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ABSTRACT
The significant adoption of solar photovoltaic (PV) systems
in both commercial and residential sectors has spurred an
interest in monitoring the performance of these systems.
This is facilitated by the increasing availability of regularly
logged PV performance data in recent years. In this pa-
per, we present a data-driven framework to systematically
characterise the relationship between performance of an ex-
isting photovoltaic (PV) system and various environmental
factors. We demonstrate the e�cacy of our proposed frame-
work by applying it to a PV generation dataset from a build-
ing located in northern Australia. We show how, in light of
limited site-specific weather information, this data set may
be coupled with publicly available data to yield rich insights
on the performance of the building’s PV system.

1. INTRODUCTION
A free and clean source of energy, solar energy has steadily
penetrated the energy market with countries such as Ger-
many, China, Italy, the United States and Australia noted to
be the leaders of the global photovoltaic race. Australia, in
particular, has the highest number of residential solar photo-
voltaic installation with nearly 1.4 million households invest-
ing in photovoltaic panels [1]. Additionally, recent statistics
reveal that photovoltaic panels are increasingly contributing
to the generation of renewable energy in Australia [2; 3].
Despite the widespread adoption, recent statistics indicate
that an appalling 80% of the Australian rooftop PV instal-
lations are not working as they should [4]. Moreover, a Aus-
tralian survey conducted recently revealed that only 69% of
PV owners believe that the amount generated by their sys-
tems are more than or approximately what they were told to
expect by their installers [5]. Similar figures have also been
reported in England [6]. The significant penetration of PV
systems and the lack of understanding on their performance
motivate a data-driven analysis for describing how environ-
mental parameters and seasonal variations may impact PV
generation once they are deployed in the field.

1.1 Solar energy and photovoltaic technology
⇤To whom correspondence should be addressed

A brief introduction on solar energy and photovoltaic tech-
nology is provided here.
The photovoltaic technology is heavily dependent on solar
energy which originates from the Sun. With a surface tem-
perature of 5800 K, the Sun acts like a black body radiator
and its spectrum a↵ects radiation in Earth’s atmosphere and
consequently the performance of di↵erent solar cell materials
[7]. Higher solar energy density promotes the performance
of solar cells and such densities are contained within the
visible range of the solar radiation spectrum. However, a
significant proportion of the spectrum at low temperatures
falls outside the visible range [8]. For this reason, materi-
als used for solar cells are often chosen for their ability to
absorb the visible range energy.
The electromagnetic radiation received at the top of Earth’s
atmosphere is sourced directly from the Sun with little or no
attenuation due to absence of scattering particles in space.
However, as solar radiation traverses through our atmo-
sphere, the amount of radiation is depleted due to absorption
or scattering by molecules within the atmosphere [9]. So-
lar radiation penetrating the atmosphere is most adversely
a↵ected by clouds which predominantly reflects radiation
back into space. The amount of solar radiation received by
a surface is therefore only a fraction of the electromagnetic
radiation from the Sun. Here we make a distinction be-
tween solar radiation and irradiance. While solar radiation
is radiant energy propagating from the Sun, irradiance is
the rate at which this energy is received on a surface. The
former has units of W seconds while the latter has units
of W/m2. Depending on the surface orientation, incident
irradiance may consist of two or more components. On a
horizontal surface, these components are direct irradiance
which is not blocked or attenuated by clouds (experienced
as sunshine) and di↵use irradiance which describes cloud-
scattered sunlight. For a tilted surface, however, there is an
additional contribution from albedo irradiance which is sun-
light reflected by the ground. These collectively form global
irradiance [8] which varies significantly during a solar year,
depending on the Earth-Sun distance. In particular, during
the austral (Southern Hemisphere) summer, the Earth-Sun
distance is at its minimum while the converse is true for
the austral winter. This has seasonal e↵ects on the mean
receipt of solar energy on Earth, as seen in later sections of
this paper.
Upon receipt of irradiance, select material surfaces impart



energy of incident photons to electrons, thus liberating the
electrons. These excited electrons jump from the valence
band (level of electron energy in which electrons are bound
to host atoms) to the conduction band (level of electron
energy from external sources at which they are no longer
bound to host atoms). While some of these electrons dif-
fuse, some may drift to an electrical field where a built-in
potential acts on these electrons and in doing so, produces a
voltage which then drives a current through a circuit. The
afore described conversion of irradiance into direct current
(DC) electricity is known as the photovoltaic e↵ect.
A common material used in PV cells is silicon though other
materials such as perovskite, nano PV cells have been in-
troduced in recent years [10; 11]. Since PV cells typically
produce very low power (less than 3 W at 0.5 V DC), they
are usually connected to form modules. Several modules
connected in series is called a string while an array consists
of groups of connected strings. Accordingly, the output of an
array depends on its size. The performance of a PV system
also depends on solar radiation: increased radiation pro-
duces more power. Interested readers may find the reviews
by El Chaar et al [12] and Parida et al [13] on photovoltaic
technology useful.
PV systems are typically mounted on rooftops or in loca-
tions with minimal shading or obstruction. The orientation
of the PV systems is also highly dependent on the location
of the installation. PV systems in the Southern Hemisphere
generally face North while the reverse is true for systems in
the Northern Hemisphere. Furthermore, systems that are
connected to the grid should be positioned at the angle cor-
responding to the site latitude in order to maximise annual
production. A minimum of 10� is recommended to facilitate
cleaning by precipitation. In most cases, buildings or homes
that are connected to the grid require also the installation of
an inverter system so that the DC produced by PV systems
can be converted into grid-friendly alternating current (AC)
electricity.
In addition to being dependent on the intensity of solar radi-
ation, the amount of power produced by a given PV system
may also be a↵ected by the system e�ciency in converting
incident irradiance into power. This may be a↵ected by both
environmental and system-related factors such as deposition
of soil and dirt on the panel surface, panel operating tem-
perature, rain and humidity. We briefly review these in the
following section.

