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ABSTRACT: Airborne dust accumulation or soiling phenomenon is one of the challenging issues that negatively
affects the spectral transmittance and thus the energy yield of solar PV systems. Hence, cleaning can be necessary to
ensure the performance of a PV module and its lifetime. The overall goal of this study is to propose a cleaning success
index and to investigate the impact of cleaning events on the energy yield of a real PV plant in Bern University of
Applied Sciences (BFH) in Burgdorf, Switzerland. The monitoring of the PV systems operates under cleaning cycle of
once in 4 years since the region is characterized by a warm-temperate climate with an average annual temperature of
10.7 °C, and the rainfall is significant with an average annual precipitation of 1005.7 mm+/-13%. In this study,
MATLAB software is used to pre-process and analyze ten years of recorded data. As known, PV module retrieves its
performance after a cleaning event, then after a variable period, the performance decreases again. A methodology to
evaluate the cleaning success is proposed and evaluated. For this purpose, the performance ratio (PR) is used to
determine a cleaning success index. The latter indicates an average of 6 % after one month of cleaning and 2 % after

one year of all cleaning events.
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1 INTRODUCTION

A well-planned cleaning cycle for solar PV
installations is a critical issue as it has impacts on long-
term degradation and energy loss [1]. Many cleaning
companies advertise for high additional energy yield when
modules are cleaned. However, there is no standard way
how to evaluate cleaning success. Several publications on
the benefit of cleaning and the optimization of cleaning
have been published. D. L. Alvarez et al. [2] proposed an
approach to select the optimal cleaning schedule based on
different factors, such as soiling, cleaning and energy
costs. Irradiance profile and analytic explanation are used
to estimate this strategy. Micheli et al. [3] analyzed the
impact of nonuniform soiling on the power of PV system
for 3 years. It was found that 8 % of the annual DC energy
was reduced by soiling. For the cleaning strategy, three
cleaning events per year was the best choice for the
economic conditions. K. A. Moharram et al. [4]
investigated the influence of a cleaning methodology on
the PV plant efficiency. The proposed strategy was based
on the use of water only, non-pressurized water system and
a surfactant. From the results of these experiments, it was
found that cleaning by water and non-pressurized water
lead to a decrease in the PV panel efficiency by 50 % after
45 days, and 0.14 % per day, respectively. While using a
mixture of anionic and cationic surfactants was the best
cleaning method.

Cleaning of PV system shall retrieve the system
efficiency. A frequent cleaning using demineralized water
is a powerful solution to keep the soiling impact low.
However, the needed water presents another issue since
there is a lack and decline in resources especially in
countries with a high solar potential. In Switzerland,
cleaning is expensive due to high labor cost and low
energy prizes. Recently, Cattani, L et al. [5] proposed air
to water generator (AWQG) technology as the suitable
solution for cleaning PV modules. For their case, a method
and semiempirical model were used to determine the
system size and the energy loss, respectively. From the

found results, the applied AWG model could prohibit 83%
of energy loss caused by the soiling. Amber, K. P., et al.
[6] developed an automatic self-cleaning mechanism
(SCM) for a pole mounted PV installation. Daily
performance of two exposed PV panels was recorded for a
period of 6 weeks, one PV was left as reference and the
other with SCM. For the latter, it could produce 26% to
50% of electricity more than a panel without SCM, and
reduction of 86 % in the efficiency was observed for the
reference panel after the experimental period. Hiroutochi
[7] proposed Molecular-bond-Titania-Silica-Photocatalyst
as a self-cleaning of PV modules to maintain its
performance. It was mentioned that this method was
effective since it improved the transmittance of the PV
modules, hence the power generation.

A. Syafiq et al [8] reviewed the different developed
and proposed self-cleaning methods, namely electrostatic,
mechanical, and coating methods. S. You et al. [9]
investigated the energetic and economic impacts of soiling
on PV modules in different cities, as well as the
determination of the optimal cleaning intervals based on
the simulation of the relative net present change. For the
manual cleaning, the optimal predicted interval ranges
found to be from 23 to 70 days, while for machine-assisted
cleaning method was 17 to 49 days. The optimal cleaning
intervals vary according to the studied cities for both
cleaning methods. L. Micheli, E.F. Fernandez, J.T.
Aguilera et al. [10] discussed the adopted cleaning strategy
for | MW PV system in the South of Spain. For moderate
climate, seasonal soiling occurs and could lead to power
drops up to 20 %. In their study, one cleaning event per
year was done during an approximately 31-day window in
summer. This cleaning schedule could increase the profits
up to 3.6 %, and it has positive impact on the module
efficiency. Obeidat, M. S et al. [11] presented and
compared different cleaning methods, namely electrostatic
cleaning, heliotex technology, automatic cleaning, self-
cleaning glass and manual cleaning. Using the preference
selection index analysis, it was found that the manual
cleaning is the best cleaning method.
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Most of studies discussed above claim to achieve a
certain cleaning success. However, they do not always
clearly define how they measure the cleaning success. Nor
do they discuss if their way to measure cleaning success is
the best possible option.

