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Abstract—The performance of a dye-sensitized solar
module (DSSM) has been investigated under different air
mass (AM), irradiance intensity and temperature conditions
in Nairobi, Kenya. The good response of the DSSM to short
wavelength radiation made it perform well at increased AM
values as compared to what is reported of Amorphous Silicon
(a-Si) photovoltaic (PV) devices. The DSSM performed better
compared to what is reported of a-Si PV devices under
irradiance and temperature dependence. The results are
useful in PV sizing, especially in the area of Building
Integrated Photovoltaics (BIPV) in Kenya and the tropics.
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I. INTRODUCTION

The need to switch to using renewable energy is on the
rise world over. Fossil fuel reserves that have been
depended on for energy supply are quickly diminishing,
[1], leading to wvolatility in energy prices, [2]. The
geopolitical issues experienced by countries with fossil fuel
reserves further compound the grim situation. These
factors have been key in denying many people access to
energy, with those at the bottom of the economic pyramid
being the most affected, [3]. The over-reliance upon fossil
fuels by the world, [4] has also been associated with
environmental effects, like global warming and its
consequences, [5]. These have adversely affected life on
earth, [6]. Adoption of energy sources that are alternative to
fossil fuels is imperative. Renewable energy sources offer
the most sustainable way forward, [7]. These include
biomass, geothermal, tidal or wave power, water cycle or
hydro, wind, and solar radiation.

The most abundant and fairly distributed of these is solar
radiation — with about 3.9x10%* joules of solar energy
reported to be reaching the earth annually, [8]. Apart from
being abundant in supply, solar energy is used to produce
heat for direct use or for further conversion to electricity
through the thermal conversion pathway. It is also
converted directly to electricity through the solar
photovoltaic (PV) conversion pathway by exciting
electrons in a solar cell.
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The PV conversion pathway is the most espoused, [8],
though the cost of PV systems is currently still high.
However, efforts aimed at reducing solar PV prices,
including enhancing efficiency and using cheaper
fabrication materials have been on-going. Work on dye
sensitized solar cells (DSSCs) has been part of these
extensive efforts, [9].

Apart from using cheaper fabrication materials, DSSCs
also promise cheaper electricity because they can be
fabricated under less stringent conditions, [10]. Despite
these accolades in respect of the DSSC technology, not
much is being done to enhance its adoption in developing
economies, but instead, Amorphous Silicon (a-Si), despite
its performance challenges, is preferred by solar PV
consumers in these countries to mono and poly crystalline
silicon. In this work, the performance of a commercially
available DSSC modules investigated under different air
mass (AM), irradiance intensity and temperature values is
reported and the results compared with what has been
reported of a-Si PV devices operating under similar
outdoor weather conditions.

Il. THEORY

Current density-Voltage (J-V) Characterization

A PV device’s response is determined by its J-V
characteristics. J-V characteristics are modeled according to
the equation, [11],

J =~ Teb]—2] oy

m VI-

Where J, J;, J, V, m, V1, Rg, J, and o are the ideal current
density, current density from the source, saturation current
density, voltage across the PV terminals, the ideality
factor, series resistance and shunt conductance
respectively.

From equation 1, the photo-generated current density
can be plotted as a function of the applied bias voltage.
This results in a curve typically known as the current
density-voltage (J-V) characteristic curve.
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From the J-V curve, key parameters; Ve, Jsc, Js, FF, R,
Rsn can be extracted and, m and # computed. V. is the
voltage measured when the terminals of the PV device are
isolated. This relates to the condition when the potential
difference is at its maximum value. It is obtained from [11]:

@)

Ve = mVrEn}ﬁ—h

Where Jyn, Js, Voo, m and Vr are the photo-generated,
saturation current densities, the open circuit voltage, the
ideality factor and thermal voltage respectively.

FF is influenced by the series and shunt resistances. It
measures the quality of a PV device. The squareness of a
PV device’s J-V curve indicates the quality of the device. It
is calculated from:

N A )

FF=—"-= 2T
VDC.JTSC VDCJFSC

Where FF, Pp, Voe, Jser 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.