1.2 Existing Literature
Accumulation of dust on a panel surface depletes the amount
of incident irradiance and subsequent generated power. The
degree by which dust a↵ects the system performance is de-
termined by the amount of dust deposition and removal
through rain. Pioneering work by El-Shobokshy et al who
investigated how physical properties of dust accumulation
and deposition density a↵ect panel performance revealed
that fine particulates is more detrimental than coarse parti-
cles [14; 15] . While several studies published since concur
with these findings [16; 17], experimental observations by
Jiang et al suggest the contrary [18]. Site-specific natural
soiling trends and the corresponding reduction in perfor-
mance have also been studied extensively. These include
those performed in humid subtropical [19; 20], subtropical
[21], tropical [22; 23], desert [24; 25], arid [26; 27], mild [28],
hot summer Mediterranean [17; 29] and temperate-oceanic

[30] climates. The tilt angle of PV modules has also been
found to significantly a↵ect dust deposition [26; 31; 27; 24;
32] with smaller inclination angles advocating dust build-
up. Climatological characteristics such as precipitation, rel-
ative humidity and ambient temperature also play an im-
portant role in determining the accumulation of dust on the
panel surface and the performance of said panel. Reviews
by Sayyah et al [33] and Mani and Pillai [34] provide a good
source of information pertaining to studies on dust-related
losses.
Precipitation not only removes deposited dust from panel
surfaces, it may also improve the operating conditions of a
given panel by decreasing the operating temperature. In
particular, the e↵ect precipitation has on both dust deposi-
tion and system performance has been explored through the
inclusion of dry periods in PV system simulation programs.
While earlier versions assumed constant soiling losses over
time [35], non-constant performance losses were reported
more recently in addition to a dependence of system perfor-
mance on the frequency of precipitation [36]. In light of this,
the assumption used in most simulation programs was mod-
ified to describe soiling losses as a linear degradation over
time, an adjustment which improved the accuracy of model
simulation. By comparing the relative performance for the
week before a rain event and the week after a rain event,
Mejia and Kleissl [31] examined the e↵ectiveness of cleaning
by rain. The lack of correlation observed between precip-
itation amount and change in system e�ciency for soiling
durations lasting for tens of days, consistent with findings
in Kimber et al [36], led to the drought selection criteria to
be increased to only include rain events following at least
31 dry days. Results of the study indicated a high degree of
variability in soiling losses even for sites in close proximity
to each other.
Existing correlations often describe PV cell temperature as
a function of weather variables (ambient temperature, wind
velocity, humidity), solar irradiance, cell material and sys-
tem specific properties [37]. Our paper focuses on the rela-
tionship between ambient temperature and PV performance.
It has been established that incident irradiance is positively
correlated with the amount of power produced by these pan-
els. However, more intense irradiance may also cause the
panel temperatures to soar as well, thus impairing panel
e�ciency. Several studies have attempted to characterise
the temperature dependence of various PV cells, including
one conducted in the hot and humid weather of Malaysia
[38]. In considering the impact of PV mounting configura-
tions on system performance, Nordmann and Clavadetscher
[39] found that free-standing and flat root mounted systems
aided the cooling of a PV array. Skoplaki and Palyvos [40]
reviewed the dependence of the electrical performance of
silicon-based PV modules on temperature.
A measure of the moisture content of the air, humidity is
most often represented by relative humidity. Calculated as
the ratio of the actual amount of moisture in the atmosphere
to the maximum amount that could be held at a given tem-
perature, relative humidity provides an indication of how
close the air is to being saturated with moisture [9] (100%
being very saturated). The enhanced presence of water par-
ticles causes direct irradiance to be dispersed, thus depleting
incident irradiance non-linearly [41]. Additionally, PV cells
exposed to moisture for extended periods may experience
performance degradation due to moisture ingression of PV



cells. Tan et al observed encapsulant delimitation resulting
from the high water vapour content in the air [42]. Kempe
ascertained that hot and humid weather expedites the dete-
rioration of PV modules [43]. Moreover, humid conditions
were found to accelerate dust coagulation on panel surfaces
due to increased likelihood of dew formation on these sur-
faces [34]. The detrimental e↵ect of moss, prevalent in trop-
ical weather, has been assessed by Sulaiman et al who re-
ported output power losses due to moss being up to 86%
[23].
A majority of these studies is performed experimentally,
under specific test conditions and often require the main-
tenance of a reference panel. Furthermore, the complexity
and technical sophistication involved in designing and exe-
cuting experiments render this approach unsuitable for sys-
tem owners seeking insights on their existing installation.
Tests performed by the PV manufacturers on their panels
are done in standard testing conditions (STC), namely 1000
W/m2 irradiance, 25� cell temperature and 1.5 air mass.
These conditions are not reminiscent of actual field condi-
tions most of the time and so results of these tests are not
very useful to understand the performance of a given sys-
tem. Additionally, PV manufacturer data sheets provide
only a point-value of performance but system owners and
facility managers are primarily interested in monitoring per-
formance continuously. Performance tracking facilitates as-
set maintenance and management, such as scheduling clean-
ing to remove obstruction on the PV system.
In this paper, our proposed framework combines both his-
torical performance data and publicly available weather data
sources to provide insights on system performance and to il-
luminate how various environmental parameters impact per-
formance.

2. INFORMATION ABOUT DATA SETS
2.1 Photovoltaic (PV) Performance Data
The solar PV generation data was obtained from an o�ce
building situated in Townsville, a city in Queensland, Aus-
tralia. The PV system is mounted on the roof of the build-
ing, as seen in Figure 1. A total of 225 photovoltaic panels
make up the PV system analysed here. The facility manage-
ment system logs the PV generation data every 5 minutes.
We analyse data spanning January to December 2013. De-
tails of the PV system are given in Table 1 while Table 2
lists information on the inverter system used in the building.

2.2 Environmental Data
Our data set also includes relative humidity and ambient
temperature data measured at 5-minute intervals in the vicin-
ity of the building. The date range of these data coincide
with those above. However, given that other environmen-
tal parameters such as rainfall and global solar exposure are
not monitored by the building, we relied upon data from the
Bureau of Meteorology (BoM). Additionally, measured solar
data are available as one station-month data files from the
Bureau of Meteorology (BOM) online data service. These
data, recorded at 29 locations across Australia, are provided
in a compressed (zip) text, comma-separated variable for-
mat. While access to the data is free, registration with the
Bureau via the One Minute Solar Data registration form is
necessary. These are detailed in Table 3. Figure 1 shows the
rooftop PV system under study and Figure 2 shows that the

Figure 1: A 53 kWp solar PV installation on the roof of a
commercial building in Townsville, Australia.

