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prising a carrier substrate, said carrier substrate carrying a purely printed
structure comprising printed positive and negative module terminals, a plural-
ity of printed photovoltaic cell units each comprising one or more printed
photovoltaic cells, wherein the plurality of printed photovoltaic cell units are
electrically connected in series between the positive and the negative module
terminals such that any two neighbouring photovoltaic cell units are electric -
ally connected by a printed interconnecting electrical conductor. The carrier
substrate comprises a foil and the total thickness of the photovoltaic module
is below 500 pm. Moreover, the nominal voltage level between the positive
and the negative terminals is at least 5 kV DC.
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A PHOTOVOLTAIC MODULE

FIELD OF THE INVENTION

The present invention relates to a photovoltaic module comprising a printed positive and a
printed negative module terminal and a plurality of printed sets of photovoltaic cell units
arranged in electrical series therebetween. Each unit may comprise one photovoltaic cell or a
plurality of series connected photovoltaic cells. In particular, the present invention relates to

photovoltaic module which is provided on a foil of a bendable or flexible material.

BACKGROUND OF THE INVENTION

Hitherto the most cost efficient cells have been - and still are - manufactured with crystalline
silicon. In the beginning of 2012, the most efficient inorganic solar cells may convert in

excess of 40 percent of the solar energy rayed onto the cell to electrical energy.

However, one huge disadvantage of such inorganic solar cells is that traditional inorganic
junction based solar cells, such as those based on crystalline silicon, require large amounts of
energy in their manufacture. Moreover several of the materials used in such solar cells are so
rare, that it is not possible to manufacture enough solar cells to cover todays world

consumption of electricity.

Today, organic foil-based photovoltaic cells are arranged electrically in parallel, whereby the
electrical current generated is relatively high due to the resulting current being the sum of
currents when power sources are connected in electric parallel. Typical current densities
generated over the active solar cell is typically in the range of 5-15 mA cm™ for organic
photovoltaic cells and 20-40 mA cm™ for inorganic solar cells. When harvesting over an area
of a hundreds of square centimeters which is customary for i.e. crystalline silicon wafers a
total current of several amperes is obtained. To avoid ohmic losses this will require
photovoltaic cells and/or photovoltaic cell units with significant cross sections. It will be
appreciated that the higher the current is, the thicker the electrical conductors

interconnecting the cell units must be.

Accordingly, there is a need for finding an alternative way of converting solar energy into
electrical energy other than by using the above-mentioned highly efficient inorganic solar

cells.

It may be seen as an object of one or more embodiments of the present invention to find a

cost efficient solar cell which may be used to generate electrical power.
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It may be seen as a further object of one or more embodiments of the present invention to
find a solution where the relatively expensive conductors which are used to electrically
interconnect photovoltaic cells may be replaced with inexpensive conductors or by little use

of such materials.

DESCRIPTION OF THE INVENTION

To comply with the above-mentioned objects the present invention relates, in a first aspect,
to a photovoltaic module comprising a carrier substrate on which is provided:

- a positive module terminal;

— a negative module terminal; and

— a plurality of photovoltaic cell units which comprises one or more photovoltaic cells,
wherein the photovoltaic cell units are arranged in electrical series between the positive
and the negative module terminals, such that any two electrically neighboring
photovoltaic cell units are electrically connected by an interconnecting electrical

conductor;

wherein the carrier substrate is a foil and wherein the total thickness of the photo voltaic

module is below 500 pm.

In a second aspect the present invention relates to a photovoltaic module comprising a
carrier substrate, said carrier substrate carrying a purely printed structure comprising:

- a printed positive module terminal,

- a printed negative module terminal, and

- a plurality of printed photovoltaic cell units each comprising one or more printed

photovoltaic cells, wherein the plurality of printed photovoltaic cell units are electrically
connected in series between the positive and the negative module terminals such that any
two neighbouring photovoltaic cell units are electrically connected by a printed

interconnecting electrical conductor,
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wherein the carrier substrate comprises a foil and wherein the total thickness of the
photovoltaic module is below 500 pm and wherein the nominal voltage level between the

positive and the negative terminals is at least 5 kV DC.

In one embodiment, each photovoltaic cell unit comprises one single photovoltaic cell.
Alternatively, the photovoltaic cell unit comprises a plurality of series connected photovoltaic
cells, such as two, three, four, five, six, seven, eight, nine, ten, 11, 12, 13, 14, 15, 16, 17,
18, 19, 20.