The main purpose of the present investigation was to
propose and analyze a method to evaluate the cleaning
success. A set of indicators and metrics are explored to
reach the purpose of this study. To do so, MATLAB
software is used to analyze the data and calculate the
proposed metrics using their standard equations. Indeed,
as a performance metric, the performance ratio (PR) was
used, which presents the level of the PV plant
performance. To evaluate the cleaning success, the ratio of
the PR before and after a cleaning event is used.

2 PV SYSTEM AND CLEANING METHODOLOGY

In this study, the cleaning of Tiergarten PV system is
analyzed. This system is mounted on the rooftop of Bern
University of Applied Sciences (BFH) in Burgdorf city,
and it is divided into two sub-systems, namely Tiergarten
West and Tiergarten East. The total nominal DC power of
the PV system is 46 kW with a gross area of 350 m?. The
proposed and adopted cleaning frequency of both systems
is four years. Table 1 presents the proposed cleaning
strategy, and some occurred exceptions. Seven cleaning
events were done for Tiergarten West, while Tiergarten
East benefited from six cleaning events (no cleaning C4).

Table 1. Cleaning strategy of studied PV systems

Cleaning event Year
Tiergarten West  Tiergarten East

Cl 1998 1998
C2 2002 2002
C3 2006 2006
Cc4 2010 -

C5 2012 2012
Cé6 2016 2016
C7 2020 2020

3 PERFORMANCE INDICATORS

In this study, the performance of the investigated systems
is presented by the performance ratio (PR), and it is
calculated using the following ratio:

PR=—DCer (Equ.1)

Where, Ypc._corr and Y, are the corrected DC yield and the
reference yield, respectively.

The reference yield is the ratio of the total tilted solar
irradiance (GTI) to the refence solar irradiance (Ggrc)
[12]. In this study case, GTI is filtered, and only values
between 700 W/m? and 900 W/m? are used for the
calculations. Y, is presented as:
Ggen

= (Equ.2)
The corrected DC yield is defined by the expression:

E,
YDC-corr: PLC ><kT (Equ~3)

nom

Where, Epc is the total DC energy output produced by the
system and P, is the nominal power of the PV system at
STC. kt denotes the temperature correction factor and it is
expressed as:

kT = 1+aPmpr(Tref'25) (ECIU4)
Where 0pyy, is the temperature coefficient (%/°C) and Ty
is the solar generator cell temperature.
To determine the effect of cleaning on the performance of
PV systems, a cleaning success index (C) is defined and
calculated according to the PR before (PRy) and after
(PR,) the cleaning for different time intervals. C can be
expressed as follows:

_ PR,-PR,

Cq PR, (Equ.5)
The PRa and PRy are calculated by adding up the ratio

between the corrected yield and the reference yield before
and after cleaning:

¥d=1 Ype-corr,
PR, = =d=ipbecond zlgchr,d 2 (Equ.6)
Tt Ypc-cord
PR,="FTT Equ.
b Zéﬁ-er,d ( qu 7)

Where d is the number of days after cleaning (negative d
and is the number of days before cleaning) and N is the
total number of days used to analyze the cleaning success.
The cleaning success index (Cy) is intended to show how
sustainable an individual cleaning action is.

4 RESULTS
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Figure 1. Cleaning events according to monthly PR for
Tiergarten West (a) and Tiergarten East (b)

Figure 1 and Figure 2 show the monthly and annual
performance of the PV systems for 25 years considering
the data of the whole year, respectively. For Tiergarten
West (Figures la and 2a), seven cleaning events were
done, while for Tiergarten East (Figures 1b and 2b), 4"
cleaning is missed. It should be noted that the plot part
which is surrounded by the red dash rectangle contents
unverified and non-plausible data. As shown in both
graphs, two PR values are plotted for each cleaning event
that present the PR of the system before and after the
cleaning. The seasonal variation of the PR is based on the



definition of the PR in this paper which does not account
for IAM, low irradiance efficiency and other performance