Table 1: Information about PV system

Attributes Values

Coordinates -19.3167�S, 146.733�E
Number of modules per string 225 panels
Nameplate total DC capacity 52.875 kWp
Manufacturer and model number Schott Poly 235
Module nameplate capacity 235 W
Mount type and tilt angle Roof-top, 15�

Cell material Polycrystalline
Cell dimension 156 ⇥ 156 mm
Module dimensions (l ⇥ w) 1.685 m ⇥ 0.993 m
Nominal power at NOCT, P

mpp

169 W
Voltage at nominal power, V

mpp

27.2 V
Current at nominal power, I

mpp

33.9 A
Open-circuit voltage, V

oc

6.75 V
Module e�ciency 14.0%
Power temperature coe�cient -0.45
Open-circuit voltage temp. coe↵. -0.33
Short-circuit current temp. coe↵. 0.04
Data resolution 5-minute resolution
Data range Sept 2012 - April 2014

Table 2: Information about inverter system
Attributes Values

Number of inverters 5
Manufacturer SMA
Model number SMC11000TL
Inverter nameplate DC capacity 11000 W
Nameplate e�ciency 97.5%

building (housing the PV system) is located approximately
8 km south of the BoM weather station.

3. EXPLORATORY ANALYSIS

3.1 Climate in Townsville
Described as a tropical savanna climate, further insights on
the features of the Townsville climate may be obtained by
analysing aggregate climate data for the past 20 years. The



Table 3: Information about Bureau of Meteorology data
Attributes Values

Coordinates -19.2483 �S, 146.7551 �E
Types of data available Rainfall amount

Global solar exposure
Global horizontal irradiance
Direct normal irradiance
Direct horizontal irradiance
Di↵use horizontal irradiance
Zenith angle

Data resolution 24 hours (solar exposure)
24 hours (rainfall)
1 minute (irradiance)

Date range of data Jan 2013 - Dec 2013

Bureau of Meteorology 
weather station

Townsville building
Measured distance
Total distance: 7.95 km (4.94 mi)

Figure 2: Location of the Bureau of Meteorology (BoM)
weather station relative to the building in Townsville.

Bureau of Meteorology provides information on the monthly
averages of precipitation quantity, mean ambient tempera-
ture at 9 am and at 3 pm, mean cloud cover at 9 am and
at 3 pm, relative humidity at 9 am and at 3 pm and wind
speeds at 9 am and 3 pm. Preliminary inspection of these
data reveal that:

• Autumn months (March - May) are defined by mod-
erate amount of rainfall and cloudy mornings and af-
ternoons

• Winter months (June - August) are characterised by
blue skies, warm days and cool nights

• Spring months (September - November) are distin-
guished by relatively high number of clear mornings
and afternoons, low number of cloudy days, infrequent
rain and strong winds

• Summer months (December - February) are charac-
terised by heavy and frequent rain, cloudy mornings
and afternoons and few clear days

The average rainfall amount for each month also indicates a
six-month “wet season” from November to April.

3.2 System Performance
Two questions often asked by PV system owners and oper-
ators are:

• How much electricity is the PV system generating?

• How well is the PV system performing?

We use the energy yield metric to answer these questions.
This metric factors into consideration the number of hours of
bright sunlight per day in a given location and the nameplate
capacity of the PV system (kWp). A cursory understanding
of kWh and kWp is required to understand this metric and
is provided here.
The kilowatt peak, often abbreviated to kWp, is a mea-
surement for the maximum DC potential of a panel or ar-
ray. Alternatively referred to as the nameplate capacity,
the kWp of a system provides an indication of the rate at
which the system produces power under ideal conditions.
These ideal conditions are also known as standard testing
conditions (STC), described previously in the introduction
of this paper. A higher nominal rated power is associated
with more power production by the panel or array. On the
other hand, kilowatt hour (kWh) is a unit of electrical en-
ergy and may be calculated by expending one kilowatt of
power for one hour. For instance, operating 1400 watts (1.4
kW) rated electrical heater for an hour meant that 1.4 kWh
of energy has been used.
The energy yield of a PV array, E

i

, for any given day i is
given by the following expression:

E

i

=

P
j=S

j=1 Mean PV generation for hourj

PV array nameplate capacity
(1)

where j 2 {1, 2, . . . , S} corresponds to the j-th hour of sun-
light in the day and S is the number of hours with sunlight
for day i. Division of the numerator by the aggregate name-
plate capacity normalises the yield on a per kW basis, ren-
dering the metric amenable for comparison with other PV
systems.
We use the notion of peak sun hours [44] as a benchmark
for comparison, which is around 4.2 for Townsville [45]. In
other words, Townsville receives on average 4.2 hours of peak
solar insolation (i.e. 1000 Wh/m2) per day. A 1 kWp sys-
tem in Townsville should thus produce 4.2 kWh of electrical
energy on a day, corresponding to an energy yield of 4.2
kWh/day/kWp. We will use this figure as a baseline for un-
derstanding how the energy yield of the 53 kWp panel array
varies throughout the year.
The following section provides two perspectives of the sys-
tem performance.