I1l. EXPERIMENTAL

A. Materials

One functional dye-sensitized solar module (DSSM) 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 peak wattage and 8 peak voltage. The
overall module thickness (including the encapsulation) was
0.59 cm. The active area of each cell was 15.92 cm?
bringing the total active area of the module to 175.12 cm?.

Other apparatus used in the study were a geometrical
protractor and a metre rule supplied by Textbook Centre
Limited (TBC), Kenya, a tilt-able metal rack supplied by
Solargent Limited, Kenya, a 6 cm immersion thermometer
(lower and upper limits — 0°C and 60°C), supplied by
Griffin & George Limited, UK, a GTH 1160 NiCr-Ni
digital thermocouple sensor 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
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by Tektronix inc., USA, a Keithley 2400 digital source
meter supplied by Keithley inc., USA, 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.

B. Methods

The study was carried out at the Department of Physics,
University of Nairobi, Kenya. The DSSM was fixed on the
tilt-able metal rack and the CM3-pyranometer positioned in
the plane of array. The set-up was placed 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 DSSM or the pyranometer. The DSSM was connected
to the Keithley 2400 Source Meter using alligator clips.
The Keithley source meter was connected to the HP
desktop computer (with LabVIEW ™ application software
installed) via an IEEE-488 GPIB interface. To the
pyranometer, the DT9205A" digital multimeter was
connected to facilitate acquisition of irradiance data.

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 time.
Optimum tilt angle was obtained from the air mass versus
optimum tilt angle calibration curve. Both the ambient and
module temperatures at the time of the J-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. Module temperatures
were obtained by attaching the GTH 1160 NiCr-Ni digital
thermocouple sensor to the back side of the module and
recording the readings.

Readings from the thermocouple sensor were checked
by simultaneously pointing 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. J-V measurements were
obtained at different module temperatures and radiation
intensities. The effects of air mass and hence, tilt angles
were also investigated.

IV. RESULTS AND DISCUSSION

Table 1 and figure 1 present the J-V characteristics of the
DSSM obtained between AM 1 and AM 1.09.
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Table 1:
Variation in the DSSM’s J-V Characteristics at different times and
AM.

AM 1 1.01 102 104 105 1.08 1.09
Time (Hrs) 1245 1300 1200 1100 1400 1000 1500
Ve (V) 8.31 8.24 8.09 8.07 8.32 807 8.14
Jo (Acm?) 1.04 101 984 966 7.84 7.69 5.68
x 102
FF 0.51 0.52 0.57 056 056 047 0.63
N (%) 1.77 1.75 188 226 127 1.06 1.19

As can be obtained from table 1 and figure 1, Vo
reduced linearly by 2.05% from 8.31 V at AM 1 to 8.14 V
at AM 1.09. This can be attributed to the reduction in
photo-generation at higher AM resulting mainly from
attenuation of the effective component of the incident
radiation that is necessary for PV effect. Studies have
reported reduced irradiance intensities at higher AM [12],
which explains the reduction in V,. as observed in this
work. The atmospheric attenuation is normally due to
Rayleigh scattering, scattering by aerosols and atmospheric
absorption through constituent gases (oxygen, ozone, water
vapor and carbon dioxide). They cause the power of
incident light (P;,) to reduce and also take longer optical
path to the earth’s surface, [13]. The density of electrons
that get photo-ejected to conduct electricity, therefore
reduce at higher AM, leading to lower V. Studies on a-Si
have reported a linear increase in V,. of about 2.12% with
increase AM [14].
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Figure 1: J-V characteristics for the DSSM at different values of air
mass.
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Jsc reduced by 26.06% from 1.04x10° Acm™ to 7.69x10°
* Acm? as AM increased from 1 to 1.09. Reduction in Jg; as
AM increased has also been reported in other DSSC
studies, [15]. This reduction can be associated with
decrease in the density of carriers as AM increases. An
increase in V. leads to a logarithmic decrease in Jy,, and
hence J; a relationship that theoretically explains the Jg
trend. Studies on a-Si have also reported decrease in Jg
with increase in AM [16, 17]. A reduction in Js; of 61.84%
has been reported under conditions similar to those under
which the DSSM was investigated, [14].

