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A theoretical model has been developed to describe the response of V-trough systems in terms of
module temperature, power output and energy yield using as inputs the atmospheric conditions. The
model was adjusted to DoubleSuns concentration technology, which integrates dual-axis tracker and
conventional mono-crystalline Si modules. The good agreement between model predictions and the
results obtained at WS Energia laboratory, Portugal, validated the model. It is shown that DoubleSuns
technology increases up to 86% the yearly energy yield of conventional modules relative to a ﬁxed ﬂatplate system. The model was also used to perform a sensitivity analysis, in order to highlight the
relevance of the leading working parameters (such as irradiance) in system performance (energy yield
and module temperature). Model results show that the operation module temperature is always below
the maximum working temperature deﬁned by the module manufacturers.
& 2010 Elsevier B.V. All rights reserved.
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1. Introduction
With the climate change and energy security on the agenda of
many countries, photovoltaic (PV) energy appears as a potential
solution for the production of clean energy. However, the high
price of this technology has been inhibiting its expansion. One
approach to reduce its price is to use concentrators that increases
the amount of light that falls upon the cells. Since the current
created by the photovoltaic cells is proportional to the irradiance
on the cells, more light on the cells will increase the electrical
output, and thus allowing a reduction of the area of modules
(which are the most expensive component of a PV system) needed
for the same output energy. The replacement of the expensive
modules by cheaper optical materials (e.g. lens or mirrors) can
lead to a reduction in PV electricity cost [1–4].
Concentrator photovoltaic (CPV) technologies are usually classiﬁed according to its concentration factor into: low, medium and
high concentration systems [5,6]. Low concentration photovoltaic
(LCPV) systems with concentration factor below 10 suns [6–8]
present two main advantages: they can make use of conventional
high-performance ﬂat-plate PV modules (1 sun) without signiﬁcant
performance losses and they are less demanding in terms of tracking
accuracy than the higher concentration systems [3]. The amount of
reﬂected radiation falling upon the modules strictly depends on the
clearness index of the location [6,9]. And therefore, these systems
can lead to notorious gains in output energy of commercial PV

modules when installed in locations where direct radiation is a
signiﬁcant percentage of the global radiation (South Europe, Northern Africa, Southern states of the USA, etc.).
In this work we present a line-focus concentrator [6] with a
V-trough design. These type of concentrators are particularly
attractive since they are simple to manufacture and can integrate
conventional PV modules [4,7,10]. The main requirement of these
designs is the homogeneous distribution of radiation over the
modules, which is assured by the uniform reﬂection of the
mirrors’ surface and the sun trackers [4–8,11,12].
Taking into account the previous requests, DoubleSuns system
(a V-trough low concentration system) was developed by WS
Energia [13]. The system makes use of two mirrors (mainly
reﬂecting in the band of PV modules spectral response [14]),
which along with a two axes-tracking system (accuracy of 21)
warrants a homogeneous illumination of 4–5 commercial modules (depending on dimension).
In the ﬁrst section of this work we present a theoretical model,
which has been implemented in a Matlabs simulation. The model
was adapted to DoubleSuns speciﬁcations and a comparison
between theoretical and experimental data has conﬁrmed model
validation. Finally, a sensitivity analysis of the model is conducted, in order to identify the most relevant parameters
determining the system performance.

2. Model
n
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The purpose of the present model is to estimate the
performance of a V-trough system integrating commercial
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modules. Such performance was evaluated in terms of temperature of the module, output power and energy yield. The input
parameters are: the ambient temperature (Tamb); direct/global
irradiance ratio (ic); irradiance (I), for both ﬁxed and 2-axis
tracking systems; and also the monthly average wind velocity (v).
The former data sets are mean daily proﬁles for each month and
were taken from [9] while the latter is a mean monthly value and
was taken from [18].
The AC power of a V-trough PV system is given by
PAC ¼ IdC dT emod Amod einv

ð1Þ

where I is irradiance, dC is the concentration coefﬁcient, dT
is the temperature efﬁciency of the system, emod is the module
efﬁciency under STC conditions, Amod is the area of the modules
and einv is the efﬁciency of the inverter (which is a function of the
output power [15] but for simplicity it may be considered
constant, see Table 1).
The concentration coefﬁcient is deﬁned as

dC ¼ 1 þðC1Þeopt ic

ð2Þ

with eopt being the overall efﬁciency of the optics (determined
from the mirrors’ reﬂectivity, eR, and the optical conﬁguration
including speciﬁed maximum misalignment of the tracking
system), ic is the ratio between direct and global irradiance and
C is the concentration ratio, which is deﬁned as the area of the
receiver seen by the sun (i.e. effective area) divided by the area of
the module [7]. This equation assumes that only the direct
component of the irradiation is reﬂected from the mirrors onto
the module. In practice this is not so, and it is expected that a
fraction of the diffuse light will also be reﬂected to the module.
However, this small effect is possibly offset by the fact that, due to
the acceptance angle of the V-trough system (21), a fraction of the
diffuse light will be prevented from reaching the modules. These
effects were not considered in the model.
The temperature efﬁciency of the system is deﬁned as