3.2.1 Energy Yield across the Year

We examine the performance of the given system across the
year 2013. Figure 3a plots energy yield as a function of the
day of year. The baseline energy yield of 4.2 is also shown
in the figure via the red horizontal line. It can be seen that
the 53 kWp panel is underperforming (i.e. the measured
energy yield is lower than 4.2) for over 30% of the time. The
impact of seasonal variations can also be been seen in the
figure. The energy yield is lower during the winter months
compared to the other times of the year. The highest energy
yield recorded in this year occurred on 9 December 2013 with
an energy yield of 6.695 kWh/day/kWp while 23 January
2013 records the lowest energy yield in the year with an
energy yield of 0.51 kWh/day/kWp.
Figure 3b plots the hour-averaged global irradiance recorded
at the BoM weather station in Townsville for di↵erent months



in 2013, chosen to represent their respective seasons. Among
the four months compared, it can be seen that December,
coinciding with the austral summer, has the highest solar in-
solation which may explain the high energy yields observed
in this period. The mean solar insolation decreases towards
mid-year, as shown by the curve in March as the Southern
Hemisphere approaches winter and tilts further away from
the Sun. It is unsurprising that the hour-averaged global
irradiance curve in July, the middle of austral winter, is the
lowest amongst the four. This figure shows how irradiance
varies across the year as Earth orbits around the Sun and
how this directly impacts the yield of a PV system.
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Figure 3: [Best viewed in colour] Figures showing (a) mea-
sured energy yield for the 53 kWp installation for 2013 (b)
hour-averaged global irradiance for di↵erent months in 2013

It may be more intuitive to analyse the frequency of the
measured energy yields. This is shown in Figure 4. It
can be seen that the PV panel frequently produces 4.1 to 5
kWh/day/kWp (32.507% of the time). Energy yields higher
than 5 have also been recorded. Recalling that the baseline
energy yield is 4.2, these statistics indicate that the PV panel
occasionally performed better than expected. However, the
PV system is under-performing more than 30% of the time.

3.2.2 Seasonal Energy Yield Behaviour

We proceed to analyse the average energy yield for the months
in 2013, presented in Figure 5. The decline in production to-
wards mid-year is unsurprising as the Southern Hemisphere
approaches winter and experiences shorter daylight periods.
What is interesting, however, is the marked increase in per-
formance in August compared to July. Additionally, we note
that the average energy yield varies the least in spring, con-
sistent with what is shown in Figure 3a.
We categorise the months according to their respective sea-
sons to illustrate the seasonal variation in performance. The
range of average energy yields for each season is tabulated
in Table 4. The system appears to achieve higher produc-
tion capacity in summer and spring as these seasons record
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Figure 4: Frequency of energy yields for the 53 kWp instal-
lation in 2013
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energy yields of at least 5 kWh/day/kWp on average. This
parallels the higher mean irradiance recorded in these sea-
sons, as previously seen in Figure 3b. The autumn months
record the lowest energy yields, despite general misconcep-
tion that winter usually produces the least photovoltaic gen-
eration. In addition, the wide average energy yield range in
autumn indicates a highly variable performance in this sea-
son, possibly caused by the presence of deterrent factors such
as short-term direct cover (e.g. dust, leaves) and shadowing
by clouds or vegetation.

Seasons Average Energy Yield

Autumn 3.23 - 4.71
Winter 3.57 - 4.73
Spring 5.12 - 5.50
Summer 5.02 - 6.07

Table 4: Range of average energy yields (kWh/day/kWp)
for the 53 kWp installation in 2013 according to seasons

We provide a clearer picture of the system behaviour by
investigating the frequency of energy yields for each season.
This is both tabulated in Table 5 and visually shown in
Figure 6. These plots collectively tell us the following

• System frequently produces 5 kWh/day/kWp with no
occurrence of higher energy yields than 6 kWh/day/kWp
in autumn

• System frequently produces 5 kWh/day/kWp with no
occurrence of higher energy yields than 6 kWh/day/kWp
in winter
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Figure 6: [Best viewed in colour] Frequency histogram of
energy yield for the 53 kWp installation in Townsville sorted
by seasons.

• System frequently produces at least 6 kWh/day/kWp
in spring

• System frequently produces at least 6 kWh/day/kWp
in summer

These observations agree with the typical average energy
yield trends observed in each season (in Table 4). Interest-
ingly, although the autumn months perform worse than win-
ter, the distribution of energy yield frequencies in autumn
is similar to that of winter with the only di↵erence being
winter having higher frequencies of energy yields between
4.1 - 4.999 kWh/day/kWp than autumn. Additionally, the
histogram establishes the dominance of summer in terms of
performance, evident in the high frequency of energy yields
of more than 6 kWh/day/kWp. Such subtleties were not
apparent in Table 4.

E. Yield Autumn Winter Spring Summer

0 - 0.999 0 0 0 1.11
1 - 1.999 5.43 3.26 1.12 1.11
2 - 2.999 17.39 14.13 0 2.22
3 - 3.999 22.83 19.57 6.74 5.56
4 - 4.999 38.04 55.43 20.22 15.56
5 - 5.999 16.30 7.61 53.93 33.33

> 6 0 0 17.98 41.11

Table 5: Frequency of energy yields according to seasons
categorised according to energy yield (kWh/day/kWp).

3.2.3 Production Across Day

In addition to giving valuable insights on the aggregate sys-
tem behaviour, the performance data also allows us to quan-
tify the daily variation of photovoltaic production across sea-
sons. To do this, we determine and compare both the hour-
averaged photovoltaic production for each month in 2013
and the hour-averaged photovoltaic production for 2013.
These are presented in Figures 7a - 7d where the hour-
averages have been categorised according to season.
The building management team of the building on which the
PV system is installed believes that the amount of power
produced by the PV installation is on average only 60% of
the array nameplate capacity. By calculating the hourly an-
nual production, we ascertained the origin of “60%” quoted

by the building management team. The maximum annual
hourly production (represented by the magenta line) is ap-
proximately 33 kWh which is about 60% of the PV array
nameplate capacity. This aggregate figure, however, pro-
vides little insight on how performance varies across the
year. The analysis presented here addresses this drawback.
Comparison of the annual hour-averaged generation with the
hour-average generation for the summer months in Figure
7a shows that the hour-averaged photovoltaic production
in summer is higher than its yearly equivalent. We note
that December has the highest hour-averaged production
amongst the summer months with a maximum of 40 kWh
while the maximum hour-averaged PV productions for Jan-
uary and February are approximately 35 kWh.
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Figure 7: [Best viewed in colour] Annual PV production,
average for hour, versus the hour-average PV production for
(a) summer, (b) autumn, (c) winter and (d) spring months.

