic] (A1)
where X = [Ny, N,, N,, F,, 3, DIM;] is the vector of the

decision variables of the large PV plant design process, s (%)
is the capital subsidization rate, BOS (%) is the PV plant total
capital cost increment due to the balance-of-system components
(e.g., switchgears, junction boxes, land preparation cost, system
design, construction management, project engineering, end of
life dismantlement costs etc.) used to build the PV plant [29],
Cpv (€/kW,) and Ciny (€ /kW),) are the prices of each PV
module and dc/ac inverter, respectively, Rpy is the residual-
value coefficient of the PV modules (%), Cy, (€) is the cost of
purchasing the required installation area, Cp (€) is the man-
ufacturing and installation cost of the PV modules mounting
structures, Cj/; is the cost of the interconnection transformer
(€), C¢.qc is the cost of the dc cables (€), C. .. is the cost of
the ac cables (€), and Ci¢ (€) is the cost of the PV plant to MV
PCC interconnection cable.

In (11), the residual-value coefficient of the PV modules Rpvy
(%) is calculated assuming that the salvage value of the PV
modules is proportional to their remaining life:

npy — N

Rpy = ¢y - [1 -n- -100 (12)

npv
where ¢y is a dimensionless factor, which is used in order to
take into account that the purchase cost of the PV modules at
the nth year will be different compared with its present value
(due to e.g., inflation, taxation etc.), and npy is the PV modules’
lifetime (years), which is specified by their manufacturer.

The present value of the total maintenance cost C, (X)
(€) during the PV plant operational lifetime period is calcu-
lated using the following equation:

P a
Cp (X) = (Ni No N, - —ee My + Niw Py Mixy
+ A[i/t + ]\/[c,dc + A[(:.a‘c + ]\/IIC>
1— 1+ 14 !
.(1+L).17{10’0+R (13)
100 dizg re

100

where Mpy are Miny (€/kW,) are the annual maintenance
costs of the PV modules and the dc/ac inverters, respectively,
M; ¢ (€) is the annual maintenance cost of the interconnection
transformer, M, qc, M. ac, and Mic (€) are the annual main-
tenance costs of the dc, ac, and interconnection cables, respec-
tively, g (%) is the annual inflation rate, d; (%) is the nominal
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Fig. 3. Flowchart of the proposed optimization process.

annual discount rate, and Rypc (€) is the present value of the
total cost of repairing the dc/ac inverters of the PV plant.

The value of Rr¢ in (13) is calculated according to the mean
time between failures (MTBF) of the dc/ac inverters, which are
specified by the manufacturer, as analyzed in [30].

The hourly average values of solar irradiation and ambient
temperature conditions during the year, as well as the values of
Pplant,nomv PAI.STC ’ V;.mina V;',maxa VDC,maxa T(')v df7 va,17
va.?a Sp; tla t?; T, de, PLDCa Thmppts Tinv, -Pi,naa Pz’,sc,
DIMl,maxa Mty Macs i) es Sg ()7 k7 U., Drcc, R, EAF, S
BOS, Cpv, Cinv,CL,CB, Cit, Ceacs Ceacs Cic, ¢f, npv,
Mpv, Mixv, J\/fi/ta ]\4(,_’(1(37 ]\4}37‘%7 Mic, g, and d; are input in
the model of the large PV plant that is presented in this section,
which is comprised of (1)—(13), by the designer of the PV
plant at the beginning of the proposed optimization process.
This model is used by the optimization algorithm in order to
calculate the optimal configuration of the PV plant, as analyzed
in the following paragraph.

B. Optimization Algorithm

In the proposed methodology, the design variables whose
optimal values are calculated by the optimization algorithm are
the parameters Ny and N,,, the number of rows of PV modules
sets per block N,, the distance between adjacent blocks F},,
the tilt angle 5 (°), and the length of the southern side of the
installation area DIM; (m). Any other design variable of the
PV plant [e.g., N. and N, in Fig. 2, N; in (7) etc.] can be
calculated using these parameters as a reference.

The flowchart of the proposed optimization process is de-
picted in Fig. 3. For each combination of PV module and PV
inverter types and operational specifications input by the PV
plant designer, a set of design variable values is generated by
the optimization algorithm. Using these values, the mathemati-
cal models of the large PV plant components that are presented
in Section II-A are evaluated, in order to calculate the corre-
sponding value of the optimization process objective function.
The objective function that is considered in the proposed op-
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timization procedure is the LCOE [12], which is calculated as
the ratio of the present value of the total life cycle costs of the
PV plant, divided by the total energy produced over its lifetime
period:

min%{mize {LCOE(X)} = min%{miZe {CM}

Etot (X)

subject to: design constraints are met (14)

where X = [N;, N,, N,, F,, 5, DIM,] is the vector of the
decision (design) variables.

