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Abstract - effects of radiation intensity and temperature on the
performance of a dye-sensitized solar module (DSSM) have been
investigated in a tropical area in Nairobi, Kenya. Outdoor
measurements were performed on cloudless days at normal
incidence of the incoming solar beam radiation to the module. A
series of current-voltage (/-V) characterizations were carried out at
different solar radiation intensities and module temperatures. The
module performance parameters: Short circuit current density,
(Jsc), Open circuit voltage, (V,.), Fill factor, (FF) and solar-to-
electricity conversion efficiency, (n) were extracted from the -V
curves. Better efficiencies were observed at lower than higher
radiation intensities. There was also an overall improved
performance at elevated temperatures. The results may be useful
during fabrication of dye-sensitized solar cells meant for use in the
tropics.

Index Terms— radiation,

temperature, tropics

Dye-sensitized, performance,

I. INTRODUCTION

The need to switch to the use of renewable energy is ever
increasing. Fossil fuel reserves that have been depended
upon to provide the world’s energy are quickly diminishing
[1]1[2]. This decline has amplified costs of fossil fuel
exploration and mining [1]. The sensitive geopolitical issues
experienced by countries with fossil fuel reserves [3] make
the situation worse. These matters have contributed to the
escalation of energy costs that have pushed energy out of
reach for many people. Those at the bottom of the economic
pyramid are the worst affected [4].

The over-reliance upon fossil fuels by the world [5] has also
been linked to the increase in acid rains, greenhouse gases
and depletion of the ozone layer [6]. Impacts of greenhouse
gases, e.g., global warming have been widespread [7]
[8].They have adversely affected life on earth [9]. Adoption
of energy sources that are alternative to fossil fuels and
renewable in nature is imperative. These renewable energy
sources include biomass, geothermal, tidal, water cycle or
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hydro, atmospheric movements and solar radiation [10].
They are consequences of the earth’s inherent heat,
gravitational perturbations by the moon and sun, and solar
radiation [11].

The most abundant and fairly distributed of these is solar
radiation with about 3.9 x 10** joules of solar energy reaching
the earth annually [12]. This impressive supply of solar
energy is complemented by its vast resourcefulness — it can
be converted into electricity by exciting electrons in a solar
cell and can also yield chemical fuel through natural
photosynthesis in green plants or artificial photosynthesis in
human-engineered systems. Solar energy can also be used to
produce heat for direct use or for further conversion to
electricity [12].

Though the prices of solar photovoltaic (PV) systems are
currently high [14], investing in solar power assures free
energy after a reasonable payback period. This makes solar
electricity both cost effective and economical [15] in the long
run. Solar energy is also environmentally friendly [16] and
can be availed even to the remotest parts of the world. [17]
has attributed this to the minimal incidences of wear and
tear by solar energy systems since they do not comprise of
heavy moving parts. Solar energy is also free, abundant,
readily available, and does not interfere with people’s ways
of life. Generation of electricity from solar energy is
therefore a socially, politically, economically,
environmentally and culturally (SPEEC) attractive method of
directly generating electrical power.

Reduction in solar energy cost will enhance its penetration,
especially among the poor. This in turn will improve the
ecological footprint of communities, nations and the world.
Though first generation silicon solar devices dominate the PV
market currently, their fabrication costs are high, which calls
for high efficiencies [18]. This translates to high prices, hence

choking their penetration to the poor. Second generation
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Third
generation solar cells, the dye-sensitized solar cell are

solar devices are also expensive to fabricate.
cheaper alternatives to the conventional silicon solar cells as
well as the second generation solar cells, and can be
fabricated under less stringent conditions [19]. They are
up
opportunities that exist in the tropics. They have however

therefore favorable in taking the huge energy

not been field-tested in the tropics, which is the focus of this
study.

Il. MATERIALS AND METHODS

A. Basic Theory

1) J-V characterization

The response of a PV device is determined by its J-V
characteristics both in the dark and under illumination. The J-
V characteristics are in practical cases modeled according to
the ideal diode equation (1), which for accounts for the shunt
and series resistances [20],

J == Jsexp [Zd| - ov &
where J, J, J; V, m, V5, R, J, and o are the ideal current
density, the current density from the source (in this work, it
is the photo-generated current density, J,, and will be
referred to as such), the saturation current density, voltage
across the PV terminals, the ideality factor, series resistance
and shunt conductance respectively.