When conventional non-foil-based solar cells (i.e. solar cells based on crystalline silicon) are
arranged in electrical series, the electrical characteristics of each of photovoltaic cell causes
the current through the series of cells to cease if just one cell is shadowed or blocked.
Moreover, overshadowing of conventional series connected voltaic cells causes two effects to
occur. Firstly, a very high potential is generated over the cell, and secondly, the relatively
high current will induce a charge buildup over the overshadowed cell. The two effects may
induce an irreversible electrical breakdown of the non-foil-based cell. The present invention
provides a solution to this problem.

It will be appreciated that in series connected conventional solar cells, the worst performing
cell will dominate the current generated by the whole set of series connected. Thus, if one
cell breaks down, the whole series of solar cells will no longer output an electrical current and
potential over the positive and negative modules between which the series of photo voltaic
cells are arranged. In traditional crystalline silicon solar cells where the cells are electrically
connected in series, this problem is addressed by introducing bypass diodes. Bypass diodes
alleviated the problem of module failure due to one overshadowed/blocked cell at minimum

loss but also adds complexity and cost to the system.

In contrast hereto, the foil-based solar cells of the present invention have a non-ideal
performance which renders a series of foil-based solar cells less vulnerable to being

overshadowed.

If a foil-based cell is overshadowed or blocked, the current through the whole set of series
connected cells is marginally influenced. The non-ideal diode characteristic and especially the
low internal resistance prevent buildup of high potentials and charge accumulation over the
overshadowed cells. This prevents irreversible electrical breakdown of the overshadowed cell.
Moreover, the non-ideal diode characteristic results in the performance of the full set of foil-
based cells to correspond to an average of the performance of the individual cells. Thus, one

advantage of providing foil-based photo voltaic cells in electrical series is that electricity is
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generated even if one or more photo voltaic cells are over shadowed. It should be stressed

that this is without the inclusion of bypass diodes.

Accordingly by using a less ideal technology, the vulnerability of the series connected solar
cell is lower. However due to the less ideal characteristics of the cells, it is not logical for the
skilled person to use such cells. This is especially true as the cells - due to their lower
efficiency - will generate less electrical energy. Accordingly, in order to generate the same
electrical effect, a larger amount of foil-based solar cells must be provided compared to when
the conventional solar cells are used. As an example a typical polycrystalline silicone solar
cell panel with standard dimensions of 1 m x 1.7 m will generate around 200 W of electrical
energy. A similarly sized organic photovoltaic module (OPV module) will typically yield 10-20
W of electrical energy. In terms of area usage the current state of the art of polymer solar
cells in a practical and directly comparable setting is inferior to the established crystalline

silicon solar cells by a factor of 10-20 in terms of area usage.

By arranging the photovoltaic cells and/or the photovoltaic cell units in series another
advantage occurs. This advantage emanates from the fact that when a plurality of power
sources are arranged in series, the resulting voltage will be high (corresponding the sum of

voltages of the individual power sources), while the resulting current will be low.

In the present invention the photovoltaic cell units are arranged in series whereby the
electrical conductors interconnecting the cells may be thin compared to when the cells are
arranged in parallel. Economically, this causes the series connected cell units to be much
more inexpensive to manufacture. The benefit is obtained both in terms of materials use and
simplicity in the process.

In the context of the present invention, the term ‘photovoltaic module’ shall be understood as

a module comprising a plurality of photovoltaic cells.

In the context of the present invention, the term *‘module terminal’ shall be understood as an
output terminal of the photovoltaic module. A photovoltaic module may comprise two module
terminals e.g. a positive and a negative. In the photovoltaic module according to the present
invention, the photovoltaic module comprises one positive and one negative module terminal

between which the photovoltaic cell units are arranged.

In the context of the present invention, the term ‘photovoltaic cell unit’ shall be understood
as a unit comprising one or more photovoltaic cells that each converts light that impinges on
the surface and upon being absorbed is converted into electrical energy in the form of a

current at a given voltage in an external circuit.
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In the context of the present invention, the term ‘printed’ shall be understood as any kind of
film forming process, such as rotary screen printing, flat bed screen printing, gravure
printing, flexographic printing, inkjet printing, slot-die coating, knife coating, blade coating,
bar coating and coil coating.