The DSSM’s FF increased by 19.05% from 0.51 at AM
1 to 0.63 at AM 1.09. This indicates that the DSSM
responded favorably to shorter wavelength radiation. Short
wavelength radiation, ranging between 200 — 300 pm is
prevalent at higher AM. The reduction in V. and Jg led to
this increase in FF. This indicates the DSSM’s favorable
response to shorter wavelength radiation, since short
wavelength  radiation. Studies conducted on a-Si under
similar ~ conditions have reported a reduction of 41.94%
in FF with increase in AM [14], which shows a-Si’s poor
response to short wavelength radiation or diffuse light.

Closely associated with FF, V. and Jg is efficiency, 7.
The # of the DSSM increased by 27.68% from 1.77% to
2.26% as AM increased from 1 to 1.04. It then reduced to
1.27%, 1.06% and 1.19% at AM1.05, AM1.08 and AM1.09
respectively. The behavior can be attributed to the good
response of the DSSM to low wavelength radiation as well
the increase in FF. Studies by Hinsch [18] have also
reported similar behavior. On their part, a-Si PV modules
are reported to have a narrow spectral response and do not
perform well in the red rich part of the spectrum [19].
Studies on the behavior of # with increase in AM have
reported declining # as AM increased [17], with a 29.17%
reduction in # reported as AM increased under conditions
similar to those under which the DSSM was investigated
[14].

In figure 2, performance of the DSSM in the morning
hours (0650 — 1200 hours) as compared to the afternoon
hours (1201 to 1850 hours) is illustrated. Better
performance was observed during the afternoon than
morning hours. This can be attributed to presence of more
atmospheric gaseous absorbers like H,0O, O,, O3 and CO,
during the morning than afternoon hours [20].
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Figure 2: Comparative performance of the DSSM in the morning
(0650 — 1200 hours) and in the afternoon (1201 — 1850 hours).

These absorbers lead to increased atmospheric turbidity
and Rayleigh scattering in the morning than in the
afternoon hours, resulting in the extinction of solar beams
[21, 22], which affects AM values by varying the intensity
of the direct component of sunlight [23]. a-Si PV modules
have a stronger dependence on irradiance than the DSSM.
They peak their performance closer to AM 1, when
irradiance is highest, [17]. As AM influences both the
intensity and spectral distribution of the solar beam
reaching the earth’s surface [24], an understanding of
irradiance-dependence of the DSSM as compared to a-Si
module as presented in the next section is vital.

Closely linked to the study on AM is the irradiance-
dependence of the DSSM’s J-V characteristics. Irradiance
intensity holds great influence for solar cell performance,
[25]. Table 3, figure 4 and figure 5 present the DSSM’s J-V
characteristics acquired between 653 Wm™ and 1095.7
Wm? irradiance intensities. From figure 3, it can be
observed that the voltage-controlled sections of the J-V
characteristics shifted away from the origin and become
steeper in slope as irradiance intensity increased; signifying
reduction in Rg as irradiance intensity increased. This
connotes reduction in the bulk resistance of the
semiconductor used in the fabrication, which is good for
the PV device.
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The J-V characteristics show how Ji significantly
dependents on irradiance intensity. An analysis of how the
characteristics varied with intensity is presented in table 3
and figure 5.
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Figure 4: J-V characteristics of the DSSM at different irradiance

intensities.
Table 3:
Variation of the DSSM’s J-V characteristics at different irradiance
intensities
Irradiance Intensity V. Jse FF n
(Wm? (V) (Acm?) (%)
635 7.12 5.92x10* 0.73 3.39
703 750 6.50x10“  0.67 3.14
747 765 6.93x10*  0.66 3.07
805 8.07 7.69x10*  0.60 2.80
864 8.14  8.14x10*  0.60 2.73
917 8.17 8.66x10* 058 2.61
997 8.14 9.66x10* 057 2.60
10957 819 9.48x10* 058 2.42
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Figure 5: Illustration of how V., J, FF and x vary with irradiance.