In the dark, an applied voltage, known also as the bias
voltage generates current density in the opposite direction to
the one generated by light. This current density is known as
the dark current density and is computed from the equation
[21] [20],

Jaare = —Jsexp || - oV @)
where J, Jyar, Js, V, m, V3, R, J, and o are the ideal current
density, the dark current density, the saturation current
density, voltage across the PV terminals of the PV device, the
ideality factor (=1 for an ideal PV device or #1 for a non-ideal
PV device), series resistance and shunt conductance
respectively.

Under illumination, the J-V characteristics are described by
the equation [22] [20],

V+Rs]
mVT

J = Jon—Jsexp [ L] - ov )
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where J, Jy, J, V, m, V5, Rs and o are the ideal current
density, the photo-generated current density, thesaturation
current density, voltage across the PV device terminals, the
ideality factor (=1 for an ideal device or #1 for a non-ideal
device), the thermal voltage, series resistance and shunt
conductance respectively.

Setting of the ideality factor in equation (1) to one is the
ideal case that assumes that all recombinations in the PV
device occur via the band to band or the bulk areas of the PV
device — not in the junction. The ideality factor describes how
closely the PV device follows the ideal case scenario. In
practical cases, PV devices are non-ideal since
recombinations occur in other ways and areas of the devices
other than only via band to band or in the bulk area of the
devices. These devices yield ideality factors that deviate from
the ideal.

From equations (2) and (3), the dark current density and

photo-generated current density (respectively) can be
plotted as functions of the applied bias voltage. This results
in a curve typically known as the current density-voltage (J-V)
characteristic curve. From the J-V curve, key parameters; V,,
Jse, Js, FF, Ry, Ry, can be extracted and, m and n computed.
V,c is the voltage measured when the terminals of a PV
device are isolated. It relates to the condition when the
potential difference is at its maximum value. At this point,
dark current density and short circuit photo-current densities
exactly cancel out and no flow of current is observed
between the PV terminals. Setting J to zero in equation (3)
and rearranging yields equation (4) that can be used to
compute the photo-generated current, J.

Jon = Jsexp | =] (@)

where J,p, J, V m, and V; are the photo-generated current
density, the saturation current density, voltage across the PV
device’s terminals, the ideality factor and the thermal voltage
respectively.

When Vis maximum, i.e., V=V, equation (4) leads to,

]

where Jy, J;, Voo, m, Vr and o are the photo-generated

]ph =Js eXp[ (5)

VDC
mVT

current density, the saturation current density, the open
circuit voltage, the ideality factor, thermal voltage and shunt

conductance respectively.

Making V,. the subject in equation (5) yields (6), which
describes the voltage at zero current. This is the open circuit
voltage,
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J
V,e = mVyin22
Js

(6)

where Jp, Js, Vo, m and Vi are the photo-generated current
density, the saturation current density, the open circuit
voltage and the ideality factor and the thermal voltage
respectively.

Jsc describes the photo-generated charge carriers, which in
the case of exposure of the PV device to light is the light-
generated current density. It is measured at the condition
when the applied voltage is zero. Essentially, this is the
current measured when the circuit is shorted and both the
load and power are zero. If we set the applied voltage, V to
zero and J to J. in equation (3), we obtain,

Joc = ]ph —Js (7)
where Ji, Jpp, and J; are the short circuit current density, the
photo-generated current density and the saturation current
respectively.

This implies that,

]sc = ]ph (8)
where J;c and J,;, are the short circuit current density and the
photo-generated current density respectively.

The actual current that flows out of a solar PV device is the
ideal current, i.e., the short-circuit current density, minus the
current that flows through the diode or dark current density,
Jdark;

] = ]sc - ]dark (9)
where J, J. and Jg. are the ideal current density, the short
circuit current density and the dark current density
respectively.

FF is generally influenced by the series and shunt
resistances. It is a measure of the squareness of the J-V curve
and hence the quality of the solar PV device. It is defined as
the ratio. It is determined from equation [22],

JmpVmp
VocJsc

FF =" =

VOC]SC

(10)

where FF, Py, Voo, Jse, Jmp and Vi, are the fill factor, maximum
power, the open circuit voltage, the short circuit current
density, the maximum power current density and the
maximum power voltage respectively.

