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Abstract

In the manufacturing of photovoltaic (PV) modules, the lamination process

can take up to 20min to complete. In this work, new lamination processes are

being developed, and have been prototyped, which hope to be able to cut this

time down to as little as 30 s. This could provide significant savings in the cost

of lamination equipment, floor space, and energy. PV modules are expected to

have a lifespan exceeding 20 to 30 years. For moisture‐sensitive PV

technologies, the edge seal between the two layers of glass can be the weakest

point of its reliability. There is an inherent challenge when evaluating edge

seal materials due to their low permeation rates. As part of Colorado State

University's Photovoltaic Research and Development 2, work at the National

Renewable Energy Laboratory has developed models to evaluate edge seal

configurations in glass‐glass PV modules. Here, this new manufacturing

process is evaluated for long‐term moisture durability. Different edge seal

design options within glass–glass PV modules are explored. Most of these

designs are targeting a superstrate on glass configuration, e.g CdTe, but some

designs could be used on conventional crystalline Si cells. Using COMSOL

finite element simulation software, we investigated the edge seal and

interlayer design configurations containing silicone perimeter edge adhesive,

desiccated polyisobutylene‐based edge seal, air, and polyolefin while integrat-

ing climate conditions equivalent to a hot and humid environment such as

Miami, Florida. We found optimized configurations that will allow the module

to prevent moisture ingress over 50 years minimizing the amount of time and

material used while utilizing polymers that are easily dispensed.
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1 | INTRODUCTION

In the manufacturing of photovoltaic (PV) modules, one
of the last steps is the vacuum lamination process.
Typically, this process takes about 8 min to 12min1 and
is primarily limited by the time it takes to heat up the
module to temperatures above about 135°C, where the
peroxide curing agent, tert‐butylperoxy 2‐ethylhexyl
carbonate, can be substantially decomposed to provide
adequate crosslinking of the encapsulant. Because of the
potential to create other problems caused by excessive
heat, one cannot simply use a laminator bed with a
higher temperature.

To overcome this issue, institutions such as Abound
Solar,2,3 Apollon Solar,4–7 and the Next Generation
Photovoltaic Center at Colorado State University8,9 have
developed significantly faster lamination processes that
do not use vacuum lamination. Instead, these processes
use various forms of atmospheric pressure lamination
with two glass plates using an edge seal/adhesive around
the perimeter and various attachment adhesives in the
center area.

These methods result in air gaps which when using
crystalline Si cells create two additional air‐to‐solid
material interfaces with higher reflectivity. This has
been addressed by Apollon Solar through the use of
specialized antireflective coatings.7 But for superstrate
thin films, such as CdTe, this optical coupling is not a
concern. Additionally, the presence of an air gap does
reduce heat transfer. However, the primary resistance to
heat transfer is the convective transfer to the environ-
ment such that the average effect is less than about 0.5°C
when modules are operating at 15°C to 20°C above
ambient.3

In this work, the silicone polymeric adhesives are
dispensed at room temperature, but the polyisobutylene
(PIB) edge seal or the encapsulant is dispensed at
temperatures high enough to be well past melting
transitions where the viscosity is sufficiently low.
Because the glass is not heated up to the cure
temperature, the limitation to processing speed is
determined by the mechanical speed and number of
extrusion heads. Depending on the specifics of the
process, this can result in processing times as low as
30 s and/or reductions in floor space by up to a factor of
five,4 along with a significant reduction in capital
expenditures.

PV devices are exposed to a variety of climates and
weather conditions and are intended to last for at least
the typical warranty period of 25 or more years.10,11 In
particular, many thin film materials have higher relative
sensitivities to moisture than do crystalline Si technolo-
gies.12–19 In glass–glass modules, a key factor for the life

expectancy is dependent on its ability to reduce the
moisture absorbed through its edges.20 Reduction of
moisture ingress through the internal components is
dependent on the edge seal composition, amount of
desiccant, and the width of each component layer. In
particular, PIB‐based materials have proven to be
extremely effective at preventing moisture ingress.18,21–23

This investigation focuses on the glass–glass edge seal
configurations with two variations within the interlayer:
discrete interlayer components and a fully covered
interlayer. Both interlayer options present unique fea-
tures that can be beneficial when reducing moisture.
These designs are suitable for thin film superstrate
configurations, but some are also suitable for crystalline
Si or for substrate‐based thin film designs such as a
copper indium gallium selenide (CIGS) device.

2 | EXPERIMENTAL METHODS

2.1 | Diffusivity and solubility
measurement

Determining how long it takes for water to enter a
module requires knowledge of the diffusivity and
solubility of the packaging materials. Films of a black
oxime condensation cure polydimethyl siloxane (PDMS)
adhesive (Tosan 1527) were made by placing it between
two release liners and two rigid plates with spacers
between the release liners to control the thickness at 1.1,
3.1, and 4.8 mm. This was left for a few weeks to make
sure moisture could permeate the package to cure the
material before removing the release liners. A film of
Helioseal 107 was made by pressing it in a heated press at
140°C to thicknesses of 0.9 and 1.5 mm. These films were
cut into 12‐cm‐diameter films to allow the transient
water vapor transmission rate (WVTR) to be measured
using a Mocon Permatran‐W 3/31 instrument. For the
silicone, thick films were necessitated by the high
diffusivity, which, for the 50‐cm2 cross‐sectional area of
the Mocon test cell and a flow of 200 SCCM of nitrogen,
was sometimes above the operational range of the
instrument (0.07–200 g/m2/day). The Mocon was also
equipped with a remote test cell inside of an ESPEC
(Model SH‐641) environmental chamber that allowed
temperatures between 10°C and 85°C to be reached at 0%
to 100% relative humidity (RH).