dT ¼ 1 þ sT ðTmod TSTC Þ

ð3Þ

where Tmod is the temperature of the module, TSTC, the
reference temperature (25 1C) under standard test conditions
(STC) and sT, the temperature coefﬁcient of the module, which is
assumed constant in the temperature range of interest. Without
active cooling schemes, i.e. if refrigeration is realised only by heat
exchange between the module and the surrounding area, the
module temperature may be determined using
Tmod ¼ Tamb þ

TNOCT 20
I
800 þ hðv1ÞðTNOCT 20Þ

was determined using wind data for typical days at the chosen
location; it was within the range cited in the literature [16].
The model was implemented for the standard DoubleSuns
conﬁguration (tracking+ concentration), a 2-axis tracking but no
concentration (C ¼1) and ﬁxed ﬂat-plate conﬁguration. Regarding
the ﬁxed ﬂat-plate, we have considered that the system is
oriented towards the south, i.e. the azimuth angle is 01, and
tilted by 351, which is the inclination that optimizes the yearly
energy production in the location of analysis. The location of
analysis is Oeiras, Portugal (381410 5000 N, 91180 30’00 W), which
presents a sunny climate with average daily global irradiation of
4.5 kWh/m2 in a horizontal plane and annual average ambient
temperatures of about 16.6 1C.

3. Model results
3.1. System performance
Using the model one may determine the yearly accumulated
energy of the DoubleSuns solar concentration system compared
with the 2-axes tracking and a ﬁxed ﬂat-plate PV systems (Fig. 1).
From the results one may infer that the overall increased energy
output of the DoubleSuns solar concentration system with
respect to the ﬁxed ﬂat-plate system with optimum inclination
is 1.86X, which results from both the tracking (25%) and the
concentration (50%).
It is also particularly interesting to observe the monthly
variation of the gain in the energy output due to the tracking and
concentration (Fig. 1b). The ratio between the 2-axes tracking and
the ﬁxed ﬂat-plate system (dark squares) highlights the advantage of tracking: a factor of 1.1 in the winter and 1.4 in the
summer. The ratio between the DoubleSuns and the 2-axis
tracking system with no concentration (dark diamonds) is almost
constant throughout the year, at about 1.5. The small seasonal
variations observed are directly correlated to variations in the
ratio between direct and global irradiance (higher in the summer)
and inversely correlated to the ambient temperature (colder in
winter). Finally, the ratio between the DoubleSuns and the ﬁxed
ﬂat-plate system (white dots) results from the effect of the
tracking and the concentration. The gain in energy output varies
between 1.7 (in the winter: shorter days and more diffuse light)
and 2.1 (in the summer: longer days and more direct radiation).
3.2. Model validation

ð4Þ

where TNOCT is the temperature cells will reach when operated
at open circuit in an ambient temperature of 20 1C, irradiance on
cell surface I¼800 W/m2 and a wind speed of less than 1 m/s, and
h is a convection parameter and v is the wind velocity. In Eq. (4),
the convection was considered as a linear function of wind speed,
which is responsible for the forced convection between the
surface and the surroundings. The parameter h¼6.62 W/m2 1C

Model results were validated by the data sets presented in [9].
Moreover, model results compared with experimental data for
irradiance, module and ambient temperature, DC and AC power
delivered, etc. were collected for a DoubleSuns PV system installed
at WS Energia Laboratory, Oeiras, Portugal (381440 32.8900 N,
91180 10.1200 W). The following discussion refers to typical measurements taken on September 22, 2008. More complete data and
experimental details are provided elsewhere [17].

Table 1
Model parameters of the systems used in the model: DoubleSuns, 2-axes tracking system and ﬁxed ﬂat-plate system.
Parameter

DoubleSuns

Flat-plate system with tracking

Flat-plate system ﬁxed

0.84
1.94

3.54
16.0
 0.30
44.2
0.93
–
1

–
1

Amod (m2)
emod (%)
sT (%Pmax/1C)
TNOCT (1C)

einv
eopt
C
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Fig. 1. Model results: (a) accumulated yearly energy produced by a ﬁxed ﬂat-plate, a 2-axes tracked PV system and DoubleSuns system; and (b) seasonal variation of the
gain in the output energy.

Fig. 2. Module temperature (1C) measured (solid line) and calculated (dashed line)
for September 22, 2008.

Fig. 3. System AC output (W) measured (solid line) and calculated (dashed line)
for September 22, 2008.