loss factors of a PV system.
1.00

0.95

0.90 1st Cleaning
5th Cleaning
0.85

I e

3 t
A 075 2nd Cleaning \
41h Cleaning 6th Cleaning
0.70
065
0.60
0.55
050
TN O E X O SN M TNV E RO MM TG B o o
3R858283z¢88388E882z¢gg2c2sz22 24
2828328288888 s8888cssscs3s8sz2a¢
~~~~~~ SSSSSRS8S8S882288c8c88c8¢a8s8e
(a)
1.00
0.95
0.90
0.85
7th Cleaning
0.80 N
. { \
A 075 *

6th Cleaning

2001
2002
2003
2004
2005
2006
2007
2008
200
20

0

0
20
20
20
20.
20
20
20
2020
2021

(b)
Figure 2. Cleaning events according to annual PR for
Tiergarten West (a) and Tiergarten East (b)
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Figure 3. Cleaning success according to number of days
after and before cleaning event for Tiergarten West (a)
and Tiergarten East (b)

Different step times were analyzed to identify the
impact of cleaning events on the performance of the PV
systems. Figure 3 presents the Cs as function of the number
of days after each cleaning event. As observed, some
cleaning events are missed in both graphs because only
monthly details of the cleaning date are available. The
solid line indicates the average Cs of all plotted cleaning
events, and it shows the trend the Cs over the next 30 days.

Figure 4 presents the monthly impact of cleaning on
the performance of PV system up to five months after each
cleaning event. All cleaning events are included in the
graphs. For C1, only the results up two months after this
cleaning are available for Tiergarten systems. While the
cleaning success decreases quickly only after a few days
(Figure 3), it seems to rise again after a few months (Figure
4). However, this is probably based on the seasonal PR rise
in winter, as the same increase of performance can be seen
in years without cleaning.

12%

10% .
8% H
o . Y .
H
. 6% —_— o .
.
4% .
. .
2% . ° s ]
.
0%
1 2 3 4 5
Month
—Average ® Cl1 o C2 C3 C4 o C5 o C6 o C7
(@)
12%
10% o .
.
] o .
8% s
o _—/./—'\-
@) s s . o
4% s
L]
2%
0%
1 2 3 4 5
Month

——Average ® Cl o C2 C3 o C5 o C6 o (7

(b)
Figure 4. Cleaning success according to number of
months after and before cleaning event for Tiergarten
West (a) and Tiergarten East (b)

Table 2 presents the impact of the cleaning events on
the PR after one month. As indicated, Cs varies for each
cleaning event and the highest Cs was 10 % and 8 % for
Tiergarten West and Tiergarten East, respectively.

Table 2. Cleaning success after one month of cleaning

event
Cleaning C, (%) after the 1% month
event
Tiergarten West  Tiergarten East

Cl 8 4.5

C2 8 8

C3 7

Cc4 10 -




C5 2 8
C6 4 4
Cc7 5 4.5

Results of Cs up to three years after each cleaning
event is shown in Figure 5. Notable decrease in the Cs over
the next years is presented. Overall, the negative Cs
indicates that the cleaning event had no more efficient
impact on the Tiergarten system, and the latter retrieved its
performance when the next cleaning is occurred.
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Figure 5. Cleaning success according to number of years
after and before cleaning event for Tiergarten West (a)
and Tiergarten East (b)

The daily cleaning evaluation curve (Figure 3) shows
a rapidly decreasing cleaning success curve. If cleaning
success is measured on a power-based performance ratio
directly before and after cleaning, the relevant cleaning
success is therefore most likely overestimated. The
monthly evaluation (Figure 4) shows an increasing
cleaning success, which is based on inaccurate PR models
and therefore most probably biased. Monthly cleaning
success should therefore only be used, if the reference
power of the PV system is well understood and modeled,
unlike in this paper. The annual cleaning success curve
(Figure 5) is most relevant if the optimization of long-term
revenues is the target of the cleaning success metrics.

5 CONCLUSION

In the present study, cleaning strategy of Tiergarten
PV system is investigated. This system is in Bern
University of Applied Sciences (BFH) in Burgdorf,
Switzerland and it is divided into two sub-systems, namely
Tiergarten West and Tiergarten East. The monitoring of
the PV systems occurs under cleaning frequency of once
in 4 years. Proposed methodology to analyze the cleaning
success of cleaning on the performance of the PV systems

for different step times. Thus, the performance ratio is used
to calculate the cleaning success index (Cs) which
indicates the increase in the performance of the PV
systems after each cleaning event.

Based on found results, for Tiergarten West, the Cs is
between 2 % and 10 % after one month of cleaning and
between 4 % and 8 % for Tiergarten East. After one year
of the different cleaning events, Cs ranged from -1 % to 6
% and from 0 % to 6% for Tiergarten West and Tiergarten
East, respectively. However, the evaluation of the cleaning
success of a PV system depends on PR model used and the
analyzed step time.
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