The transient WVTR was measured by first drying the
films in the Mocon test cell by blowing dry nitrogen
separately over the top and bottom of the film until
moisture was no longer detected. Then, liquid water was
injected into the bottom chamber. Alternatively, the
humidity was introduced by placing the sample in the
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humidity‐controlled ESPEC chamber and humidified air
was pulled in by pulling out air with a pump. This allows
the transient WVTR to be measured, Figure 1. There is
also a small ~80 s instrumental lag requiring the data to
be shifted accordingly. Assuming Fickian diffusivity (i.e.,
diffusivity is independent of concentration), and no
absorption of water on filler particles, the transient
WVTR can be described by





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where D is diffusivity, Cs is saturation concentration, t is
time, and l is sample thickness.24 The diffusivity is first
determined by the time required to reach a steady state,
after which the water saturation concentration is
determined by the steady‐state WVTR for a Fickian
material.

For both the silicone and the PIB, the transient
WVTR curve could not fit well with the measured data.
The setup we used should be able to produce a curve that
matches the predicted curve, Equation (1), within ±5% as
shown in Figure 1. While neither of these materials has
desiccant intentionally added to it for the purpose of
slowing water ingress, they both demonstrate a behavior
that can be interpreted as an adsorbing desiccant. That is,
the initial lag time is too long considering the abruptness
with which water approaches the steady‐state value. Both
materials have filler materials added to them to modify

the rheological properties to aid in processing them and
for the intended application. These inorganic fillers can
absorb water on the surface, but in a reversible manner.
To model the adsorption, we chose to use a Langmuir
isotherm
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which models the absorption capability of the particle
surface as having a limited total surface area and holding
capacity, K1, and a factor, K2, accounting for the ability to
reach saturation as a function of the absorbed water
concentration in the polymer matrix, C.

With the use of the Langmuir isotherm, we do not
have a simple analytical solution for the transient WVTR.
Therefore, a visual basic program was made to calculate a
numerical solution with the assumption of Fickian
diffusion in the polymer (Figure 1). A one‐dimensional
model was used with water divided between an
immobilized fraction and a mobile fraction at each node.
The mobile fraction diffuses at each time step in
accordance with Fick's law and the immobile fraction
is equilibrated according to Equation (2) at the end of
each time step. For each material, the value of K1 was
fixed for all temperatures and RH settings. This is in
effect assuming that the effective area for moisture
absorption is constant. Then, K2 is determined at each
temperature quantifying the affinity for the absorption
sites as a function of temperature. In total, there are four
fitting parameters for each material measurement, K1 for
all temperatures and humidities, and a value of K2, D,
and S for each temperature/humidity measurement. The
diffusivity, solubility, and K2 results for Helioseal 107 are
shown in Figures 2 and 3 respectively.

For both the Helioseal 107 and Tonsan 1527
materials, measurements were made as a function of
temperature at 100% RH. A lower humidity measure-
ment of 50% RH was also made at 85°C. For the purposes
of modeling, the solubility, C, was assumed to be a linear

FIGURE 1 Sample water vapor transmission rate (WVTR)
measurement was used to measure diffusivity. Helioseal 107
polyisobutylene (PIB). T= 30°C; 0.9 mm thick. The blue line was
calculated using Equation (1). The red line was calculated using a
numerical solution with a Langmuir absorption isotherm, Equation
(2), which models the absorption capability of the particle surface
as having a limited total surface area and holding capacity, K1, and
a factor, K2, accounting for the ability to reach saturation as a
function of the absorbed water concentration C. The black band
represents an uncertainty equal to ±5% of the steady state WVTR as
a reasonable fit criterion.

FIGURE 2 Diffusivity and solubility results for Helioseal 107.
For the 85°C data, the 50% relative humidity (RH) solubility data
were doubled to make them equivalent to the 100% RH data point.
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function of humidity with an Arrhenius dependence on
temperature, T, as

C RH C e= × ,
Ea
RT0

− S (3)

where C0 is a prefactor with units of g/cm3, EaS is the
solubility activation energy, R is the universal gas constant,
and RH is expressed as a fractional value. Here, water is
assumed to be in equilibrium between two states, one
immobilized and adsorbed on the surface of filler materials,
and the other free to diffuse throughout the material. The
value of C in Equation (3) only refers to water in the mobile
phase. In this model, we are ignoring the fact that diffusion
cannot happen through the filler particles, which means
that the diffusion constant, D, is an effective diffusion
constant. We also assume that diffusivity conforms to an
Arrhenius thermal acceleration according to

D D e= ,
Ea
RT0

− D (4)

where D0 is a prefactor with units of cm2/s and EaD is the
activation energy for diffusion. Similarly, the Langmuir
equilibrium constant, K2, is thermally activated and was
similarly modeled using an Arrhenius function

K K e= ,
Ea
RT2 20

− K2 (5)

where K20 is the Arrhenius prefactor and EaK2 is the
activation energy for the Langmuir equilibrium constant.
The Arrhenius fit parameters and K1 are provided in Table 1.

