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Estimation of the output energy of concentrator photovoltaic system is difficult, because the output energy of
concentrator photovoltaic system installed outdoors is influenced by various environmental factors. A new method
to estimate the output energy is proposed using a contour map of environmental factors. The contour map of
estimated output energy was quite similar to that of experimentally-measured output energy. The error ratio of
the estimated output energy to the actual output energy was only —0.14%. The result indicates that this method

is useful to estimate the output energy of CPV systems.
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1. Introduction

In recent years, multijunction solar cells have attracted
increasing attention for application in concentrator pho-
tovoltaic (CPV) systems owing to their very high con-
version efficiency [1]. Multijunction solar cells consist-
ing of InGaP, InGaAs, and Ge layers are recognized as
superhigh efficiency cells and are used for space appli-
cation. Now, a metamorphic InGaP/GaAs/InGaNAs
triple-junction solar cell has reportedly delivered a con-
version efficiency of 43.5% at 925 suns (925 kW /m?,
AM1.5D) [2]. Light concentration is one of the most im-
portant factors for the development of an advanced PV
system using high-efficiency solar cells. High-efficiency
multijunction cells under high light concentration have
been investigated for terrestrial application [3, 4].

Characteristics of CPV are more sensitive to envi-
ronmental factor as compared to flat-plate PV system
because CPV systems use lens and multijunction so-
lar cells [5]. CPV systems have power ratings deter-
mined by their energy conversion efficiency under stan-
dard test conditions (STC; incident direct solar irradi-
ance: 1 kW/m?, solar spectrum distribution: AM1.5D
and cell temperature: 25°C) and the total area of CPV
arrays. The estimated output energy from the power rat-
ing might be significantly different from the output en-
ergy at an outdoor location. Thus, CPV system should
be rated with energy rating given by the actual electrical
output, rather than by the energy conversion efficiency
measured under the STC. However, the impact of the
outdoor environment on the output energy is not fully
understood, especially, the influence of the spectral irra-
diance distribution of solar radiation. The spectral dis-
tribution has a strong influence on the output current of
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CPV system because the system uses the multijunction
solar cells [5].

To date, we have analyzed the performance of PV sys-
tems at outdoor locations using contour maps centered on
the cell temperature (Teenn) and the index for the spectral
irradiance distribution, average photon energy (APE) [6].
The impact of Tee and APE on the performance of PV
system was clearly shown by the contour maps.

In this study, we propose a method for the estimation
of the output energy of CPV system using contour maps
of environmental factors. The advantages of this method
are a wide range of environmental conditions categorized
by APE and T¢.; are taken into account. Besides, the
influence of the spectral irradiance distribution which is
especially useful in estimating the output energy of CPV
system with spectral sensitivity is also being considered.
The energy production of CPV system was estimated us-
ing the contour maps in order to demonstrate the validity
of the proposed method.

2. Experimental procedure

Figure 1 shows a 14 kW CPV system (Daido Steel Co.,
Ltd.) installed in University of Miyazaki. Panel area was
7m x 10 m. A Fresnel lens (160 mm x 160 mm) con-
centrates sunlight and the concentrated light was irra-
diated onto the InGaP/InGaAs/Ge triple-junction solar
cell (7mm x 7 mm). A CPV module was fabricated by
connecting 25 lens-cell pairs in series. The 14 kW CPV
system was composed of 96 modules.

As meteorological data, we measured direct normal ir-
radiance (DNI) every 1 min. Direct solar spectra with the
wavelength range from 350 to 1050 nm were recorded ev-
ery 1 min by a spectroradiometer (MS700, EKO) with a
collimation tube (aperture angle: +2.5°).

APE is an index that indicates a spectral irradiance
distribution [6]. A value of APE was calculated from
measured value of spectral irradiance by dividing the in-
tegrated irradiance with the integrated photon flux den-
sity, yielding the average energy per photon (eV):
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Fig. 1.

14 kW CPV system installed in University of
Miyazaki.
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where ¢ is the electronic charge, £ — spectral irradi-
ance and ¢ — the spectral photon flux density, respec-
tively. For the limitation of our measurement system, a
and b were set to 350 and 1050 nm, respectively. The
APE value for the standard solar spectrum (AM1.5D)
calculated with this range is 1.85 eV. The solar spectra
with different APE values (1.79-1.96 €V) are shown in
Fig. 2. The spectral irradiance was normalized with the
irradiance at 560 nm for each spectrum. The spectral ir-
radiances in short and long wavelength regions increased
and decreased respectively with increasing the APE value
without crossover.
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Fig. 2. Solar spectra with APE values from 1.79 to
1.96 V.