Fig. 2 compares the measured and calculated module
temperature. The calculated temperature is almost always
higher than the measured temperature. This difference has been
attributed to the radiation heat transfer from the front and back
surfaces of the module, which are neglected in this model.
Thorough comparison between measured and calculated AC
power has shown a good agreement between experimental and
model data [17], except for the summer morning hours when the
system was partially affected by shadows from the surrounding
trees (Fig. 3). The model was validated since the mean daily
difference for all the analyzed days lied below 2.7%, if disregarding
the early and late shading. However, when taking into account all
the day, i.e. including shadings, we observe a difference of 8%, as
exempliﬁed by Fig. 4.

4. Sensitivity analysis
The aim of the sensitivity analysis was to determine the weight
of the different model parameters on the performance of the
DoubleSuns solar photovoltaic concentration. This study may be

Fig. 4. Accumulated energy (kWh/kWp) measured (solid line) and calculated
(dashed line) for September 22, 2008.
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used as a design tool for the DoubleSuns PV system but it is also
relevant for LCPV project implementation in general. For convenience, all data refer to the Oeiras site, on September 22. Table 2
shows the standard set of model parameters against which the
sensitivity analysis was carried out.
The two most relevant factors determining the performance of
the DoubleSuns system are the global irradiance and the efﬁciency
of the system, which depends on their temperature. Fig. 5 shows
the change to the energy yield as a function of the variation of the
global irradiance. We may observe that, naturally, the energy yield
increases considerably with global irradiance. Beyond a 25%
increase in global irradiance, the module temperature starts
affecting its efﬁciency and the rate of increase of the energy yield
is increasingly reduced. Above +50%, the temperature of the
modules reaches 80 1C, their maximum operating temperature. It
should be pointed out that these are unrealistic global irradiance
levels (any value over 100% means an irradiation above the solar
constant) and they are only helpful to illustrate how the
DoubleSuns solar concentration system in normal operation is
far from reaching the critical temperature. The variability of
irradiance refers to different latitudes but also to the existence of
clouds, which may reduce, signiﬁcant and instantaneously, the
global irradiance and therefore the power output of the system. As
a safety measure, the Doublesuns tracker deviates the modules
from the correct position if critical temperatures are achieved by
the temperature sensor.
Eqs. (1) and (3) show that the energy yield depends linearly on
the module temperature through its (negative) temperature coefﬁcient. Fig. 6 shows the change to energy yield due to variation
of the temperature coefﬁcient of the module. The effect of the
temperature coefﬁcient on the energy yield is striking: replacing

modules with  0.3%/1C by modules with 0.5%/1C leads to a loss
of 8% in energy yield.
Fig. 7 shows the effect of changing the ambient temperature.
Using Eq. (4), the module temperature is directly computed from
the ambient temperature. We may see that the rate of decrease of
the energy yield with temperature is 1%/3 1C. Normal operation
of the modules, Tmod o80 1C, requires ambient temperatures
below 40 1C.
Mirrors reﬂectivity, direct/global irradiance ratio and concentration factor all have the same effect on the energy yield of the
system since they are actually different representations of the
amount of irradiance arriving from the mirrors to the modules.
The response is linear for small variations (1% increase per 3%
increase in irradiance from mirrors) but the slope decreases for
large increase in the mirror irradiance due to the increase in the

Table 2
Standard set of model parameters.
Parameter

Value

I

895.1 W/m2
 0.3%Pmax/1C
68.5 1C
25.7 1C
93%
1.9
0.7

sT
Tmod
Tamb

eR
C
ic

Fig. 5. Change in energy yield and module temperature (Tmod) due to variation in
global irradiance. Linear ﬁt to small variations is shown in dashed line.

Fig. 6. Change to energy yield due to change in temperature coefﬁcient (sT) of
modules.

Fig. 7. Change in energy yield and module temperature (Tmod) due to change in
ambient temperature (Tamb).
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is the key parameter for the system performance. Model data also
highlights the relevance of the temperature coefﬁcient of the
modules: replacing modules with  0.3%/1C by modules with
typical 0.5%/1C leading to a loss of 8% in energy yield. As
anticipated, increased module temperature due to high ambient
temperature, high temperature coefﬁcient or high irradiance
decreases the system energy output. It is shown that the module
temperature may be kept within the speciﬁed operating range
(below 80 1C) for ambient temperatures below 40 1C. Increasing
the concentration ratio (or, similarly, improving the reﬂectivity of
the mirrors or moving the system to a site with a more favorable
direct/global irradiance ratio) will improve performance but,
if beyond a critical value, requires the use of a cooling system.
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Fig. 8. Change to energy yield and module temperature (Tmod) due to variation in
the amount of irradiance from mirrors, which may be caused by increase in
reﬂectivity, direct/global irradiance ratio or concentration factor. Linear ﬁt to small
variations is shown in dashed line.
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