Some of the models use a desiccated PIB model for
which the modeling parameters were obtained from
Kempe et al.22 and are indicated in Table 1. Other models
utilized small air gaps for which the diffusivity and vapor
concentration parameters were obtained from an Ar-
rhenius fit utilizing a data set between 0°C and 100°C.

Some of the models utilize an interlayer polyolefin
material which has not been selected yet. Therefore, we
developed generic parameters based on typical values for
permeation parameters of polyolefin encapsulants used in
the PV industry. This other data set had values of 44.3 ± 3.8
and 23.2 ± 5.8 kJ/mol for the activation energy of diffusivity
and solubility from which rounded‐off values of 45 and
25 kJ/mol were chosen, respectively. Next, the Arrhenius
prefactors were adjusted to yield typical values at 25°C for
diffusivity and solubility. Not having precise values for this
material does introduce some uncertainty in the correlation
of the models to an actual module. It should be remembered
that these materials are subject to being substituted for
others in the future. The material model parameters in
Table 1 are more accurately regarded in the context of this
paper as representative values for these parameters.

FIGURE 3 Langmuir constant, K2, as a function of inverse
temperature for Helioseal 107.

TABLE 1 Values for water permeation parameters in various mediums.

Silicone
adhesive (aka,
Tonsan 1527)

PIB edge
seal (aka,
Helioseal 107)

Desiccated
PIB edge
seal22 Air

Interlayer PO
material
(estimated typical)

Diffusivity parameters EaD (kJ/mol) 30.3 67.6 54.8 6.66 45

D0 (cm
2/s) 0.269 2360 17 3.52 36.8

D at 45°C (cm2/s) 2.84 × 10⁻⁶ 1.85 × 10⁻⁸ 4.66 × 10⁻⁸ 0.284 1.50 × 10⁻⁶

Solubility parameters EaS (kJ/mol) 8.22 −2.49 5 40.4 25

C0 (g/cm
3) 0.0918 0.00131 0.0326 278 5.10

C at 45°C and 25%
RH (g/cm3)

0.00103 0.000839 0.000632 0.0000159 0.000100

Langmuir constant EaK2 (kJ/mol) 21.6 −25.0

K20 (cm
3/g) 161,000 0.00183

Maximum immobilized
water

K1 (g/cm³) 0.00065 0.00030 0.032

Abbreviation: PIB, polyisobutylene; PO, polyolefin; RH, relative humidity.

KEMPE ET AL. | 2317
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3 | FINITE ELEMENT MODELING

We simulated 10 module designs, fabricated from two types
of interlayers: Figure 4A,B, the discrete interlayer, and
Figure 4C, the fully covered interlayer. The discrete
interlayer internal area is comprised of 6‐mm‐wide ribbing,
each 100 cm in length, with air in between the spaces. The
ribbing is in some cases composed of desiccant‐filled
material. Because of the very high diffusivity of water in
air, moisture is absorbed nearly equally by any strip of
material in the gap. With ribbing, we are reducing the
amount of material used, thus lowering the material cost
reducing the time and equipment costs associated with the
application of the interlayer. The ribbing is very quickly
extruded through a nozzle at high temperatures to facilitate
good adhesion without the requirement of fully heating up
the glass plate. This design uses precise control over
material volume and the material is easily pressed to the
desired thickness.

Unlike the discrete interlayer, the full interlayer
completely covers the internal module layer (Figure 4C).
With the whole back area filled, there is a small
improvement in thermal performance dropping the cell
temperature by between 0.5°C and 1°C.3 The intent is to
apply the layer by direct extrusion onto the plate bypassing
the step of forming a separate film to be used in a vacuum
lamination process. This would significantly reduce the
amount of time and capital equipment necessary to
assemble this type of module providing a large reduction
in module assembly‐related costs.

While the initial development of this novel design was
for CdTe‐based devices,2,3,8,9 the use of a fully filled
interlayer can enable the use of crystalline Si‐based cells
but the difficulties associated with applying Si cell strings
without significant cell cracking have not yet been
developed. The reflection at interfaces will affect the
performance by reducing transmitted light by about 8% just
over the effective area of the bubbles. This sort of concept
has been explored in the past by Evergreen solar,25 and by
Dow Corning with PDMS gels.26–30 PDMS and some of the
materials used by Evergreen suffer from being inherently
more expensive than polyolefinic encapsulants, but the
reduced capex and cycle time may compensate for this
shortcoming while providing for a low viscosity material
that would not damage the crystalline Si cells when applied.

Both types of interlayer models are enclosed with
6mm silicone and 6mm PIB around the perimeter. The
presence of a quaternary carbon in the PIB backbone‐
stabilizes tertiary carbon radicals, making the polymer
highly prone to chain scission, limiting the options for
crosslinking chemistry. Consequently, PIBs tend to
experience a reduction in molecular weight as they age.
Because of this, the sparsely crosslinking, or uncros-
slinked, PIBs used in PV applications will typically fail
cohesively at very low values making them not useful to
be relied upon for mechanical strength.31,32 To overcome
this concern, the silicone perimeter layer is used to
provide mechanical integrity. Here, it should be noted
that the shear forces on a glass/glass construction PV
module are small enough that even when an EVA is

FIGURE 4 Schematic drawing of two types of designs. Comparison of the humidity over time was made for each model at the point
located at a 300mm from the top, and 150mm from the side, indicated by the red dot, see Figure 15. (A) Full module construction. (B)
Model #1 design with a discrete interlayer. Modeled quadrant only. (C) Model #9 with a filled interlayer. Modeled quadrant only.