Each photovoltaic cell unit may comprise one or more photovoltaic cells such as one, or two,
or three, or four, or five, or six, or seven, or eight, or nine, or ten, or 15, or 20, or 25, or 30
or 40 or 50.

The photovoltaic module comprises a plurality of photovoltaic cells units which are arranged
in electrical series between the positive and the negative module terminals, such that any
two electrically neighboring photovoltaic cells are electrically connected by an interconnecting
electrical conductor. Accordingly, it will be appreciated that if N photovoltaic cell units are
provided, N-2 cells are electrically connected (in series) to two neighboring cell units, while
two of the cell units each is connected to one other cell unit and one module terminal. It will
be appreciated that one cell unit is electrically connected to another cell units and to the
positive module terminal, while another cell unit is electrically connected to another cell unit

and to the negative module terminal.

In the context of the present invention, the term *foil” shall be understood as a thin sheet of a
material such as metal foil or a plastic foil. In one embodiment, the foil has a thickness which
is below 1 mm, such as below 0.9 mm, such as below 0.8 mm, such as below 0.75 mm, such
as below 0.7 mm, such as below 0.6 mm, such as below 0.5 mm, such as below 0.4 mm,
such as below 0.3 mm, such as below 0.25 mm, such as below 0.2 mm, such as below 0.1

mm.

In one embodiment, the foil is made of a bendable material and has a bend radius below
1000 mm, such as below 500 mm, such as below 250 mm, such as below 125 mm, such as
below 100 mm, such as below 75 mm, such as below 50 mm, such as below 40 mm, such as
below 30 mm, such as below 25 mm, such as below 20 mm, such as below 15 mm, such as

below 10 mm, such as below 5 mm.

In the context to the present invention, the term ‘bend radius’ shall be understood as a
minimum measure, which is measured inside a curvature, which a material can be bent
without breaking, being damaged or having a shortened life. In one embodiment, the
material can be bent to this radius without being plastically deformed, in other words the
material is only elastically deformed when bent to this radius. Thus, it will be appreciated that
the smaller the bend radius of a material is, the more flexible and bendable the material is.

Similarly it will be appreciated that the larger the bend radius is, the stiffer the material is.
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One way of testing the bend radius of the foil is to provide a cylinder with a radius
corresponding to the bend radius. Subsequently, the foil is bent about the cylinder. As an
example a cylinder with a radius of 25 mm may be provided and subsequently, the foil is
bent about the cylinder. Finally, the photovoltaic module may be tested so as to determine
whether it is still functioning, i.e. capable of generating the same amount of electricity as a

foil which has not been bent.

In one embodiment, the photovoltaic module is an organic photovoltaic module. One example
of an organic photovoltaic module is a multilayer structure wherein at least one of the layers
contains an organic component. Each layer in the multilayer structure may comprise an
organic material, an inorganic material or a mixture thereof - hereinafter designated a hybrid

material.

As an example, the structure of an organic solar cell may comprise a sandwich of five layers
disposed on a substrate, e.g. by being printed or coated onto the substrate. The firstly
provided layers is called layer 1, the secondly provided layer is called layer 2 etc. Layer 1 is
closer carrier substrate than layer 2, which is closer to the carrier substrate than layer 3 etc.
In one embodiment, layer 1 is provided directly on the foil whereby layer 1 is in direct

contact with the foil.

The two outer layers (i.e. layer 1 and layer 5, which may also be designated the lowermost
layer and the uppermost layer, respectively) may exclusively constitute an electrode material
which may be used to extract the electrical energy from the layers therebetween (i.e. the
electrical energy generated in one or more of layers 2-4). One or both of layers 1 and 5 may
be semitransparent to allow light to enter one or more of the layers 2-4. Moreover, layers 1
and 5 may both be organic, one may be organic while the other is inorganic or both may be
inorganic. Examples of semitransparent organic electrodes are polyaniline or poly-ethylene-
3,4-dioxythiophene polystyrene sulphonate (PEDOT:PSS) and examples of inorganic

electrodes are silver, aluminium and indium-tin-oxide.