Similarly, we compare the annual hour-averaged photovoltaic
performance with the annual equivalent in Figure 7b. Con-
trary to summer, we find that the hour-averaged perfor-
mance in autumn is lower than the annual hour-average. We
also observe a decreasing trend in the peaks of these curves
with May producing only 50% of the array nameplate ca-
pacity at best. This is consistent with increasingly shorter
daylight hours and lower mean solar energy associated with
the increased tilt of the Southern Hemisphere away from the
Sun.
We expect the PV production in the winter months to be
the lowest amongst the other months given the shorter day-
light hours and pronounced distance from the Sun. However,
upon analysing Figure 7c, we realise that this is not true for
the year 2013. Although the hour-averaged performance in
June is similar to that in May, the later winter months show
better average production levels. August, in fact, performed
better than the annual hourly production. This may have
been due to more conducive environment in winter as clear
skies and infrequent rain are typical of winter in Townsville



while autumn months often observe cloudy skies which may
significantly deplete the amount of incident irradiance [46].
This suggests that the resulting performance of a PV array
may be an interplay between several factors.
Finally, Figure 7d provides a visual comparison of the annual
hour-averaged performance with the hour-averaged perfor-
mance in spring. The hour-averaged performance in spring
generally out-performs the yearly equivalent with the max-
ima of the hour-averaged performance in spring being simi-
lar (approximately 37.5 kWh). It is interesting to note that
the months following September appear to decline in perfor-
mance, suggesting the growing presence of seasonal factors
that may have a↵ected the array performance.
In summary, although the aggregate performance appears
to be only 60% of the nameplate capacity on average, more
detailed analysis of the performance across the seasons re-
veal that the summer and spring months actually perform
much better than that.

3.3 Daylight Length
A primary factor a↵ecting the daily output of a photovoltaic
array is solar insolation a panel or array receives over the
course of a day. This, in turn, depends on factors such as
the length of daylight, Sun’s position and the amount of
clouds present on a given day. Here we investigate the re-
lationship between daylight length and the resulting energy
yield, shown in Figure 8. It is unsurprising that the portion
of the year that observes shorter days (winter) produces less
power than the rest of the year, agreeing with [47]. The
factors leading to exceptional array performance in spring
despite similar daylight lengths in the summer months re-
main to be investigated.
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Figure 8: [Best viewed in colour] Figure showing daylight
length observed in Townsville and energy yield for the PV
installation in Townsville

3.4 Daily Global Solar Exposure
Intuitively, an increase in the amount of solar energy re-
ceived by a PV installation results in more power being
produced by the system. Similarly, reduced photovoltaic
performance is expected in the months with lower received
solar energy. We rely upon the measurements from the BoM
weather station as an indicator of the amount of solar energy
received by the PV installation under study. In particular,
we obtained the daily global solar exposure data from the
weather station which represents the total amount of solar
energy incident on a horizontal surface over the course of a
day and has units of kWh/m2. Figure 9 provides a visual

comparison of the energy yield trend for 2013 with the daily
global solar exposure trend for the same time frame.
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Figure 9: [Best viewed in colour] Figure showing daily global
solar exposure recorded by BoM and energy yield of the 53
kWp installation in Townsville

It can be seen in Figure 9 that higher energy yields are
observed for the months with higher global solar exposure
quantities. This concurs with the trends observed in the his-
tograms presented earlier. We note that the highest global
solar exposure in 2013 was recorded on 10 January 2013
(8.64 kWh/m2) while the lowest global solar exposure in
2013 was recorded just two weeks after (23 January 2013
with 0.5 kWh/m2) which incidentally also happens to be
the day with the lowest energy yield recorded in 2013. This
may explain the abnormally low photovoltaic performance
on that given day. The day with highest global solar expo-
sure, however, does not coincide with the day with highest
energy yield.
Although the energy yield trend parallels the global solar ex-
posure trend, these diverge at the beginning and end of the
year due to the global solar exposure trend having steeper
gradients. This may be explained by the pronounced pres-
ence of clouds during the summer and autumn seasons which
would have attenuated irradiance, thus causing the maxi-
mum power the system could have produced to be limited.

3.5 Relative Humidity
It has been previously stated that humidity has an adverse
e↵ect on direct irradiance due to the combination of refrac-
tion, reflection and di↵raction of light by water droplets.
However, we believe that it is possible that for a certain
range of relative humidity values, additional moisture in at-
mosphere may be beneficial to PV production through an
increased contribution from di↵use irradiance which may be
augmented by refraction and di↵raction of direct sunlight
by moisture. This subsequently elevates the amount of inci-
dent irradiance which is the primary factor in determining
photovoltaic performance.
Figure 10a illustrates the relationship between relative hu-
midity and solar generation for the time period 6 am to 6
pm. The very low relative humidity values (approximately
20%) recorded in the winter months occur from 10 am to
4 pm. The plot also suggests that lower values of relative
humidity are associated with lower photovoltaic production.
In addition, we observed that the photovoltaic performance
corresponding to relative humidity values higher than 90%
appear to be bounded as they do not cross the 50 kW
threshold. This leads us to believe that at very high rela-



tive humidity levels, the moisture in the atmosphere which,
at lower levels usually helps di↵ract irradiance, may deplete
the amount of irradiance traversing through the atmosphere.
Given that the likelihood of condensation and thus precipi-
tation increases with greater humidity, the presence of dark
looming clouds associated with precipitation may have fur-
ther reduced the amount of irradiance received by the array.
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Figure 10: [Best viewed in colour] Figures showing the re-
lationship between (a) relative humidity and power out-
put, (b) relative humidity and power output (coarse-grained
level).

Figure 10b shows the aggregate relationship between rela-
tive humidity and PV production levels over the course of
the data set. By analysing the behaviour of relative hu-
midity across the day, we observe that relative humidity is
usually lowest at noon and reaches its daily maximum just
before sunrise. On the other hand, if we consider how rel-
ative humidity and photovoltaic performance change over
the months, we find that months with lower relative humid-
ity values are associated with increased photovoltaic perfor-
mance. Having said that, the winter months of 2013 deviate
from this pattern seeing that these months record lower per-
formance despite low relative humidity values. This alludes
to the possibility that the relationship between relative hu-
midity and photovoltaic performance being a non-linear one
which may largely depend on the global solar exposure for
the given months.