2318 | KEMPE ET AL.

 20500505, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ese3.1455 by N

ational R
enew

able E
nergy L

ab, W
iley O

nline L
ibrary on [13/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



formulated without a crosslinker and no frame is used,
very little creep is observed.33,34 Just a small amount of
durable silicone on the perimeter, especially when used
in conjunction with a frame, is expected to be sufficient
to prevent creep in the polymer interlayer.

The simplified schematics of the 10 designs are
shown below giving detail into the nature of the
perimeter region, Table 2. For the interior, the interlayer
models are shown in Figure 4. For the ribbing‐containing
models, either 6 lines are used as shown in Figure 4, or
11 similar lines with additional ribs placed between the
existing ribs. The development of the processes to do the
actual module assembly will be published elsewhere.

The moisture ingress through the edge of the module
was simulated using COMSOL 5.4 with the Transport of
Diluted Species module. The COMSOL model was
developed from a non‐Fickian Excel model35 for the
purpose of determining moisture ingress lifetime ex-
pectancy of new edge seal fast lamination application
process for glass‐to‐glass modules. This COMSOL model
is used to compute the diffusion and concentration
through the two‐dimensional (2D) interface in the PV
module. The geometry is taken from a quarter section of

a 600mm× 1200mm glass/glass module as shown for
Models #1 and #9 in Figure 4. The modules are assumed
to be initially completely dry so that moisture diffuses
from the exterior edges of the silicone, to the PIB edge
seal, and into the interlayer. Due to the impermeability of
the glass, a 2D model can be assumed for all but
Model #9.

The outer exterior edge interface of the 2D model was
assumed to be at equilibrium with both the temperature
and RH of the exterior environment. The COMSOL
program was designed to import temperature and RH
data from a *.txt file to run the external equilibrium
calculations and to estimate the permeation parameters.
The solutions were generated with a time‐dependent
study ranging from 25 to 50 years with a 1‐year step for
data output. However, in the context of this work, a
constant steady state value of 45°C and 25% RH was
used. In previous work by Kempe et al.,22 it was found
that the moisture ingress characteristics of PIB‐based
edge seals in Miami, Florida can be approximated by this
condition. This approximation was taken because it is
slightly easier and is equivalent. Because the time scale
for ingress is many years, the detailed actual

TABLE 2 Design schematics for modules.

No. Module schematic Module construction description

1 PDMS and PIB 101 edge seal with six 100‐cm‐long and 6‐mm‐wide PIB 101 strips
evenly space between the long sides of the module.

2 PDMS and PIB 101 edge seal with six 100‐cm PO strips desiccated with 0.001 g/cm3

evenly space between the long sides of the module.

3 PDMS and PIB 101 edge seal with six 100‐cm PO strips desiccated with 0.032 g/cm3

evenly space between the long sides of the module.

4 PDMS and PIB 101 edge seal with eleven 100‐cm PIB strips evenly space between
the long sides of the module.

5 PDMS and PIB 101 edge seal with a 2‐mm air gap and PO without desiccant in the
interlayer.

6 PDMS and PIB 101 edge seal with a 2‐mm air gap and PO with 0.0001 g/cm3

desiccant on the interlayer.

7 PDMS and PIB 101 edge seal with a 2‐mm air gap and PO with 0.001 g/cm3

desiccant on the interlayer.

8 PDMS and PIB 107 edge seal with a 2‐mm air gap and PO without desiccant on the
interlayer.

9 PDMS and PIB 107 edge seal with a 2‐cm band of desiccated adhesive with an air
gap on top. Model as air with 1/2 the solubility and with desiccant able to
absorb 0.05 g/cm3.

10 PDMS and PIB 101 edge seal with six 100‐cm‐long and 6‐mm‐wide PIB 101 strips
evenly space between the long sides of the module. A J‐box hole opening was
included on the interlayer.

Abbreviations: PDMS, polydimethyl siloxane; PIB, polyisobutylene.
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meteorological data would only serve to put yearly
fluctuations on top of the output plots in this work.

The values for the external equilibrium constants and
for the permeability constants were obtained using the
values in Table 1 with the associated equations. For the
silicone and for PIB 107, the reversible equilibration
between the adsorbed and immobilized water was
modeled with the transport of diluted species interface.
The initial conditions were set at the silicone‐to‐air
boundary, surrounding the edge of the PV module. The
outside perimeter conditions were derived from the
equilibrium concentration in Equation (3), which is a
function of the temperature and humidity. The right and
bottom edges of the model in Figure 4 are symmetrical
and can thus be modeled as a no‐flux boundary.

Within most materials, water is modeled as existing
in two states, a mobile and an immobilized state. This
was modeled as two separate species in the same
material with reactions enabling the conversion from
one water species to another.

For reactive, irreversible species, this was accom-
plished as a series of if‐then statements. Because time
steps are discrete and the fact that a reaction rate, not net
mass transfer, must be specified, there is the possibility
for this to overload the irreversible desiccant. To fix this,
the if‐then statements allowed for reverse “reactions”
when the desiccant was overloaded.

For the Langmuir‐modeled desiccants, the reaction
between the two modeled water species was modeled as a
reaction rate proportional to the difference in equilibrium
between the two states. This will allow for moisture to move
back and forth between adsorbed and mobile water, always
heading toward equilibrium.