A PV device’s maximum power (P,,), maximum power current
density (Jyn,) and maximum power voltage (V,) are be
extracted from a P-V curve. There exists a certain potential
between the J,. and V,. on the J-V curve where P,, is found.
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At this point, the solar PV device delivers the highest power
output (P,). Voltage at this point is known as the maximum
power voltage, while the current density is known as the
maximum power current density. Pp, Vm, Jmp can also be
computed as shown in equations (11), (12) and (13),

B = FFV, s (11)
FFVocJsc

e (12)
FFVoclsc

= — 13

]mp Vimp (13)

where P, FF, Vo, Js¢ Jmp and Vp,, are the maximum power,
the fill factor, the open circuit voltage, the short circuit
current density, the current density at maximum power and
the voltage at maximum power respectively.

n is associated with the overall performance of the PV
device. It is defined as the ratio of P, to the power of
incident radiation (P;,), which is given by the equation [20],

Pm _ JmpVmp _
Pin

VocJscFF

x100%

14
Pin in ( )

where n, Pn, Jmp, Vimp, Voo Jsc FF, and P, are the efficiency,
the maximum power, the maximum power current density,
the maximum power voltage, the open circuit voltage, the
short circuit current density, the fill factor and the power of
the light that is incident on the PV device respectively.

B. Experimental

1) Materials

One functional dye-sensitized solar module was used in
this study. The module; Omny 11200 outdoor module -
model number HS Code 85414090 was used as supplied by
G24 Innovations Limited (UK). It was made up of 11 cells,
rated 0.5 Watts peak and 8 Volts. The cells were 1.5 inches
thick and of a 15.92 cm” active area each; bringing the total
active area of the module to 175.12 cm’. The other
apparatus used in the study were a tilt-able metal rack
supplied by Solargent Limited, Kenya, 6 cm immersion
thermometer supplied by Griffin & George Limited, UK, a
GTH 1160 NiCr-Ni digital thermocouple supplied by TC
limited, UK, a Raytek® Plus laser beam thermometer supplied
by Raytek, USA, a CM3 pyranometer supplied by Kipp &
Zonen, Delft/Holland, a Haenni solar 130 radiation meter
supplied by Jenensfort, Switzerland, a DT9205A" digital
multimeter supplied by Taurus Electronics Limited, Kenya, a
Tektronix TDS 3032 digital phosphor oscilloscope supplied by
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Tektronix inc., USA, a Keithley 2400 digital source meter
supplied by Keithley inc., USA and a Laboratory Virtual
Engineering Workbench (LabVIEW™') application software
supplied by National Instruments inc., USA, a desktop
computer supplied by Hewlett-Packard (HP), Kenya and an
IEEE-488 GPIB cable supplied by National Instruments inc.,
USA.

2) J-V characterization under illumination

The module sample was fixed on the tilt-able metal rack
and the CM3-pyranometer positioned in the plane of array
with the module as shown in figure 4.3. The set-up was
positioned on the roof-top of the Department of Physics,
University of Nairobi at a suitable place where shadows could
not be cast on either the module or the pyranometer. The
module was connected to the Keithley 2400 Source Meter
using alligator clips The Keithley source meter was connected
to the HP desktop computer via an IEEE-488 GPIB interface.
The computer was installed with LabVIEW™ application
software. To the pyranometer, the DT9205A" digital
multimeter was connected to facilitate acquisition of
irradiance data. Figure 2 illustrates how the experiment was

set up.

Figure 1: Picture of the module and pyranometer set-up

Computer
Multimeter
DSSC Module
Keithley 2400
Source Meter
Pyrano
meter

Fig .2 1-V characterization experimental set-up

Current-voltage readings were first acquired at normal

incidence to the incoming solar beam radiation by varying
the tilt to coincide with the optimum tilt angle at the period.
Optimum tilt angle was obtained from the air mass versus
optimum tilt angle curve.
Both the ambient and module temperatures at the time of
the I-V measurement acquisition were recorded. Ambient
temperatures were measured using the 6 cm immersion
thermometer — measurements that were corroborated with
those from the Kenya Meteorological department and NASA.
Module temperatures were obtained by attaching the GTH
1160 NiCr-Ni digital thermocouple sensor to the back side of
the module recording the reading. Readings from the
thermocouple sensor were checked by simultaneously point
a laser beam from the Raytek® Plus laser beam thermometer
at about one meter perpendicular to the module and
obtaining the temperature reading on top of the module.

lll. RESULTS AND DISCUSSION

Current density, J was observed to increase with radiation
intensity. This behavior can be linked to the increasing
number of photons that led to an increase in the number of
excited electrons with more energy than the work function of
the dye upon sensitization. These photo-excited electrons
then escape into the semiconductor’s conduction band and
are collected at the load as current.
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Fig .3 |-V characteristics for the module at different radiation
intensities