In order to selectively extract electron holes (i.e. the lack of an electron at a position where
one could exist in an atom or atomic lattice) and electrons at separate electrodes, two charge
selective layers may be provided. Each charge selective layer may be organic or inorganic.
Examples of organic layers with a selectivity towards electrons are: zinc oxide (ZnQO) and
titaniumdioxide (TiO3). Electron selectivity is understood as the ability of the layer to
transport electrons across it while blocking transport of electron holes. Electron hole
selectivity is understood as the ability of the layer to transport electron holes across it while
blocking transport of electrons. Examples of inorganic layers with a selectivity towards
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electron holes are: molybdenumtrioxide (MoO3) and vandiumoxide (V,0s5). Examples of

organic layers with a selectivity towards electron holes are PEDOT:PSS and polyaniline.

The charge selective layers may be layer 2 and layer 4. The middle layer 3 may be the active
layer and may comprise a mixture of an organic donor material that may be a small molecule
or a polymer (i.e. poly-3-hexylthiophene, P3HT) and an acceptor material such as a fullerene
material (i.e. phenyl-C61-butyric acid methyl ester, PCBM). In some embodiments, the
electrode material may also function as the charge selective layer (i.e. aluminium can serve

as negative electrode and electron selective layer)

In the context of the present invention, the term ‘organic’ shall be understood as a material
that comprises molecules built through carbon-carbon bonds that may be saturated or
unsaturated and that can be connected in a conjugated fashion to convey semiconducting
properties. The organic materials may also include one or more other elements such as

hydrogen, nitrogen, oxygen, sulphur, selenium, phosphorous and metal ions.

In one embodiment, the active layer 3 is fully or partially organic.

In one embodiment, a part of the photovoltaic module is organic. In one embodiment, any
part of the photovoltaic module which is carried on the carrier substrate is organic. In
another embodiment, one or more - such as all - of the positive module terminal, the
negative module terminal, the photovoltaic cell units and the interconnecting electrical
conductors is/are organic. In one embodiment, any part of the photovoltaic module except

from the carrier substrate is organic.

It will be appreciated that as the photovoltaic cell units are connected in electrical series, the
current that passes through the interconnecting electrical conductors is low compared to if
the same amount of photovoltaic cells were arranged/connected in electrical parallel. This is
especially true when the number of photovoltaic cells in each photovoltaic cell unit is small.

Thus, the resistance in the interconnecting electrical conductors may be larger and the

dimensions of the interconnecting electrical conductors may be smaller as is described below:

With regards to the dimensions of the interconnecting electrical conductors, a height of a
plurality of such as each of the interconnecting electrical conductors in a direction parallel to
a normal of the foil may be below 500 pm, such as below 400 pym, such as below 300 pm,
such as below 200 pm, such as below 100 pm, such as below 75 pm, such as below 50 pm,
such as below 25 pym, such as below 10 pm, such as below 5 pm, such as below 1 pm, such

as below 0.5 pm, such as below 0.1 pm such as below 0.05 pm. In one embodiment, the
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direction of the height is parallel to a normal of the carrier substrate. In one embodiment, the

direction of the height is parallel to a normal of the respective electrical conductor.

Moreover with regards to the dimensions of the interconnecting electrical conductors, a
length of a plurality of such as each of the interconnecting electrical conductors in a direction
parallel to any of the abovementioned normals may be below 5 mm, such as below 4 mm,
such as below 3 mm, such as below 2 mm, such as below 1 mm, such as below 0.5 mm,

such as below 0.1 mm, such as in the range 0.1-2 mm.

Again with regards to the dimensions of the interconnecting electrical conductors, a width of
a plurality of such as each of the interconnecting electrical conductors may correspond to
100 percent of the width of one or more (such as all) of the photovoltaic modules, such as
90 percent of the width of one or more (such as all) of the photovoltaic modules, such as
80 percent of the width of one or more (such as all) of the photovoltaic modules, such as
70 percent of the width of one or more (such as all) of the photovoltaic modules, such as
60 percent of the width of one or more (such as all) of the photovoltaic modules, such as
50 percent of the width of one or more (such as all) of the photovoltaic modules, such as
40 percent of the width of one or more (such as all) of the photovoltaic modules, such as
30 percent of the width of one or more (such as all) of the photovoltaic modules, such as
20 percent of the width of one or more (such as all) of the photovoltaic modules, such as
10 percent of the width of one or more (such as all) of the photovoltaic modules.