At the interfaces between materials, it is the chemical
potential of water that is constant, not the concentration.
This can also be represented by the RH of water in the two
mediums. At interfaces, the mass flux of water must also be
conserved. This is handled by an inward flux (jc1) boundary
condition in domain 1 for the first material at concentra-
tion (C1)







j M C

C

C
C= − ,c1 1

1,sat

2,sat
2 (6)

and in domain 2 of the second material with a flux (jc2)
and concentration (C1) given by







j M

C

C
C C= − ,c2

1,sat

2,sat
2 1 (7)

where M is a mass transfer coefficient with units of [m/s],
and C1,sat and C2,sat are the saturation of water in domains 1
and 2, respectively at 100% RH. A value of M=1m/s was

used. These equations do not explicitly keep the concentra-
tion at the correct value but instead force a conservation of
mass while forcing the concentration to be continually
moving toward the correct equilibrium point.

4 | MODELING RESULTS

4.1 | Model #1

This model design is shown in detail in Figure 4B and is
very similar to the construction Abound Solar used for their
CdTe modules with 6mm of silicone and 6mm of desiccant
containing edge seal at the perimeter,2,3 but with fewer ribs
placed in the center area of the module. Figure 5A,B shows
us the model results for the mobile water concentration, in
g/cm3, on a line from the edge of the module toward the
center. The moisture profile in the silicone (outer 6mm
perimeter) is nearly flat because its diffusivity is so high
relative to PIB 101. Then, at the silicone to PIB 101 interface,
there is a discontinuity in the mobile water concentration
because it is the chemical potential of water in the polymer
that is constant across a membrane, not the concentration.
The diffusivity in PIB 101 is so small that almost all the
concentration drop occurs here. Conversely, in air, the
diffusivity is orders of magnitude higher than that in
silicone, creating a concentration gradient in the air that is
nearly flat (Figure 5D). Even in the center of the module
where the total diffusion length is around a meter as
opposed to a few centimeters, the moisture concentration in
the air is essentially the same everywhere. This can be
understood in the context that the characteristic equilibra-
tion time (τ) is related to diffusivity by the square of the
characteristic distance (Xc) as

τ
X

D
= ,c

2

(8)

As shown in Table 1, the diffusivity in air is ~10⁷ times
higher than that in PIB such that the factor ~1002 = 104

attributable to the longer distance is irrelevant and the
concentration in the air is essentially always at equili-
brium on the relevant timescales of this model.

After the moisture diffuses through the silicon, in a
matter of minutes, it then takes approximately 10 years to
get through the PIB 101 edge seal where it can diffuse
laterally in the 2D plane to the desiccated strips. The
solubility of mobile water in the PIB is greater than its
concentration in air at the same RH creating a
discontinuous increase in concentration going from air
to PIB. Because water is immobilized by the desiccant of
the PIB, it must first consume the desiccant at the
perimeter of the strips. Therefore, water is only present at
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the sides of the ribbing producing spikes in the
concentration at 50 mm, 150 mm, and 250mm distances.
The spikes are nearly triangular in shape as the
concentration goes from an increasing equilibrium value
with the air down to zero at the point where there is
unreacted desiccant. This profile is nearly a straight line
because the concentration of mobile water in the PIB at
25% RH is 26× lower than immobilized water
(Figure 5B). Furthermore, at its maximum, the RH in
the air gap only reaches ~1.8%, making this ratio always
higher than about 360×. This means that the front for the
unreacted desiccant moves extremely slowly and is well
approximated by a quasi‐steady state solution.

The profile for absorbed, immobilized moisture is a
progression of widening squared peaks instead of
triangular spikes (Figure 5C). In the PDMS perimeter,
the amount of absorbed moisture is so much smaller
than in PIB 101 that it is not visible in the plot. This
profile first progresses through the perimeter PIB till it
reaches the air space, and then begins to progress
through the PIB ribbing. This is because there is

essentially a front with unreacted desiccant on one side
and consumed desiccant on the other side. The inability
of water to reach the center of the strips is due to the low
diffusivity of the PIB. A higher diffusivity is desirable in a
matrix containing desiccant that is intended to be
consumed over its lifetime.

The profile for the evolution of the RH follows a
much more intuitive progression (Figure 5D), mono-
tonically decreasing till it reaches the center of the
ribbing. While this design (Model #1) does signifi-
cantly lower the RH in the module, there is still ~1.8%
RH expected to be present at the end of life of the
module, which, depending on the technology, may
affect its performance.

4.2 | Model #2

To overcome the inability of the desiccant to be fully
utilized in the ribbing, this model utilizes a PO matrix
with a much higher, ~32×, diffusivity than PIB 101.

FIGURE 5 Model option #1, the discrete interlayer is as shown in Figure 4B, but the concentration is plotted up to the 300 mm distance
from the edge of the module to the center starting at a midpoint on the longer edge. (A) Mobile water concentration. (B) Close‐up plot of
water concentration. (C) Absorbed moisture profile. (D) Relative humidity profile. The legend in (D) shows the line color that corresponds to
the year in the simulation.
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This model has enough desiccant to absorb 0.001 g/cm3

as compared to 0.032 g/cm3 in PIB 101. In this case,
the moisture is easily able to get into the ribbing
keeping the RH in the air gap extremely low up
through year 18 when the desiccant is spent, and
the humidity rises very rapidly. Because there is a
10‐year lag for water to get past the PIB 101 perimeter,
the amount of desiccant in the PO is essentially
capable of creating an ~8‐year delay. A doubling of
the amount of desiccant should bring the time for the
desiccant to be spent to approximately 25 years.
The complexity of this finite element modeling is not
needed to estimate how much desiccant is needed at a
minimum. One can estimate a lag time and a steady
state permeation rate through the perimeter PIB based
on its geometry, and from there it is just a matter of
calculating a total amount of desiccant in the center to
absorb all the moisture for a given amount of time
(Figure 6).