V. for the DSSM increased linearly by 11.94% between
7.12 V and 8.07 V from 653 Wm™ to 805 Wm™. Between
805 Wm™ and 1095.7 Wm irradiance intensities, increase
in Vo, slowed by 1.49% to 8.19 V. This affirms the
discussion under the DSSM’s AM response, that the DSSM
favored low irradiance intensities.

Jsc increased linearly by 64.41% between 5.92x10™
Acm” and 9.66x10* Acm™ from 653 Wm™ to 997 Wm™
irradiance intensities. From 997 Wm™ to 1095.7 Wm™
irradiance intensities, Js. decreased linearly by 2.06%
between 9.66x10* Acm? and 9.48x10* Acm?® The
increase in Jo; between 653 Wm? and 997 Wm™ can be
attributed to increased photo-generation with increase in
irradiance intensity. The good spectral response of the
DSSM to short wavelength radiation helped in the rapid
increase in Jy. under one sun as compared to during more
than one sun.

The decrease in Jg; between 997 Wm™ and 1095.7 Wm™
irradiance intensities indicates a narrow response of the
DSSM to short wavelength solar spectrum. This points to
the DSSM’s fabrication; intended use in weather conditions
that do not experience more than one sun. FF of the DSSM
showed a 20.55% linear improvement of between 0.58 and
0.73 as irradiance intensity reduced from 1095.7 Wm™ to
653 Wm™. The increase in FF as irradiance intensity
reduced can be linked to the reduction in charge leakages
under low irradiance intensities, mainly due to low
incidences of recombinations, and resistance in charge
transfer. In a-Si PV modules, FF has been reported to
increase by 125.70% between 300 Wm? and 600 Wm™
irradiance intensities and to reduce by 23.69% between 600
Wm to one sun [14].
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The DSSM’s # increased linearly by 5.74% from 4.70%
to 4.97% as irradiance intensity increased from 653 Wm™
to 747 Wm™, after which it reduced linearly by 8.65% to
4.54% as irradiance intensity increased from 747 Wm™ to
1095.7 Wm™. The initial increase can be linked to the
influence of increase in V,, Ji and FF as irradiance
intensity increased to 747 Wm. Similar results have been
reported by a number of studies, [25, 26]. The decrease
observed after the 747 Wm™ irradiance intensity can be
linked to the decrease in Vo, Js. and FF at high radiation
intensities.

Studies on a-Si modules have reported # to increase as
irradiance intensity increases. This is because of the strong
irradiance-dependence of V. and Jg, [14, 26, 27]. a-Si has
shown an increase in 5 observed between 300 Wm™? and
600 Wm? irradiance intensities to be 80.95%, and a
reduction of 26.72% observed between 600 Wm?
irradiance intensity and one sun.

On the effect of the surface temperature, figure 6
presents the J-V characteristics for the DSSM obtained
between 31.6°C and 43.8°C module surface temperatures.

9.00E-04 -
! Ca ! : : ; .
8.00E-04 T Bt S
o ﬂ‘;ﬂ:ﬂ i i i
< : "B'}‘-x.‘l ] i i
& 7.00E-04 ey,
2 | " s
} ' ‘ : 30 T P
é 6 00E-04 MO(IluleTmnm‘ﬂltm‘e ! N ot
= SO00E-04 - - e316C o AR - R
2 Lomzegc ‘ ‘ ‘ 1 1
F OA00E-04 v : - o\
3 PoAMZC 1 1 1 1 ‘
B 300E-04 - i osewe o B ERR LW
€ 200804 £ I o d o BAL LAL-
2 R Y
~ 1.00E-04 ngo ‘ demm : ‘
0.00E+00 —8— T —Hr—H T T
e T - S - B R
S5 53888 @8 8 &
£ ¥ ¥ ¥ ¥ ¥ £ ¥ £ %
(=] [=] [=] [=] [=] [=] [=] [=] o (=)
s & & & & & & & & ~
Voltage (V)

Figure 6: J-V characteristics of the DSSM at different module
surface temperatures.