Figure 6 shows how FF, V., Ji. and n were affected by the
variations in the irradiance intensity. it is observed that the
module’s short circuit current density, J;. and the irradiance
intensity are correlated. This is in agreement with with
equation 9 and shows that the actual current flowing out of
the solar PV device is the ideal current. However, J,. values
were very low for the module, which may imply that the
electron recombinations through the electrolyte and during
collection at the transparent conducting oxide (TCO) are high
in the module. Reduction in FF has been observed at high
irradiance levels. This shows the large series resistance (R;) of
the module.
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Better relative efficiencies are observed at lower irradiance
intensities as compared to the higher irradiance intensities.
V, increased exponentially with irradiance intensity up to
about 850 Wm™ after which it remained constant upon
further increase in irradiance intensity. This may be linked to
the thin film nature of the module’s cells, where the electron
density in the conduction band of the semiconductor is high
due to the high injection levels owing to the closeness of the
injection to the collection - leading to a quick build-up of
charges that exponentially raise V,.. The constant V,. after
850 Wm™ may be linked to a state of equilibrium that arises
after some period of time between photo-generation and
recombination processes.

Figure 7 shows how the module performed at various
module temperatures. As temperature increased, Rs—0. This
shows that the module had an overall benefit from elevated
temperatures as is higher at higher module
temperatures.

Pmax
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temperatures.

Figure 8 shows how the fill factor, FF, Voc and n varied
with temperature changes. There is a monotonic decrease in
Vo with increase in cell temperature that leads to a
monotonic decrease in the solar-to-electricity conversion
efficiency, n. The relative temperature dependence of V.
and FF is however smaller. It can therefore be stated that the
temperature dependence of n is dominated by the factors
that affect J.. The trend of the results on n and module
temperature may be linked to the limiting process of the tri-
iodide diffusion, which limits J;..
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Jsc increases with increasing temperature up to some point
before starting to decrease. This J,. increase behavior of the
module at low module temperatures can be attributed to the
diffusion of the tri-iodide which limits J,., while at increased
cell temperatures, according to Arrhenius law according to
which the diffusion coefficient exponentially increases with
increasing temperature there is an observed increase in short
circuit current density, J.. Nonetheless, the decrease that is
observed after about 40°C module temperature can be
attributed to the possibility of recombinations at higher
temperatures leading to reduction in current collection.

These limiting processes are linked to type and concentration
of electrolyte components as is evident from the experiment
by [23], which showed that when |, and consequently the tri-
iodide concentration is low in the measured temperature
window of 5-50°C firstly, J,. increases with temperature,
further
temperature leads to decrease in Ji [23].

reaches a maximum but later, increase in
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IV. CONCLUSION

Effects of temperature and irradiance intensity on a dye-

sensitized solar module’s performance have been
investigated in a temperate tropical area, 1.28° South and
35.82° East, Nairobi, Kenya. The results show better relative
efficiencies for the module at lower irradiance intensities as
compared to higher irradiance intensities. V, increased with
increase in irradiance intensity up to 850 Wm after which it
remained constant with further irradiance intensity increase.

The increase in V,. with increase in irradiance intensities
can be attributed to the high injection levels that emanates
from the closeness of the injection to the collection - leading
to a quick build-up of charged that exponentially raise the
open circuit voltage. This is due to the thin film nature of the
module’s cells. On the other hand, the constant V,. observed
from irradiance intensities > 850 Wm may be linked a state
of equilibrium that arises after some period of time between
photo-generation and recombination processes.

Js. of the module sample was found to be very small. It
however correlated with irradiance intensity. The small J,.
values can be attributed to high levels of electron
recombination through the electrolyte and during collection
at the transparent conducting oxide in the module.
Reduction in the fill factor was also observed at high
irradiance intensities, indicating the large series resistance of
the module.

An overall benefit from elevated module temperatures
was observed as the maximum power increased with
increasing module temperatures and irradiance intensity. V.
for the module showed a monotonic decrease with increase
in temperature leading to a monotonic decrease in
efficiency. The temperature dependence of V,. and fill factor
which that the

temperature-dependence of efficiency for the module was

were however very small, implies
dominated by factors that affect the J,.. These include the
diffusion of the tri-iodide that limits J,. at low temperatures
but leads to increases in Ji at higher temperatures in
accordance with Arrhenius law. The decrease in J,. after
about 40°C module temperature can be attributed to the
possibility of recombinations at higher temperatures.

The relatively better efficiencies observed for the dye-
sensitized solar module at low irradiance intensities together
with its ability to benefit from elevated temperatures under
high illumination place dye-sensitized solar modules in a

[23] Investigation of Charge Transport in TiO, Dye Sensitized Solar Cells”.
Ph.D thesis for the University of Nairobi. 1 - 13.
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remarkable position for use in the temperate tropics. The
design of energy efficient building facades for the temperate
tropics stands to benefit immensely from these findings.
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