4.3 | Model #3

Model #3 is similar to Model #2, but with the
desiccant loading in the PO set at 0.032 g/cm3 as is
present in PIB 101. Or this is equivalent to Model #1
but with the ribbing matrix as a PO as opposed to a
PIB. Here, it takes about 45 years for the ribs to
become saturated. When compared to Model #1, the
RH of the air is much lower, demonstrating the need
to have a high diffusivity matrix holding the desiccant
enabling it to be more easily utilized when its function
is to absorb moisture in the package as opposed to
blocking entry (Figure 7).

4.4 | Model #4

In this model, the number of ribs in the center area is
increased from 6 (in Model #1) to 11, which more closely
replicates the design used for Abound Solar modules.2,3

The intent is to see what the addition of more PIB ribbing
can do. This change decreased the 25‐year RH in the air
from 1.45% down to 0.48%. This happens because the
amount of perimeter area of the ribbing is doubled, but
essentially the same amount of water diffuses in from the
sides. This decreases the width of the spent desiccant in
the ribbing by about a factor of two which effectively
doubles the concentration gradient (or driving force for

FIGURE 6 Model option #2, the discrete interlayer is as shown in Figure 4B, but with a PO matrix with 0.001 g/cm3, the concentration
is plotted from the edge of the module to the center starting at a midpoint on the longer edge. (A) Concentration profile of mobile moisture.
(B) Relative humidity (RH) profile, the legend in (B) shows the line color that corresponds to the year in the simulation.

FIGURE 7 Model option #3, the discrete interlayer is as shown
in Figure 4B, but with a PO matrix with 0.032 g/cm3. The relative
humidity is plotted from the edge of the module to the center
starting at a midpoint on the longer edge over the course of 25
years.
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diffusion) by a factor of two for the same concentration in
the air. If the perimeter is doubled and the diffusion
length is decreased by a factor of two, the ability of the
ribs to absorb water is increased by a factor of 4, which
decreases the necessary humidity in the air gap by a
factor of 4. Thus, the humidity in the air gap (RHair)
varies inversely as approximately the square of the
ribbing perimeter length (lpr) as

RH
l

~
1
.air

pr
2 (9)

If one were to use the same amount of material in the
center region, but organized into thinner and more
abundant ribs, the RH exposure can be significantly
reduced with minimal cost increases (Figure 8).

4.5 | Model #5

In Model #5, the interlayer is simply filled with the PO
polymer that does not contain a desiccant. It is difficult to
extrude the PO all the way up to the PIB perimeter with
sufficient precision that when pressed together, the PO
will not extend over the PIB, making it ineffective.
Therefore, as a worst‐case scenario, a 2‐mm air gap was
modeled between the PIB and the PO, as in Figure 4C,
but with a 2‐mm instead of a 2‐cm air gap.

As with the other models utilizing a 6‐mm PIB 101
perimeter seal, there is a 10‐year delay in moisture
ingress. But in this model design, the PO will simply
approach saturation over the 25‐year time frame
(Figure 9). For a moisture‐sensitive material, this will

not be acceptable, but with a moisture‐resistant Si‐based
technology, there would still be a substantial reduction in
exposure to moisture. Furthermore, in a dryer or cooler
environment, the 6‐mm edge seal may be sufficient by
itself. As is, this design would likely be adequate for less
moisture‐sensitive technologies.

4.6 | Model #6

Model #6 is similar to Model #5, but with a desiccant
capable of absorbing 0.0001 g/cm3 of moisture in the PO
interlayer. This amount of desiccant is small enough that
even if placed in front of the cells, the loss of power due
to light scattering would be insignificant and lower than
the uncertainty of the module performance measure-
ments. The addition of a desiccant would affect the
apparent diffusivity and would add in a reversible
component to moisture adsorption on the desiccant
particles, but for the purposes of this study, we are
ignoring these effects. Furthermore, this is just a
theoretical typical PO, so precision in its properties is
not useful.

This amount of desiccant is sufficient to prevent
moisture from reaching the center of the module for
about 10 years after it gets through the edge seal
(Figure 10). This design will further reduce the moisture
exposure, but over the life of the module, there will still
be significant exposure to water.

FIGURE 8 Model #4 relative humidity over 25 years. This
model utilizes 11 polyisobutylene (PIB) 101 ribs, a 6‐mm silicone
and a 6‐mm PIB 101 perimeter. FIGURE 9 Relative humidity profile progress of Model #5

utilizing a 6‐mm silicone, 6‐mm polyisobutylene (PIB) 101
perimeter, and 2‐mm air perimeter sequence with a PO interlayer
without desiccant. This model is similar to Figure 4C, but with a
2‐mm air gap.
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4.7 | Model #7

Model #7 is similar to Model #5, but with a desiccant
capable of absorbing 0.001 g/cm3 of moisture that is 10×
more than Model #6. This larger amount of desiccant can
limit moisture ingress to the perimeter of 100mm over
the course of 25 years. But this is still insufficient for a
moisture‐sensitive PV technology. Unless one is willing
to accept moisture‐induced degradation around the
perimeter of a module, putting a desiccant throughout
the interlayer is not adequate. Furthermore, at this
loading, most of the desiccant would not be utilized
(Figure 11).