From the figure, V. is observed to be strongly
influenced by temperature unlike Js.. As the DSSM voltage
increased from short circuit condition, the J-V
characteristics became steeper at J. as temperature
increased. Steeper slopes signify reduced Ry, Table 4 and
figure 7 present analyses on the module surface
temperature effect on the DSSM’s V., Js, FF and #.
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Table 4
Variation of the DSSM’s J-V characteristics at different module
surface temperatures.

Module | Ve (V) | I (MAcm®) | FF | 5 (%)
Surface x10™
Temperature
€S
31.6 9.80 7.98 0.57 5.94
32.8 9.48 8.26 0.57 5.95
34.2 8.86 8.00 0.60 5.67
36.8 8.86 7.87 0.54 | 5.02
37.4 7.68 8.00 0.60 | 4.91
39.5 7.05 7.72 0.65 471
43.8 5.76 7.92 0.65 3.95
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Figure 7: Relationship of FF, Vq, 5, Js, and Py as  functions of the
DSSM surface temperature. [Inset is the relationship for Jg, as a
function of the DSSM surface temperature as the change was too

small to be observed at the scale of the main figure].

Vo decreases linearly by 41.22% from 9.80 V to 5.76 V
as the DSSM surface temperature increased from 31.6°C to
43.8°C. A change of -0.33 V/°C was observed. The
decrease in V., with increase in temperature can be
attributed to changes in charge carrier trapping and
recombination centres that cause changes in charge
distribution, coupled with the entropy that results from
more electrons getting into excited states as temperature
increases. This explains the temperature-dependence of V.
as observed in equation 2.
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An increase in resistivity to charge transport through the
semiconductor nanoparticle network causes some of the
electrons already injected into the CB of the semiconductor
to migrate back to the HOMO level of the dye molecules or
to the electrolyte due to electron trapping effects.

The decrease could also be as a result of radiative
external quantum efficiency (REQE), [28]. Studies on a-Si
have reported a decrease in V.. as the module surface
temperature increased [14]. Studies by Katherine [16] on
amorphous silicon PV modules showed a linear decrease of
4% from 0°C to 5°C and 3% from 45°C to 80°C, at the rate
of 8.89x10%%°C™* and -8.86x1029%6°C™ respectively. The
DSSM’s 5 was better than what has been reported of a-Si
PV devices under temperature influence.

V. CONCLUSION

In this work, detailed experimental results showing how
the Omny 11200 outdoor solar module’s characteristics;
Voo, Jse» FF and z were affected by AM; irradiance as well
as module temperatures have been presented. The DSSM’s
Voo, Jse; FF and # improved as AM increased. This shows
that the DSSM performs well under diffuse radiation. This
is not true for a-Si solar modules. This finding is very
helpful to solar electricity practitioners during PV sizing. If
AM at a  particular location is usually high, choosing
DSSMs over a-Si would guarantee better results for the
client. The DSSM’s good performance under diffuse
radiation shows the DSSM does not have to follow the
north-south  orientation rule. This means that DSSMs can
be used as windows or walls in buildings irrespective of
their orientations.

The orientation-dependence of a-Si modules does not
allow for this flexibility hence limiting innovation in the
design of Net Zero Energy buildings. The improved
performance of the DSSM between 1201 hours and 1850
hours as compared to 0650 hours to 2010 hours when a-Si
modules perform well shows that the two technologies
(DSSM and a-Si) can be jointly used in the design of Net
Zero Energy buildings. Better results for the DSSM at
lower as compared to higher irradiance intensities makes it
ideal for use in electronic consumer goods like laptops,
calculators, etc, which by nature, are mainly used indoors.
The attribute also makes the DSSM useful in
complimenting a-Si solar modules, especially in Building
Integrated Photovoltaics (BIPV) in areas known to have
fluctuations in irradiance intensity.

The DSSM showed an overall benefit from a
combination of high irradiance and elevated temperatures.
a-Si modules are also reported to perform well at high
irradiance levels and at high temperatures.
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The design and development of buildings in areas with a
combination of high irradiance and elevated temperatures
would benefit from both the DSSC technology and a-Si
solar cell technology. During PV sizing for buildings in
such areas however, the DSSC technology would be the
BIPV of choice.
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