3.6 Ambient Temperature
The availability of both photovoltaic performance and am-
bient temperature data permits an investigation on the re-
lationship between ambient temperature and system perfor-

mance. The intricate relationship between the amount of
sunshine received by a panel, the resulting panel e�ciency
and panel operating temperature has been elucidated in the
introduction of this paper. In particular, the degree by
which a PV panel e�ciency is a↵ected is determined by the
temperature coe�cient published in the PV panel’s man-
ufacturer data sheet. For example, the temperature coef-
ficient of �0.45 for the Schott Poly 235 panel installed on
the building meant that for every degree above 25� C, the
maximum power of the panel decreases by 0.45%.
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(b) Aggregate relationship between
ambient temperature and production

Figure 11: [Best viewed in colour] Figures showing the rela-
tionship between (a) ambient temperature and power out-
put, (b) ambient temperature and power output (coarse-
grained level).

Figure 11a shows a scatter plot of photovoltaic production
against ambient temperature between 6 am and 6 pm. There
does not appear to be a threshold ambient temperature value
beyond which the system performance may be impaired as
relatively high amount of photovoltaic generation (above 40
kW) are recorded in spite of high ambient temperatures of
approximately 35 �C. It may be that for this particular lo-
cation, the ambient temperature levels recorded may not be
high enough to cause a degradation in performance. This
elucidates the complex interplay between temperature and
potential PV generation where bright sunshine which results
in high temperature may cause a temperature derating of
the PV panel that may be compensated by higher levels of
sunshine.
It is intuitive to analyse the coarse-grained relationship be-
tween ambient temperature and photovoltaic performance.
This is presented graphically in Figure 11b. We note that
both ambient temperature and photovoltaic performance



achieve their respective maxima at 12 pm, unsurprising given
the position of the Sun in the sky at noon. Although the win-
ter months observe the lowest mean temperatures and rela-
tively low photovoltaic production and the summer months
record both high mean temperatures and photovoltaic pro-
duction, the correlation between mean ambient temperature
and photovoltaic production ceases to be true for the spring
months leading up to summer. In fact, the photovoltaic per-
formance of the system in August, September and October
exceed those of the other months in the year, except for De-
cember. This suggests the existence of other factors that
may have augmented the system performance during these
months.

3.7 Rainfall
An aspect of weather and its e↵ect on resulting photovoltaic
performance that has attracted much interest is rainfall. In
this section, we explore the e↵ects of rainfall on energy yield.
The rainfall trend in Townsville, presented in Figure 12, is
consistent with our previous observation of a six-month “wet
season” from November to April. The months of January
and February, in particular, recorded several occasions of
heavy rain.
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Figure 12: Daily precipitation amount recorded at the
Townsville BoM weather station.

Preliminary analysis of energy yield over the days leading
up to rainfall revealed a declining trend, followed by an un-
mistakeable increase in PV array performance after rainfall,
such as the one shown in Figure 13a. While there were only
11 days of rainfall recorded in January 2013, the energy yield
trend does indicate

• A decline in energy yield until 23 January when the
amount of precipitation recorded is 70.2 mm

• Decrease in energy yield is more pronounced on days
with rain

• Recovery of energy yield after 24 January which coin-
cidentally is the day of heaviest rainfall in 2013

The amount of precipitation recorded on both 23 January
and 24 January suggests that the system performance may
have been dampened by adverse operating conditions such
as thick, obstructive clouds that typically preludes such rainy
days. Additionally, dust deposition build-up, facilitated by
occasional light rain during a dry period, may have con-
tributed to a decrease in performance [48]. The trends ob-
served following the rain events propose the possibility that
rain may have cleaned the PV array surface. This pattern
has been observed throughout the year, exemplified in Fig-
ure 13b which depicts the energy yield and rainfall trends
for March and the first half of April 2013.
Existing literature has delineated the dependence of dust
or dirt deposition on photovoltaic arrays on the length of
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Figure 13: [Best viewed in colour] (a), (b) Energy yield of the
53 kWp PV installation and rainfall trends as recorded at
the Townsville BoM weather station in January and March
2013, respectively.

drought periods [49]. In addition, it is generally known that
the presence of thick clouds, such as those associated with
rain, not only causes a large proportion of irradiance to be
reflected back into space but also obstructs sunlight from
reaching the array surface. In light of these findings, we
postulate that the rate at which performance of the PV ar-
ray deteriorates is proportional to the number of days since
the last rainfall due to a combination of worsening sky con-
ditions and amount of dust deposition on the array. In ad-
dition, we believe that heavy rainfall may be beneficial in
removing obstructions from the array surface. The aim of
this section is two-fold: to ascertain the relationship between
energy yield and the number of days since the last rainfall
and to determine the e↵ect of rainfall on improving array
performance.

3.7.1 Relationship between number of days since last

rainfall and energy yield

Here we attempt to identify the nature of the relationship
between the number of days since previous precipitation
(drought period) and output power. To do this, we com-
pare the di↵erence in power output measured on the day
preceding a rain event and on the day following a previous
rain event. Our approach bears much in common with those
used in Mejia and Kleissl [31], di↵ering only in terms of the
metrics and duration being compared. We choose to com-
pare the produced power on the given days as opposed to
the energy yield as the former provides a better indication



of how much power has been lost (or sometimes improved)
due to a rain event. Moreover, the length of dry periods ob-
served in our data set appropriates the comparison of daily
power produced rather than the week-averaged power.
Several assumptions are made to analyse the dependence of
the number of days since the last rainfall and the energy
yield. We assume that rain cleans the surface of a PV array
completely and that the amount of soiling that exists on the
surface prior to a rain event causes power losses. In addition,
we postulate that the change in energy yield after a rain
event is a↵ected by the amount of dust deposition present
on the array before the rain event and the sky conditions
on the day after a rain event. Furthermore, the degree by
which energy yield is reduced should be proportional to the
drought length. Additionally, we believe that the amount of
rain recorded on a given day is positively correlated to the
amount and type of clouds present on the day before and as
such, we use the former as a measure of rain cloud intensity.
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Figure 14: [Best viewed in colour] (a) Change in power out-
put as a function of drought length (b) Frequency histogram
of change in power output categorised by drought length.