4.8 | Model #8

Model #8 is similar to Model #6, but uses a PIB edge seal
that does not have a desiccant in it. The primary
difference between the results of the models is that it
only takes a year instead of ~10 years for moisture to get
through the edge seal (Figure 12). This makes the line at
16 years in Model #8 roughly equivalent to the line at 25
years in Model #6.

4.9 | Model #9

Model #9 is composed of 6 mm of silicone on the outer
edge, 6 mm of PIB 107, a 2‐mm‐wide desiccated PO band,
and PO without desiccant in the rest of the interlayer

(Figure 4C). The 2‐cm band of desiccated adhesive with
an air gap on top is designed to allow for easy
manufacturing in a way that the PO‐desiccant layer is
thinner than the PIB 107 layer and thus not likely to be
squeezed over it. If this layer mixes with the nondesic-
cated PO interlayer, it will not cause issues. This air/
desiccated PO section was modeled as air with 1/2 the
solubility and with desiccant able to absorb 0.05 g/cm3.

FIGURE 10 Relative humidity profile progress over 25 years of
Model #6 utilizing a 6‐mm silicone, 6‐mm polyisobutylene (PIB)
101 perimeter, and 2‐mm air perimeter sequence with a PO
interlayer containing desiccant capable of absorbing 0.0001 g/cm3

water. This model is similar to Figure 4C, but with a 2‐mm air gap
and desiccant in the PO layer.

FIGURE 11 Relative humidity profile progress of Model #7
utilizing a 6‐mm silicone, 6‐mm polyisobutylene (PIB) 101
perimeter, and 2‐mm air perimeter sequence with a PO interlayer
containing desiccant capable of absorbing 0.001 g/cm3 water 10×
more than Model #6. This model is similar to Figure 4C, but with a
2‐mm air gap and desiccant in the PO layer.

FIGURE 12 Relative humidity profile progress of Model #8
utilizing a 6‐mm silicone, 6‐mm polyisobutylene (PIB) 107
perimeter, and 2‐mm air perimeter sequence with a PO interlayer
containing desiccant capable of absorbing 0.0001 g/cm3 water. This
model is similar to Figure 4C, but with a 2‐mm air gap and
desiccant in the PO layer.
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Because this section is not structurally important, the
amount of desiccant can be much higher than this if
desired and could even accommodate a desiccant that
would expand as it absorbed moisture. The important
aspect is the total amount of desiccant per length of
perimeter. In this model, we used PIB 107 to demonstrate
how effective this design is, but switching to PIB 101
would essentially shift the lag time till moisture got in by
9 or so years. The concept with this design is that the
desiccant is far more effective if placed after the low
diffusivity seal and it is similar to the number and
loading of the ribbing in the other designs. The potential
lifetime of this design can be easily modified by changing
the amount of desiccant.

Because of the air gap, this model is really a 3D
diffusion problem. However, if the moisture ingress
distance is not far, then one can model it as a 2D model
in the X–Z plane as opposed to the module in the X–Y
plane, as has been the case for all previous discussions.
This is essentially modeling the module as being 60 cm
wide and infinitely long (Figure 13).

Here we see that after 25 years, the desiccant is still
viable and capable of keeping the moisture out for a long
time (Figure 13C). In this simulation, the moisture only
reaches a value of 0.07% in the interlayer area, but
reaching 0.068% in about 10 years and not rising much
after that. This steady‐state value is very low and is very
sensitive to modeling parameters; therefore, the actual
value should be regarded as within the noise of the
modeling error. Even with an air gap in this region, this

design is able to keep the moisture level almost at ~0% for
the life of a module.

This model is a worst‐case scenario of this design
concept. It should not be too difficult to reduce or
eliminate the air gap or to have the air gap as one or two
1‐mm‐wide bands in the edge structure. The primary
design factor with this concept is to tailor the amount of
desiccant per length of the perimeter to the design
lifetime and environment of the module.

4.10 | Model #10

Because of how the interlayer is extruded onto the
glass plates, it is possible to place edge seal material
directly in the vicinity of the J‐box feedthrough hole in
a module, shown in Figure 14A. This will not protect
the area directly behind the J‐box, but if the degrada-
tion does not cause a cell to be shunted or to go into
reverse bias, the effect will be minimal. A small area
with reduced voltage or higher series resistance
resulting from moisture degradation would have a
minimal overall effect. The presence of this J‐box hole
functions like a small increase in the perimeter and
has a negligible effect on the overall moisture ingress
as compared to Model #1, which is otherwise the
same. For Model #9, a similar J‐box design would
include a 6‐mm PIB 107 and a 2‐cm desiccant fill PO
annular region and would similarly not be expected to
affect the overall moisture ingress protection.

FIGURE 13 Model #9 (A) schematic
composition. (B) Output from the X–Z plane
model after 10 years of exposure. (C) Relative
humidity (RH) versus distance from the side
of the model with only 60mm of the 60 cm
total model, which is half the width of the
module. The lines at 1 year and 10 years are
hidden underneath the line at 25 years.