Moreover with regards to the dimensions of the interconnecting electrical conductors, a
cross-sectional area of each of the interconnecting electrical conductors in a direction
transverse to a longitudinal direction of the interconnecting electrical conductor may be below
1 mm?, such as below 0.50 mm?, such as below 0.25 mm?, such as below 0.10 mm?, such as
below 0.05 mm?, such as below 0.04 mm?, such as below 0.03 mm?, such as below 0.02

mm?, such as below 0.01 mm?, such as below 0.001 mm?, such as below 0.0001 mm?

As mentioned above, the resistance of the interconnecting electrical conductors may be
higher when the photovoltaic cell units are coupled in electrical series. Thus in one
embodiment, the resistance of each of the interconnecting electrical conductors is above 0.25
ohms, such as above 0.50 ohms, such as above 0.75 ohms, such as above 1 ohm, such as
above 1.25 ohms, such as above 1.5 ohms, such as above 1.75 ohms, such as above 2.00
ohms, such as above 2.5 ohms, such as above 3.0, such as above 3.5 ohms, such as above
4.0 ohmes, such as above 4.5 ohms, such as above 5.0 ohms, such as above 6.0 ohms, such

as above 7.0 ohms, such as above 8 ohms, such as above 9 ohms, such as above 10 ohms.
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In one embodiment, the plurality of photovoltaic cell units comprises at least 10 photovoltaic
cell units, such as at least 100 photovoltaic cell units, such as at least 500 photovoltaic cell
units, such as at least 1,000 photovoltaic cell units, such as at least 5,000 photovoltaic cell
units, such as at least 10,000 photovoltaic cell units, such as at least 50,000 photovoltaic cell
units, such as at least 100,000 photovoltaic cell units, such as at least 1,000,000
photovoltaic cell units, such as at least 10,000,000 photovoltaic cell units, such as at least
100,000,000 photovoltaic cell units, such as at least 1,000,000,000 photovoltaic cell units.

In one embodiment, the plurality of photovoltaic cell units is capable of generating 10
Megavolts at the maximum power point, such as 100 Megavolts at the maximum power
point, such as 1 Gigavolts at the maximum power point, such as 10 Gigavolts at the
maximum power point, such as 100 Gigavolts at the maximum power point, such as 1
Teravolts at the maximum power point, such as 10 Teravolts at the maximum power point,
such as 100 Teravolts at the maximum power point, such as 1 Petavolts at the maximum
power point, such as 10 Petavolts at the maximum power point, such as 100 Petavolts at the

maximum power point.

In one embodiment, each photovoltaic cell unit is adapted to generate an electrical current
below 5 Ampere, such as below 4 Ampere, such as below 3 Ampere, such as below 2

Ampere, such as below 1 Ampere, such as below 750 mA, such as below 500 mA.

In one embodiment, each photovoltaic cell unit is adapted to generate an electrical potential
above 0.25 volts, such as above 0.30 volts, such as above 0.40 volts, such as above 0.50
volts, such as above 0.6 volts, such as above 0.7 volts, such as above 0.8 volts, such as
above 0.9 volts, such as above 1.0 volt. It will be appreciated that by arranging the
photovoltaic cell units in series, the electrical current generated will be small relative to the
electrical voltage generated. This is especially true when the number of photovoltaic cells in

each photovoltaic cell unit is small.

In one embodiment, a maximum voltage/current-ratio corresponding to:

- a maximum voltage which may be generated by means of the photovoltaic module,
divided by

— a maximum current which may be generated by means of the photovoltaic module,

is above 500 V/A, such as above 1000 V/A, such as above 5000 V/A, such as above 10000

V/A, such as above 50000 V/A, such as above 100000 V/A, such as above 500000 V/A, such
as above 1000000 V/A.
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In the context of the present invention, the term ‘maximum voltage which may be generated
by means of the photovoltaic module’ shall be understood as the maximum voltage which
may be generated independently of which current is generated at the same time.
Accordingly, the current may be zero when the maximum voltage is generated by means of
the photovoltaic module.

Similarly in the context of the present invention, the term ‘maximum current which may be
generated by means of the photovoltaic module’ shall be understood as the maximum
current which may be generated independently of which voltage is generated at the same
time. Accordingly, the voltage may be zero when the maximum current is generated by

means of the photovoltaic module.

In an alternative or supplement embodiment, the maximum power point voltage/current-

ratio corresponds to (at a maximum power point of the solar cell)

— avoltage at the maximum power point of the solar cell, divided by

— acurrent at the maximum power point of the solar cell,

is above 500 V/A, such as above 1000 V/A, such as above 5000 V/A, such as above 10000
V/A, such as above 50000 V/A, such as above 100000 V/A, such as above 500000 V/A, such
as above 1000000 V/A.