The assumption that the performance of a system declines
in proportion to the amount of the time elapsed between two
rain events suggests that we calculate the di↵erence in power
by subtracting the power generated on the day following a
previous rain event from the power generated on the day be-
fore a rain event. This is presented in Figure 14a. Only rain
events preceded by at least 3 days of drought are considered
here. The amount of precipitation recorded on these days
are illustrated by the colour of each data point. Evidently,

heavy precipitation of more than 75 mm is rarely recorded
for rain events with at least 3 days of drought. However,
given that rainfall heavier than 75 mm have been recorded
(as shown in Figure 12), this may indicate that heavy rain
in Townsville usually occurs on consecutive days within a
short period of time.
Moreover, values in the positive y-axis region indicate in-
stances when the amount of power generated on the day
prior to a rain event has increased relative to the day fol-
lowing a past rain event. Accordingly, values contained in
negative y-axis region indicate days where system output
has decreased since the last rainfall. We note the consid-
erable magnitude of change in power production shown in
Figure 14a where power losses of up to 130 kWh have been
recorded. Such a huge amount of power could have been
used to power ten 1.5 kW portable heaters for 8 hours. As
there are several instances when system performance has
improved prior to a rain event, there does not appear to
be a relationship between drought length and the change
in power generated for shorter drought periods (less than
10 days). We do note, however, the reduction in array
performance appear to be more pronounced with increas-
ing drought length for droughts lasting for 11 to 30 days.
Although we postulated that the degree at which the array
performance deteriorates is positively related to the length
of drought period, this does not appear to be true in this
case, especially when the drought period is more than 20
days. These observations agree with those reported in Mejia
and Kleissl [31] and Kimber et al [36].
We provide another perspective in Figure 14b which shows
the frequency of di↵erence in power output measured on
the day before a rain event and after a previous rain event,
sorted by bins of change in power produced. For ease of
comparison, the histogram is further sorted by the drought
lengths. Negative bin values indicate a decrease in power
production since a previous rain event. The reverse is true
for positive bin values shown in the histogram. We note
that for shorter drought periods, there is a tendency for
power production to deteriorate. Surprisingly, the system
performance appears to improve over droughts occurring for
more than 20 days. Given the few instances with preced-
ing drought periods longer than 20 days coupled with the
findings in Mejia and Kleissl [31] that claimed only drought
periods of at least 31 days were statistically significant, our
analysis here is limited by the attributes of our data set. In
addition, the improved system performance may have been
due to circumstances not captured by our data set such as
scheduled panel maintenance and better sky conditions.

3.7.2 Effect of rainfall in improving array perfor-

mance

In the introduction of this section, we delineated the ways
in which rainfall may a↵ect array performance. Here we
present results of our exploratory analysis that investigate
the relationship between the change in output power before
and after rain and the amount of precipitation. A similar
approach has been previously utilised in Mejia and Kleissl
[31].
Figure 15a shows the di↵erence in power produced on the
day after a rain event and day before the rain event as a
function of the amount of rainfall. Additionally, the colours
of the points indicate the drought length preceding the rain
event, evincing the fact that dry periods lasting for more
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Figure 15: [Best viewed in colour] (a) Change in power out-
put before and after a rain event as a function of precipi-
tation amount (b) Frequency histogram showing change in
magnitude of power output before and after a rain event.

than 40 days are far and in between in Townsville. The
clustering of data points around the lower x-axis end sug-
gests that the typical amount of precipitation recorded in
Townsville is less than 50 mm, an impressive amount nonethe-
less.
The amount of power produced is expected to improve fol-
lowing a rain event with the degree of improvement being
positively correlated with the amount of rainfall. This is
shown in Figure 15a where there appears to be a tendency
for the system to produce more power following increased
rainfall. Moreover, we note that even if it has just been a
day since the last rain event, heavier rainfall usually results
in an improvement in energy yield from before rain. This,
however, may be combination of clearer sky conditions, typ-
ical after rain, and the e↵ect of rain cleaning the surface of
the array. The loss in power for rain events recording precip-
itation between 50 to 100 mmmay be attributed to increased
deposition on the panel surface which would have been fa-
cilitated by rain or inferior operating conditions. Further
investigation on the reasons for these occurrences is war-
ranted and will be conducted in the future.
Figure 15b shows the frequency of change in produced power,
calculated as the di↵erence between output before and after
a rain event. These are sorted according to the magnitude
of change in power and categorised by the length of drought
period before the rain event. In general, the system appears

to perform better on the day following a rain event. This is
evidenced by the right-inclined distributions of the various
drought lengths. However, for shorter dry periods, there are
several instances when the performance of the system has
worsened after a rain event. The underlying reason for this
remains to be investigated and will be the focus of our future
work in this area.

4. CONCLUSIONS
The persistent growth in photovoltaic installations world-
wide necessitate the development of a systematic framework
to understand how these systems are performing in the field.
In this paper, we developed a generalised data-driven frame-
work to analyse the performance of a PV system, applying
it to performance data obtained from an existing PV instal-
lation atop an o�ce building in Queensland, Australia. The
methodology is able to characterise how performance varies
across the year in addition to identifying the relationship
between performance and various environmental parameters
such as relative humidity, ambient temperature and precipi-
tation. We also analysed how the PV system is impacted by
precipitation by examining the drought period and amount
of precipitation. Our analysis on how precipitation a↵ects
PV performance proved to be inconclusive, consistent with
Kimber et al [36]. Nevertheless, we believe that the frame-
work and analysis presented in this paper provide insights
on site-specific performance that can be acted on by system
owners.
The value of the work presented in this paper lies in the
fact that forensics on the performance of an existing PV in-
stallation may be performed without introducing additional
hardware. The generalised nature of the methodology fa-
cilitates its use in various other geographies – in particular,
to identify the impact of snow and sand storms. An under-
standing of the impact of controllable factors such as shad-
ing, shadowing, and soiling will undoubtedly be invaluable
in asset management and maintenance, in addition to aiding
real-time demand management and decision making.