KEMPE ET AL. | 2325

 20500505, 2023, 7, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/ese3.1455 by N

ational R
enew

able E
nergy L

ab, W
iley O

nline L
ibrary on [13/07/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



5 | DISCUSSION

To help succinctly visualize the moisture in the models
as a function of time, the humidity in a position in the
center of the modeled quadrant (Figure 4C) was plotted
as a function of time (Figure 15). Models #1, 3, 4, 7, and 9
maintained an RH under 2% over 25 years in this center
area. The models that did not work either had no
desiccant or insufficient amounts of desiccant in the
interlayer (2, 5, 6, 8, and 10). Model #7 appears to be
successful, but as discussed above, it fails to protect the
perimeter cells from moisture. This is because Figure 15
shows the concentration at a significant distance from
the edge, such that with just a small amount of desiccant
in a filled interlayer, this point is not affected by

moisture. Lastly, Models #1, 3, 4, and 9 do a really good
job keeping the moisture exceptionally low at levels
generally understood to be needed for many thin film
technologies. The exact level needed is likely to vary
between 10% and 0.01% for technologies based on
amorphous Si, CdTe, CIGS, or perovskite materials.
The package designs presented here can be tailored to
any needed level of moisture protection.

It is also of interest to consider how much desiccant is
used in the different designs, and how well it is utilized
to keep moisture out. Desiccant costs more than other
additives but is not so expensive that great efforts are
needed to minimize its use. For a baseline, the amount of
desiccant needed for a 25‐year module can be estimated
by ignoring the transient permeation in the perimeter

FIGURE 14 Model #10. Schematic of a module with a J‐Box hole. This design is like Model #1, but with a 13‐mm‐diameter J‐box hole
with a 6‐mm‐wide edge seal polyisobutylene (PIB) 101 around it. (A) Schematic model used for Model #10 (B) output along the line at
y= 0 cm.

FIGURE 15 Progress of interior interlayer relative humidity versus time for the different design models. (A) All models. (B)
Logarithmic plot of the best‐performing models.
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and assuming a 6‐mm perimeter of 0.5‐mm‐thick PIB
107. At 45°C and 25% RH, the permeability is
1.55 × 10−11 g/(cm s). For the 120 cm × 60 cm module,
this results in a total permeation rate of 4.66 × 10−10 g/s,
which for 25 years is a total ingress mass of 0.37 g. In
theory, the amount of desiccant in just the 6‐mm
perimeter PIB 101 is almost enough, but because it is
distributed throughout the perimeter edge seal, the path
length to the outside is on average half the length
resulting in moisture breakthrough after only about 9 or
10 years. Alternatively, if PIB 101 is used at the
perimeter, then the desiccant inside is only required to
protect against an additional about 16 years, which is
about 0.235 g of absorptive capacity after the edge seal. If
Model #3 used PIB 101, did not have the air gap, and was
designed to absorb 0.10 g/cm3 of water, then the
desiccant‐filled PO layer would only have to be 0.1 mm
wide. Model #9 used a much wider desiccated PO width
and a much lower loading, but because this component is
small and not relied upon for structural strength, it can
easily be designed to absorb essentially all the moisture
with a very small width (Figure 16).

Another consideration with Models #6 and #7 is
that a much higher concentration of desiccant could
be put in the back encapsulant only in the area
between cells. With a Si wafer‐based technology, this
highly filled encapsulant would provide good back-
scattering of light to be utilized on the front side and
would enable the use of bifacial solar cells. Any
residual bubbles or air gaps in the backside, or the
overlap of the desiccant‐filled encapsulant would have
minimal effect on the module performance. It is much
more important to get the front side encapsulant layer
applied with minimal defects, which could be a single
extruded film in this case, making the prospect more
likely to be useful.

6 | CONCLUSIONS

The unique module interlayer and edge seal designs
modeled here provide pathways to avoid vacuum
lamination and significantly cut module assembly time
to reduce capital expenditures. This is accomplished
using hot melt extrusion to apply encapsulation edge
seals and interlayer materials which further saves costs
by avoiding the formation of encapsulant films. Keeping
polymeric materials in either a pellet form and/or
contained in drums, as opposed to rolls, can make
materials handling more efficient too.

Model designs #1, #2, #3, #4, and #10 all use an
interlayer composed primarily of air, but with ribbing
interspersed to hold glass plates together. When a PIB‐
based material is used as the polymer matrix containing
desiccant, the low diffusivity of PIB prevents the
desiccant from being fully utilized, but which only
results in the RH reaching a few percent (if enough
desiccant is present). But if a high diffusivity material is
used as the desiccant in the ribbing, all the desiccant is
easily utilized over the 25‐year expected lifetime of the
module.

The use of extrusion for the application of the
interlayer allows for desiccant‐laden materials and/or
low diffusivity PIB to be placed around the J‐box hole,
Model #10. This can easily be designed to provide 25
years of moisture protection in this area.

Model #9 presents the most effective use of desiccant.
Here, the outer perimeter edge seal utilizes a PIB
material, with or without desiccant in it. Then, the next
band of material is a highly desiccant‐loaded material.
Considering that molecular sieve‐based desiccants can
only hold about 23% wt% moisture at saturation, a
polymer matrix with ~50% loading would be needed to
create a material capable of holding around 10 wt%
water. Such a material would have exceptionally poor
mechanical characteristics and might be difficult to
extrude. But we show that even if air gaps are allowed,
most of the water can be contained in a perimeter band
of this material. Theoretically, less than a millimeter
width of such a band would be necessary. This can also
be interpreted as a way to augment a small‐width edge
seal by constructing it of two bands of material, the first
of which is the diffusion barrier, and the second which is
a small highly absorbing desiccated band.
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