In the context of the present invention, the term ‘maximum power point’ shall be understood
as the point of a photovoltaic cell/unit/module, where the values of the current (I) and
Voltage (V) of the cell result in a maximum power output. These values correspond to a
particular load resistance, which is equal to V/I (as specified by Ohm's Law). The power P is
given by P=V*I. A photovoltaic cell has an approximately exponential relationship between
current and voltage. From basic circuit theory, the power delivered from or to a device is
optimized where the derivative dI/dV of the I-V curve is equal and opposite the I/V ratio
(where dP/dV=0).

In one embodiment, the number of photovoltaic cells per square meter is above 200, such as
above 300, such as above 400, such as above 500, such as above 1,000, such as above
1,500, such as above 2,000, such as above 2,500, such as above 3,000, such as above
3,500, such as above 4,000, such as above 5,000, such as above 6,000, such as above
7,000, such as above 8,000, such as above 9,000, such as above 10,000.
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In a third aspect the present invention relates to a method for manufacturing an organic
photovoltaic module having a total thickness below 500 pm on a carrier substrate comprising

a bendable foil, the method comprising the steps of:

- providing the foil as a roll of foil,

- printing a positive module terminal on the foil,

- printing a negative module terminal on the foil,

- printing a plurality of series connected photovoltaic cell units on the foil, each
photovoltaic module comprising one or more photovoltaic cells, the plurality of printed
photovoltaic cell units being electrically connected in series between the positive and the
negative module terminals such that any two neighbouring photovoltaic cell units are

electrically connected by a printed interconnecting electrical conductor, and

- roll up the foil having organic photovoltaic modules printed thereon so that the foil

forms a roll.

The above-mentioned definitions also apply in relation to the third aspect of the present
invention. It is advantageous of the method of the third aspect of the present invention that
all steps of manufacturing may be performed as part of a fully automated manufacturing
process requiring no hand-made or manual manufacturing processes. Thus, a roll of foil
enters one end of a production line whereas in the other end of the production line a
complete organic photovoltaic module is provided on another roll of foil.

EXAMPLES

In order to determine the effect of organic polymer-based solar cells being overshadowed
relative to conventional solar cells, the inventors have carried out several experiments, one

of which is disclosed below.

160 organic polymer solar cells provided on a polymer foil were illuminated under a uniform
source of light (1000 W m™, AM1.5G). The polymer solar cells comprised 10 photovoltaic cell
units each comprising 16 photovoltaic cells. As the 16 solar cells were also connected in

series, all 160 solar cells were electrically connected in series.
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The solar cell comprised a 130 micron thick polyester substrate carrying the solar cell with

the following device geometries.

In one example, the solar cell was comprised of 5 layers having a first electrode (ITO) an
electron transporting layer (ZnO) the active layer (P3HT:PCBM), a hole transport layer
(PEDOT:PSS) and a back electrode (screen printed silver). It is understood that ITO is the
transparent conductor indium-tin-oxide, ZnO is zinc oxide, P3HT is regioregular poly-3-
hexylthiophene and PCBM is phenyl-C61-butyric acid methyl ester transparent, PEDOT:PSS is
poly-3,4-ethylenedioxythiophene:polystyrenesulphonate and screen printed silver as a

printing formulation comprising metallic silver particles and a binding agent.

In another example similar devices were prepared without ITO and having a separate PEDOT:
PSS layer to replace ITO as the first electrode. The typical cell voltages were in the range of
0.45-0.55 V and typical current densities in the range of 4-9 mA cm™.

In all cases the devices were encapsulated using a transparent barrier foil for protection

against the mechanical stress and atmospheric components.

The solar cells were blocked at different degrees, and the effect on the output effect at the

maximum power point was measured. The results are shown in the below table.

If 1 percent of the solar cells were blocked, the output Pmpp was 0.89 compared to the
output Pmpp when no solar cells were blocked. This is equivalent to a drop in the effect at

the maximum power point of 11%.

Similarly, the drop in Pmpp was 36 percent when 5 percent of the cells were blocked, and 57

percent when 10 percent of the cells were blocked etc.

