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Abstract

Reflection of the sun’s irradiance typically reduces the electrical yield of PV modules by

8–15%. Facade applications located in the tropics may even experience a 42% drop in yield,

due to flat incidence angles. Additionally, when a module’s cell temperature is elevated there is

0.4%/K decrease in voltage and power for single- and multi-crystalline silicon solar cells: in

reference to STC, that number may reach 20%.

Numerous ideas to reduce reflection have been proposed, but most have drawbacks: anti-

reflective-coatings are not durable and structured surfaces are expensive, accumulate dust and

are difficult to clean. Yet water, with a refractive index of 1.3, is a viable intermediary between

glass (nglass=1.5) and air (nair=1.0). In addition to help keeping the surface clean, water

reduces reflection by 2–3.6%, decreases cell temperatures up to 22�C and the electrical yield

can return a surplus of 10.3%; a net-gain of 8–9% can be achieved even when accounting for

power needed to run the pump.
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1. Introduction

1.1. Optical loss

As is often mentioned in literature, solar radiation hitting a glass encapsulated or
laminated PV-module at a perpendicular incidence angle yields a reflection loss in the
range of 4–5%. Yet for most applications the incidence angles do differ from zero
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and thus result in an increased reflection loss as according to Fresnel’s laws (e.g.
Ref. [1]).
The accumulated reflection loss over one day for a fixed tilt-angle of the module

depends on the latitude, clearness index (diffuse-direct ratio), surface treatment and
the match of refractive indices within the layers of module encapsulation.
Using a sophisticated three-layer optical model1 [2,3], the optical performance of a

three-layer-encapsulation module was calculated (including multiple reflections
inside and between the layers). During the day, when utilizing only the original
material properties of the module at operating conditions [4], the accumulated
reflection loss can be as great as 8–15% for conventional PV-Systems and as great as
42% for PV-fa@ade applications located in the tropics.

1.2. Improved matching of the refractive indices of the module encapsulation layers

By utilizing the optical model presented above for a simulation of the optical
system consisting of front glass, EVA, anti-reflective coating and silicon solar cells, a
variation of parameters led to the following result: an improved optical match
between the two upper layers (glass and EVA) and an increased optical
transmittance of 3.2% for materials with ideal properties of n1=1.33 and n2=1.73
(see Ref. [5]). Unfortunately, these ideal properties for the top layer cannot be
achieved with solid materials. Yet water, with a refractive index of 1.3, returned an
increased yield in the vicinity of 3% for both optical transmittance and electrical
generation.
Other methods for reducing reflection also work, but have disadvantages. Anti-

reflective coating of glass is often not durable and structured surfaces are costly, have
a tendency to accumulate dust and are thus difficult to clean.

1.3. Thermal loss

A crystalline silicon solar cell’s electrical power generation depends on its
operating temperature. While the short circuit current (Isc) increases slightly with
increasing temperature, the open circuit voltage (Voc) decreases significantly (about
�2.3mV/�C) with increasing temperature. This results in a reduction of electrical
power output (and electrical yield) of �0.4%/�C to �0.5%/�C for mono- and multi-
crystalline silicon solar cells (which are used in most power applications).

1.4. Preliminary studies for temperature reduction

Because efficiency and electrical yield decrease with increased operating
temperatures it is preferable to maintain low system temperatures. By mounting
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1The optical model is mathematically exact for slabs thicker than the wavelength of the irradiance—all

possible internal and external reflections are considered. An irradiance model, which accounted for the

spatial distribution of direct and diffuse irradiance during clear sky conditions was implemented in order

to calculate the solar reflection performance of an optical system during the daytime.
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the PV module on a water-filled tank and due to the high thermal capacity of water
in the tank, the operating temperatures were kept at low levels during most parts of
the day. This design provided for an effective reduction in the cell temperatures
without expending energy for refrigeration; the water virtually soaked up the heat
flow generated by the module during daytime.
The design was improved as different prototypes were built over previous years

[6–8], and has resulted in an increased electrical energy yield of 12%. The drawback
is the unit’s huge weight of 200 kg/module which makes conventional roof mounting
difficult.