The LCOE is used as the objective function in the proposed
optimization process, since it enables to derive the most cost-
effective configuration of the large-scale PV plant during its
operational lifetime period. The values of C,(X), C,, (X), and
Eiot (X) in (14) are calculated using (10), (11), and (13), respec-
tively. The design constraints are expressed by all inequalities
setting the upper and lower permissible values of the optimiza-
tion problem design variables, such as (2), (6), etc. For the LCOE
calculation in (14), the economic value of the electric energy has
been assumed constant during the operational lifetime period of
the PV system, in order to decouple the optimization proce-
dure from factors which are not relevant to the PV plant design
process, such as state energy policies, unpredictable market con-
ditions, etc.

New sets of the design variable values are iteratively gen-
erated by the optimization algorithm, and the aforementioned
process is repeated until the optimum solution (i.e., the set of the
large PV plant design variables), which results in the minimum
LCOE value, has been derived. In the proposed design process,
the genetic algorithms (GAs) are used to search for the optimal
values of the design variables that are included in the vector X,
which minimize the PV plant LCOE, since they have the ability
to derive the global optimum solution with relative computa-
tional simplicity, even in the case of complicated problems with
nonlinear cost functions or nonlinear constraints [31].

III. DESIGN EXAMPLE

The proposed methodology has been implemented in the form
of a software program that is developed using the MATLAB
platform and the GA functions that are available in the library
of the Global Optimization Toolbox.

Initially, the accuracy of the energy production calculations
that are performed by the proposed design tool, which have
been described in Section II, was evaluated using the experi-
mentally measured operational data of a 40 kW, PV plant that
is installed in Nordsgmgllen (Denmark) as a reference. The
technical and economical parameters of the Nordsgmgllen PV
plant are summarized in Tables I and II, respectively. The pre-
fixed design parameters of this PV plant are Ny = 13, N,, =
8,N, =1,F, = 0,3 = 30°,and DIM; = 46.8 m. Also, an ob-
stacle that exists besides the PV array of the Nordsgmgllen PV
plant causes shadowing with S, = 20% on the PV modules
during the time period 06:00-09:00 A.M. These data, as well as
the technical and economical parameters of the Nordsgmgllen
PV plant that are summarized in Tables I and II, were input
in both the mathematical models that are used by the proposed
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TABLE I
TECHNICAL CHARACTERISTICS OF THE NORDS@M@LLEN PV PLANT

Parameter Value
Installed power 40 kW,
Tilt angle 30°
Latitude / longitude 54.77° / 9.38°
312 x Sharp NT-L7E4EZ
PV modules (P,=127W ,¥,, =26.7V under
Standard Test Conditions)
DC/AC inverters 3 x Danfoss TLX 15k

TABLE II
ECONOMICAL PARAMETERS OF THE NORDS@M@LLEN PV PLANT

PV modules
Cost (module, mounting,
wiring, transport, etc.)

3295.84 €/ kW,

Annual maintenance cost 32.96 €/ kW,
DC/AC inverter
Cost 266 €/kW
Annual maintenance cost 2.66 €/kW
Repair cost 3.99 €/kW
Other
Installation land cost 1.97 €/ m’
Feed in tariff 0.2323 €/kWh
TABLE III
MEASURED AND COMPUTED AEP OF THE NORDS@M@LLEN PV PLANT
AEP (MWh)
Experimentally measured 39.591
PVSYST 37.619
Proposed design 38.983

optimization tool

optimization algorithm, as well as the commercially available
software PVSYST [32]. The values of AEP for the year 2009,
which have been experimentally measured and calculated by
each simulation tool, are presented in Table III. These energy
production calculations have been performed by providing the
8760 experimentally measured hourly average values of solar
irradiation and ambient temperature during the year, for the in-
stallation site of the Nordsgmgllen PV plant, to the PV plant
model that is presented in Section II. The AEP estimated by
the proposed design optimization tool deviated from the ex-
perimentally measured value by only 1.54%, while PVSYST
deviated by 4.98 %, thus indicating the high-accuracy feature of
the calculations performed by the proposed design optimization
tool.