Had the solar cells - in contrast - been conventional solar cells, the drop in Pmpp had been
100 percent, if just one of the solar cells had been overshadowed. Accordingly, the use of
foil-based solar cells (which are arranged in electrical series) results in generation of

electrical energy even if some of the solar cells are blocked or overshadowed.
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Blocked | Impp | Vmpp | Pmpp | Pmpp loss | Std(Pmpp) %

0% 1 1 1.00 0% 0

1% 0.93 | 0.96 | 0.89 11% 0.39
5% 0.80 | 0.81 | 0.64 36% 0.95
10% 0.61 | 0.71 0.43 57% 1.05
15% 0.46 | 0.65 | 0.30 70% 1.00
20% 0.35 | 0.61 0.21 79% 1.07
25% 0.28 | 0.57 | 0.16 84% 1.05

BRIEF DESCRIPTION OF THE DRAWINGS

The invention will now be described in further details with reference to the accompanying

figures, wherein

Fig. 1 shows a photovoltaic module comprising photovoltaic cells which are arranged in

series,

Fig. 2 shows an electrical diagram of a photovoltaic module according to the present

invention,

Fig. 3 shows IV-curves for crystalline-Si based solar cells,

Fig. 4 is a close-up of Fig. 3, and

Fig. 5 shows IV-curves for polymer-based solar cells.

While the invention is susceptible to various modifications and alternative forms, specific

embodiments have been shown by way of examples in the drawings and will be described in

detail herein. It should be understood, however, that the invention is not intended to be
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limited to the particular forms disclosed. Rather, the invention is to cover all modifications,
equivalents, and alternatives falling within the spirit and scope of the invention as defined by

the appended claims.
DETAILED DESCRIPTION OF THE INVENTION

In its most general aspect the present invention relates to a foil-based photovoltaic module
comprising a large number of series connected photovoltaic cells. The photovoltaic cells may
advantageously be arranged in photovoltaic cell units. Typically, a photovoltaic installation
comprising foil-based photovoltaic modules of the present invention will cover ground areas

of several hundreds, or even several thousands, square meters.

Fig. 1 shows a polymer-based photovoltaic module 100 comprising a carrier element 101 in
the form of an organic polymer foil. On the carrier element is provided a plurality of
photovoltaic cell units 102. Each photovoltaic cell unit comprises 16 photovoltaic cells 103
which are electrically connected in series. Moreover, the units are also electrically connected
in series. In order to do this, each unit 102 comprises an end-photovoltaic cell 104 which is
designed such that a part of it extends between the respective two photovoltaic cells.
Although not visible in the figure, it will be appreciated that an interconnecting electrical
conductor is provided between each of the photovoltaic cells which are electrically connected
to each other. In the figure, these interconnecting electrical conductors are provided in the

thin white spaces between the photo voltaic cells 103.

In Fig. 1, eight photovoltaic cells are provided, however due to the design of the solar cell, an
unlimited number of photovoltaic cells may be provided as is indicated by infinity signs 106.
Due to the topography of the photovoltaic module, it may be manufactured in an endless
manner such that a user may simply cut the solar cell at a desired length and use the end
cell as the positive module terminal 108 and as the negative module terminal 110.

Fig. 2 shows an electrical diagram representing the polymer-based organic solar cell where N
photovoltaic cells are connected in series. Electrically each photovoltaic cell may be modeled
by a photocurrent generator I, 112%*-N 3 diode 114'?*-" described by the Shockley diode
equation in parallel with a shunt resistance Rp"**-" 116>%*-N and with a series resistance

1,2,3,.N 1,2,3,..N
Rs"' 118*42-N,

For a set of series connected solar cells, each cell experiences a voltage drop. The voltage of
the full set of solar cells is the sum of the voltage drops over each cell when the same current
flows through the cell.
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Figs. 3 and 4 show the IV-curves for a set of photovoltaic cells which are connected in
electrical series. The x-axis corresponds to the current generated by the solar cell, and the y-

axis corresponds to the voltage generated.

The figures are based on a model comprising 160 photovoltaic crystalline-Si based solar cells.
The figure comprises two graphs a full curve and a dash-dotted curve. The full curve 120
corresponds to all 160 photovoltaic cells functioning and, thus, illustrates a conventional IV-
curve for a solar cell. The dash-dotted curve 122 illustrates one of the 160 photovoltaic cells
being blocked. It will be appreciated from the figure, that in the latter case, substantially no
photo current is generated, as the current (Isc) is decreased from approximately 4A to 2 mA

when one cell is blocked. Fig. 4 is a close up of Fig. 3.