2. Cooling by flowing water over the module front

Cooling by utilizing a flowing film of water on the module front should
theoretically allow operation at even lower temperatures than the device described
above: Due to the quick flow of the water there should be only a minimal increase in
water temperature. Additionally, the evaporating water should further decrease
temperatures thus result in increased electrical yields.

2.1. Measurements

2.1.1. Conditions

The M 55 modules were selected due to their equal open-circuit voltage, short
circuit current, and power output. The measurements were recorded during a clear
day at the PV-Labs in Rio de Janeiro on the 21st of March 1999. Irradiance was
measured by a BM 5 Kipp and Zonen pyranometer at the same incidence plane of
the modules: north at an elevation angle of 23�. Ambient temperature was measured
in the shade. Temperature sensors (Pt 100) were installed on the back of the two
modules where the actual cell temperatures are about 1.5�C above the temperatures
on the front of the module. Wind speed was measured about 30 cm above the
modules. Tracking of the ‘‘maximum power point’’ was done manually by utilizing
the variation of an ohmic load and measuring electrical power output. Data was
recorded every 15min (details see Ref. [9]).

2.1.2. Water film

Approximately, 2 litres (l) of water/min were pumped from a large tank located
underneath the module into a small (53 l) tank above the module. Twelve nozzles
located along the top of the module generated a flow of water that spread over the
cell’s surface at a thickness of about 1mm (see Fig. 1). Considering the module area,
the specific water consumption was 4.4 lmin�1m�2.

2.1.3. Results

Due to the water flow and additional cooling by evaporation (specific evaporation
was 0.016 lmin�1m�2 or about 1 l h�1m�2 in average, equivalent to a total of
680Wh evaporation cooling/h including cooling of the surrounding air), the cells
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operating temperatures were reduced significantly in comparison to a conventional
reference module which was measured simultaneously (up to 22�C reduction, as
could be seen in Fig. 2), leading to an improved conversion efficiency (see Fig. 3).
The measured increase of electrical energy yield over the whole day was 10.3% (see
Fig. 4).
Measurements of the short circuit current of the module, which is nearly

temperature-independent, indicated that the water flow improved the optical
performance by 1.5%. This was less than the 3% gain that was theoretically
expected. An explanation for that discrepancy could be given by the
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Fig. 1. Creation of the water film on the PV module by a line of nozzles.

Fig. 2. Comparison of cell temperatures of a conventional PV module vs. a PV module with water flow.
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non-homogeneous thickness of the water flow and/or the light-absorbing properties
of the water.

2.2. Esthetics

An unexpected, yet beneficial side effect was the visual appearance of the film of
water. The water flowing over the surface of the module creates a pleasing design and
architectural nuance providing people with the opportunity to view an active process
at the PV-generator rather than the static appearance of the conventional unit
(see Fig. 5).
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Fig. 3. Comparison of photovoltaic conversion efficiencies of the PV-modules.

Fig. 4. Comparison of output power of the PV-modules (m 55, PSTC=53 Wp) during 21st of March 99.
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2.3. Benefit-balance of electrical energy

The measurements described above have been carried out using a small, low-cost
pump with a poor pump efficiency in the vicinity of 14% (including motor losses).
Using such a pump did not justify the use of the flowing water film in terms of energy
gains within an energy balance. After a survey [10] on available pumps we found a
very high efficiency, but nevertheless simple pump designed by the Institute of
Machine Design’s division of Hydraulic Turbo-machinery and Fluid Dynamics at
the Technical University Berlin in Germany.
This pumping system consisted of a high efficient 305W brushless DC motor

coupled to an optimized centrifugal pump (SP 175) offering a pumping head of 4m
at a flow rate of 17m3/h. Assuming a PV water pumping application, a PV generator
consisting of six M 55 modules (width 0.66m, length 3.9m) and the pump described
above. The cooling water flowed from 24 nozzles lined up over the width of two
modules (0.66m) and along the lengths of three modules (3.9m). This configuration
utilized 1.4% of the pumped water for cooling and the rest could be used directly,
e.g., for irrigation.
Utilizing the system configuration described above a study by Wachsmann [10]

revealed an 8% net gain in electricity generation.
An increase of the size of the generator by two M 55 modules would lead to a 9%

increase in electricity yield, compared to an equivalent PV generator of the same size,
but without cooling.
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Fig. 5. Close-up of the flowing film of water at the PV module surface.
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