Acknowledgements
We are grateful to Dr. Julian de Hoog of IBM Research Aus-
tralia for helpful comments. The photovoltaic data was pro-
vided by the building management team of the Townsville
Civic Centre.

5. REFERENCES

[1] T. Wood, D. Blowers, and C. Chisholm. Sundown, sun-
rise - how australia can finally get solar power right.
Technical report, 2015.

[2] Clean energy australia report 2013. Technical report,
Clean Energy Council, 2014.

[3] Clean energy australia report 2014. Technical report,
Clean Energy Council, 2015.

[4] Solar is very cheap, but the model is broken, says origin
energy. http://goo.gl/Wsh14S. Accessed: Sept 2015.

[5] Solar power survey results. https://goo.gl/htcziH.
Accessed: Feb 2015.



[6] Future Climate and Purple Market Research. Final re-
port to citizens advice: A review of consumer expe-
rience of solar pv systems. Technical report, Citizens
Advice, 2015.

[7] C. Gueymard. The sun’s total and spectral irradiance
for solar energy applications and solar radiation models.
Solar Energy, 76:423 – 453, 2004.

[8] C. A . Gueymard and Daryl R. Myers. Modeling So-

lar Radiation at the Earth Surface, chapter Solar Ra-
diation Measurement: Progress in Radiometry for Im-
proved Modeling, pages 1 – 28. Springer-Verlag Berlin
Heidelberg, 2008.

[9] A. Sturman and N. Tapper. The Weather and Climate

of Australia and New Zealand, chapter The Study of
the Atmosphere, pages 1 – 16. Oxford University Press,
2007.

[10] Perovskite solar cell bests bugbears. http://goo.gl/
e8fR5E. Accessed: Feb 2015.

[11] T. M. Razykov, C. S. Ferekides, D. Morel, E. Ste-
fanakos, H. S. Ullal, and H. M. Upadhayaya. Solar pho-
tovoltaic electricy: Current status and future prospects.
Solar Energy, 85(8):1580 – 1608, 2011.

[12] L. El Chaar, L. A. Iamont, and N. El Zein. Review of
photovoltaic technologies. Renewable and Sustainable

Energy Reviews, 15:2165 – 2175, 2011.

[13] Bhubaneswari Parida, S. Iniyan, and Ranko Goic. A re-
view of solar photovoltaic technologies. Renewable and

Sustainable Energy Reviews, 15:1625 – 1636, 2011.

[14] M. S. El-Shobokshy and F. M. Hussein. Degradation
of photovoltaic cell performance due to dust deposition
onto its surface. Renewable Energy, 3:585 – 590, 1993.

[15] M. S. El-Shobokshy and F. M. Hussein. E↵ect of dust
with di↵erent physical properties on the performance of
photovoltaic cells. Solar Energy, 51(6):505 – 511, 1993.

[16] J. K. Kaldellis, P. Fragos, and P. M. Kapsali. System-
atic experimental study of the pollution deposition im-
pact on the energy yield of photovoltaic installations.
Renewable Energy, 36:2717 – 2724, 2011.

[17] J. K. Kaldellis and A. Kokala. Quantifying the decrease
of the photovoltaic panels’ energy yield due to phenom-
ena of natural air pollution disposal. Energy, 35:4862 –
4869, 2010.

[18] H. Jiang, L. Lu, and K. Sun. Experimental investiga-
tion of the impact of airborne dust deposition on the
performance of solar photovoltaic (pv) modules. Atmo-

spheric Environment, 45:4299 – 4304, 2011.

[19] H. C. Hottel and B. B. Woertz. The performance of flat
plate solar heat collectors. ASME Trans, 64:91 – 104,
1942.

[20] D. H. W. Li, G. H. W. Cheung, and J. C. Lam. Analy-
sis of the operational performance and e�ciency char-
acteristic for photovoltaic system in hong kong. Energy
Conversion and Management, 46:1107 – 1118, 2005.

[21] A. A. Hegazy. E↵ect of dust accumulation on solar
transmittance through glass covers of plate-type col-
lectors. Renewable Energy, 22:525– 540, 2001.

[22] G. Mastekbaveya and S. Kumar. E↵ect of dust on the
transmittance of low density polyethylene glazing in a
tropical climate. Solar Energy, 68:135 – 141, 2000.

[23] S. A. Sulaiman, A. T. Sing, M. M. M. Mokhtar, and
M. A. Bou-Rabee. Influence of dirt accumulation on
performance of pv panels. Energy Procedia, 5:50 – 56,
2014.

[24] A. Sayigh, S. Al-Jandal, and H. Ahmed. Dust e↵ect
on solar flat surfaces devices in kuwait. In Proceedings

of the Workshop on the Physics of Non-Conventional

Energy Sources and Materials Science for Energy, pages
353 – 367, September 1985.

[25] B. Nimmo and SAM Said. E↵ects of dust on the perfor-
mance of thermal and photovoltaic flat plate collectors
in saudi arabia - preliminary results. In Proceedings of

the 2nd Miami International Conference on Alternative

Energy Sources, pages 223 – 225, December 1979.

[26] H. K. Eliminir, A. E. Ghitas, R. H. Hamid, F. El-
Hussainy, M. M. Beheary, and K. M. Abdel-Moneim.
E↵ect of dust on the transparent cover of solar collec-
tors. Journal of Astronomical Society Egypt, 47:3192 –
3203, 2005.

[27] N. Nahar and J. Gupta. E↵ect of dust on transmittance
of glazing materials for solar collectors under arid zone
conditions of india. Solar and Wind Technology, 7:237
– 243, 1990.

[28] H. Haeberlin and J. D. Graf. Gradual reduction of pv
generator yield due to pollution. In 2nd World Confer-

ence on Photovoltaic Solar Energy Conversion, 1998.

[29] J. Zorilla-Casanova, M. Piliougine, J. Carretero,
P. Bernaola, P. Carpena, L. Mora-López, and
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