Fig. 5 illustrates the same setup, however with the difference that the solar cells are not
crystalline-Si based solar cells but instead polymer-based solar cells. In Fig. 5, the

parameters the photovoltaic cells vary up to 10 for each individual cell.

It will be appreciated, that the full curve 124 and the dash-dotted curve 126 coincide, which
illustrates that even if one of the 160 photovoltaic cells is blocked, electrical effect is still

generated.

In conclusion it will be realized that an advantage of the crystalline-Si based solar cells is
their efficiency, which contrary to polymer-based solar cells is much higher. However, if only

one of the photovoltaic cells is blocked, substantially no electrical power is generated.

Contrary hereto, the efficiency of organic solar cells is much lower, however this less efficient
solar cells will still generate electricity, if the one or more of the solar cells is/are

overshadowed.
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CLAIMS

1. A photovoltaic module comprising a carrier substrate, said carrier substrate carrying a
purely printed structure comprising:

- a printed positive module terminal,

- a printed negative module terminal, and

- a plurality of printed photovoltaic cell units each comprising one or more printed
photovoltaic cells, wherein the plurality of printed photovoltaic cell units are electrically
connected in series between the positive and the negative module terminals such that any
two neighbouring photovoltaic cell units are electrically connected by a printed

interconnecting electrical conductor,

wherein the carrier substrate comprises a foil and wherein the total thickness of the
photovoltaic module is below 500 pm and wherein the nominal voltage level between the

positive and the negative terminals is at least 5 kV DC.

2. A photovoltaic module according to claim 1, wherein the plurality of printed photovoltaic
cell units each comprises a plurality of series connected printed photovoltaic cells.

3. A photovoltaic module according to claim 1, wherein the plurality of printed photovoltaic
cell units each comprises a single printed photovoltaic cell.

4. A photovoltaic module according to any of claims 1-3, wherein the nominal voltage level
between the positive and the negative terminals is at least 6 kV DC, such as at least 8 kV DC,
such as at least 10 kV DC.

5. A photovoltaic module according to any of claims 1-4, wherein the number of series
connected and printed photovoltaic cells is at least 5000 cells, such as at least 10000 cells,
such as at least 15000 cells, such as at least 20000 cells.

6. A photovoltaic module according to any of claims 1-5, wherein the area of the module is at
least 50 m?, such as at least 100 m?, such as at least 150 m?, such as at least 200 m?, such
as at least 250 m?.
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7. A photovoltaic module according to any of claims 1-6, wherein the photovoltaic module

forms a structure that may be rolled up to form a roll.

8. A photovoltaic module according to any of claims 1-7, wherein the foil is made of a
bendable material and has a bend radius below 50 mm.

9. A photovoltaic module according to any of claims 1-8, wherein the photovoltaic module is

an organic photovoltaic module.

10. A photovoltaic module according to any of claims 1-9, wherein a height of each of the
printed interconnecting electrical conductors, in a direction parallel to a normal of the foil, is

below 100 pm.

11. A photovoltaic module according to any of claims 1-10, wherein a cross-sectional area of
each of the printed interconnecting electrical conductors in a plane transverse to a

longitudinal direction of the printed interconnecting electrical conductor is below 0.05 mm?.

12. A photovoltaic module according to any of claims 1-11, wherein the resistance of each of

the printed interconnecting electrical conductors is above 1 ohm.

13. A photovoltaic module according to any of claims 1-12, wherein the number of
photovoltaic cells per square meter is above 500.

14. A method for manufacturing an organic photovoltaic module having a total thickness
below 500 pm on a carrier substrate comprising a bendable foil, the method comprising the

steps of:
- providing the foil as a roll of foil,
- printing a positive module terminal on the foil,
- printing a negative module terminal on the foil,
- printing a plurality of series connected photovoltaic cell units on the foil, each
photovoltaic module comprising one or more photovoltaic cells, the plurality of printed
photovoltaic cell units being electrically connected in series between the positive and the

negative module terminals such that any two neighbouring photovoltaic cell units are

electrically connected by a printed interconnecting electrical conductor, and
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- roll up the foil having organic photovoltaic modules printed thereon so that the foil

forms a roll.
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