In the next step, the proposed optimization algorithm was
used for the design of a 1-MW large-scale PV plant in
Nordsgmgllen (Denmark) with n = 25 years, g =3 %, d; =
5 %, and DIM; ;,ax = 250 m. The GA optimization process
has been executed for 5000 generations with 70 chromosomes
and 5 elite individuals in each generation, while the rest of the
GA process parameters remained equal to their default values
set in the corresponding MATLAB/Global Optimization Tool-
box function. The optimal values of the design variables and
LCOE are presented in Table I'V. For comparison purposes, the
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Fig. 4. Performance of the optimized and nonoptimized 1-MW PV plants. (a)
lifetime cost and (b) lifetime energy production.

configuration and LCOE of a nonoptimized 1-MW PV plant are
also presented in Table IV. The nonoptimized PV plant is built
by proportionally scaling the existing 40-kW PV system and
applying an F, = 22 m distance between adjacent PV blocks,
such that any mutual shading results in less than 1% power loss
during March—October. The LCOE of the optimized PV plant
is lower by 4.9% compared with that of the nonoptimized PV
plant.

The design optimization results for the cases where only the
minimization of the lifetime cost or where only the maximiza-
tion of the lifetime energy production of the 1 MW PV plant
under study were used as objective functions in the design op-
timization process, are also presented in Table IV. It is ob-
served that a different configuration of the PV plant is derived
in each case. The value of LCOE resulting using the proposed
design optimization technique is lower than that derived using
the minimum-cost and maximum-energy objective functions by
10.2% and 2.9%, respectively.

The lifetime cost and energy production of the optimized
and nonoptimized 1-MW PV plants are illustrated in Fig. 4(a)
and (b), respectively. The lifetime cost of the PV plant that
is designed using the proposed optimization method is lower
by 13.0% compared with the cost of the nonoptimized and
optimized for maximum energy PV systems, but it is higher
by 4.7% compared with that of the PV plant that is opti-
mized for minimum cost. The lifetime energy production of the
minimum-LCOE PV plant is lower by 8.5% and 10.4% than the
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TABLE IV
CONFIGURATION AND LCOE OF THE OPTIMIZED AND NONOPTIMIZED 1-MW PV PLANT

o LCOE
Nx Np Nr Fy ﬂ( ) DIMI(m) (€/MWh)
Proposed method:
optimized for 18 8 7 7.5 35 207.9 166.6
minimum LCOE
Non-optimized 13 8 1 22 30 234.0 175.2
Optimized only for ¢ 7 218 70 2244 185.5
minimum cost
Optimized only for 6 7 161 36 2314 171.6
maximum energy
energy production of the nonoptimized and optimized for max- ACKNOWLEDGMENT

imum energy PV systems, but it is higher by 16.6% than that
of the minimum-cost PV plant. However, the PV plant configu-
ration, which is derived using the proposed technique, achieves
the lowest LCOE, as analyzed previously, thus guaranteeing the
optimum performance of the large-scale PV plant in terms of
the cost of the energy injected into the electric grid.

The successful calculation of the global optimum solution
by the proposed GA-based procedure has been verified by also
performing the PV plant design optimization process using an
exhaustive search algorithm, where the objective function is
evaluated for all combinations of the design variables values.

In this design example, a single type of components has been
considered only in order to demonstrate the attributes of the pro-
posed design technique. However, the optimal types of compo-
nents (i.e., PV modules, dc/ac inverters etc.) can also be derived
among various alternatives by executing the proposed optimiza-
tion process for each of them and then selecting as the overall
optimal configuration of the PV plant the output design vari-
ables (i.e., vector X) of the combination of component types
that achieve the minimum LCOE.

IV. CONCLUSION

Large-scale PV plants enable the reduction of the PV plant
cost per watt of nominal power that is installed. In this paper,
a new method has been presented for the calculation of the
optimal configuration of large PV plants, such that the LCOE
is minimized. In contrast with the past-proposed methods ap-
plied to design large-scale PV systems, the proposed design
optimization process is performed by considering the impact
of the components number, type, and arrangement within the
installation field on the tradeoff between the lifetime cost and
the corresponding energy production of the PV plant.

The high-accuracy feature of the energy production calcula-
tions that are performed by the proposed design tool has been
validated using experimental operational data of an existing PV
plant at Nordsgmgllen (Denmark). The design results demon-
strate that using the proposed optimization method results in a
reduction of the cost of the energy that is generated by the large-
scale PV plant, thus enabling the maximization of the economic
benefit that is obtained during the operational lifetime period of
the PV system.

The authors would like to thank Danfoss A/S for providing
the operational data and measurements of the Nordsgmgllen PV
plant.
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