Figure 3 shows a flow chart of how the contour graphs
were made from APE, T,., output energy, and DNI
pieces of data. The methodology is as follows:

(1) The data of temperature of solar cell (T ey), DNI
for 1 m2, output energy (P,u) of the system which has
nominal output power of 14 kW, and the spectral irra-
diance distribution at the analysis period are prepared.
The two-dimensional arrays for DNI and for P, are pre-
pared. The arrays for P,,; and DNI have APE (1.70-
1.90 eV, 0.01 eV step) and T, (0-80°C,5°C step) for
column and row, respectively.

(2) The following steps are repeated for the data mea-
sured every 1 min from November 2011 to April 2012
(first period) and November 2012 to 2013 April (sec-
ond period). Here, the data with DNI higher than
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Flow chart of how the contour graphs were

0.20 kW /m? were used and lower performance of sys-
tem at low DNI was omitted. The reason why we used
irradiance higher than 0.20 kW /m? was the fluctuation
of output voltage, which resulted in fluctuation of the
maximum power point tracking (MPPT) control of the
inverter.

(a) APE of spectrum is determined by the spectrum
distribution.

(b) The columns of both P,,; and DNI arrays for the
spectrum are indexed by APE.

(¢) The rows of both P,,; and DNT arrays for the spec-
trum are indexed by Tiey. Then, the elements of the
arrays for the spectrum are determined.

(d) Pout of the system and DNI of the spectrum are
added to the elements of each array.

(3) Performance ratio (PR) for each element is deter-
mined as P, divided by DNI at the corresponding ele-
ment. PR is given as follows:

Pout (kW)
DNI(kW /m?) 2)
14(kW)[rated power of CPV system] *
1(kW/m?)[DNI for rating]
The output energy of a CPV system at an outdoor
location under an integrated irradiance is formulated as
I:(kWh/m?) x A(m?) x n@STC x PR
= output energy (kWh), (3)
where A (m?) is the area of the array, n@QSTC is the
conversion efficiency under the STC, I, is the integrated
irradiance, and output energy is the energy output of the
CPYV system, respectively.

The procedures to create the contour plots and esti-
mate the annual energy production for CPV system are
as follows:

PR =

1. A contour map of PR is made from the measure-
ment data of the first period. Two-dimensional ar-
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rays for the incident irradiance and the output en-
ergy are prepared. The incident irradiance and the
output energy are classified into the APE (1.70-
1.90 eV, 0.01 eV step) and Teep (0-80°C, 5°C step),
respectively. The incident irradiance and the out-
put energy are added to the elements of each array.
Contour maps of the integrated irradiance and the
integrated energy were obtained from this proce-
dure. The PR for each element is determined as
the energy divided by the irradiance at the corre-
sponding element, which provides a contour map
of the PR.

2. The PR contour maps are assumed to be unchanged
for each period.

3. The output energy for second period is estimated
using the PR contour map.

4. The output energy of second period is verified with
the experimentally measured output energy of sec-
ond period.

3. Results and discussion

Figure 4a and b shows the irradiation (kWh/m?) dur-
ing the second period and the PR, (%) of the CPV system
for the first period. Using these maps, the output energy
during the second period was estimated with Eq. (3).
Figure 4c and d shows the estimated and actual output
energies of the CPV system in the second period.
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Fig. 4. Comparison of estimated and actual output en-
ergies of CPV system. (a) Irradiation (kWh/m?) during
the second period. (b) PR (%) of the CPV system for
the first period. (c) Estimated output energy of the
CPV system in the second period. (d) Actual output
energy of the CPV system in the second period. Es-
timated energy: 5908 kWh, actual energy: 5916 kWh,
degree of coincidence: 99.86%, error: —0.14%.
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From the PR map of Fig. 4b, it can be seen that the
PR of the CPV system is strongly influenced by the APE
value. The characteristic of CPV system is sensitive to
the spectrum of incident light because the system uses
multijunction solar cells.

In order to derive the estimated output energy map,
we used the PR map of the same season because APE
value is influenced by changing season. The contour map
of the estimated output energy was quite similar to that
of the actual output energy. The amount of the esti-
mated output energy was 5908 kWh, meanwhile. The
amount of the actual output energy was 5916 kWh. The
error ratio of the estimated output energy to the actual
output energy was only —0.14%. The proposed method
using environmental factor contour and APE maps can
be considered to be a useful method for the estimation
of the CPV energy production.

4. Conclusion

A method was proposed for the estimation of the out-
put energy of CPV system using contour maps centered
on APE and Tg,;. The advantages of this method are
a wide range of environmental conditions categorized by
APE and T taken into account. Besides, the influ-
ence of the spectral irradiance distribution which is es-
pecially useful in estimating the output energy of CPV
system with spectral sensitivity is also being considered.
To demonstrate the validity of the proposed method, the
output energy of the CPV system was estimated. The
contour map of the estimated output energy was quite
similar to that of the actual output energy. The error
ratio of the estimated output energy to the actual out-
put energy was only —0.14%. The result indicates that
the proposed method using contour maps is useful for the
estimation of the energy production of CPV system.
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