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Introduction

after 1000 h, 2000 h, and 3000 h

[W. Hermann, N. Bogdanski. Outdoor weathering of PV modules-Effects of various climates and comparison with

accelerated laboratory laboratory testing, 37th PVSC (IEEE, Seattle, USA, 2011) 2305-2311]
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Heat conduction and | ‘ J ‘ |

mechanical loading (2D) ] l l ! { (7-) l‘,

FE discretization of the continuum

Interface element for the encapsulant

FE discretization of the continuum ——» SN
Interface element for the encapsulant 1 '

FE discretization of the continuum

Moisture diffusion (1D)

— P A > > —> —> — —- — — —
——

FE discretization of the encapsulant with line elements e—s—e+—e—

Coupling: thermal and mechanical fields influence moisture
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thermo-mechanical behaviour of EVA

Interface contribution to the Principle of Virtual Work:

I_Im :/ glzctds,
So

where g and t denote the relative displacement vector and the
cohesive traction vector, respectively

Interface contribution to the energy balance for heat conduction:

I_|th:/ gnqdS,
So

where g, and g denote the relative temperature between the
interface sides and the heat flux, respectively
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thermo-mechanical behaviour of EVA

Virtual variation of I, w.r.t. the displacement field:

T
5nm=5uT/ (agl‘“> tdS
So 8u

Virtual variation of Iy, w.r.t. the temperature:

_ Jgin
5I‘Ith_5T/ (8T> qdS
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IMT e FE approximation

After introducing the FE discretization, we consider the middle line
(in 2D) or the surface (in 3D) of the interface element defined by a
local frame with a rotation matrix R whose components are related
to the following vectors:

678
tlza%, n-t; =0, in2D
oxe x°
ti=——, tb=—-—, n=t; xty, in3D
1 € 2 o 1 Xt 1
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FE approximation

LUCCA

We relate gjo. and gi,, to the nodal displacement vector dy,, and to
the nodal temperature vector dyy:

Sloc = gleoc = RN, L, d,,

8ih = g, = NgnLenday
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Virtual variations of I, and Iy}, in the FE approximation:

oge T
SNy, ~ 6dr —Sloc ) ¢q

where: He
gloc
ody,
98
= NyLin = By
8dth thtth th
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Discretized version of the virtual variation of ¢ :
5ne, = 5d§1/ (RB,,)T tdS
So
Discretized version of the virtual variation of I1§ :
one, = ody, / B, qdS
So

The solution of 6M¢, = ddLfe =0 Vdd,, and 6MN¢, = dd] f5 =0
V ddyp, provides the components of the residual vector
fe = (f5,f5):

f;:/ (RB,) T tdS
So

- / BT qds

So
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IMT ™ Tangent stiffness matrix

The linearization of the residual vector provides the tangent
stiffness matrix components:

fek
ek 9 / BTRT % 45— [ BIRTC, .RB. dS
’ 8dm 50 6d SO
OfSk / ot
ek TpT TpT
ko BIR s = | BIRTC, 4, dS
m,th — 8dth S adth 5, ,th
ofek B B
Kt = :/ BtThadq ds = tThaq e,B, dS
ofek dq
K&k — Zth :/ B —" dS= | B! CynBidS
th,th ody, 5 thadth s th “th,thBth

FE approximation (1)
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The following equations set for the computation of the corrector
Ad = (Ady,, Adiy,)7 at each iteration k is used:

K Ad = —f**
dk+1 — dk + Ad
where: P P
e, e,
Ke,k — Km,m Km.th
Ke,k Ke7
thym  '“th,th

FE approximation (1) Pietro Lenarda and Marco Paggimarco.paggi(
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T
dm — (U]_, Vi, Uz, V2, U3, v3, Us, V4)

dth — (T17 T27 T37 T4)T
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LUCCA

The matrix operators for the mechanical part are:
N, = [Nl Nal]

where Ny = (1 —&)/2 and Mo = (1+&)/2, £ € [-1,+1]

-1 0 0 1
"m_[o -1 1 o]

with I and O 2 x 2 identity and zero matrices

R = |:t1,x tl,y:|
ny ny,

Thermo-mechanical operators Pietro Lenarda and Marco Paggimarco.paggi(
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IMT 3™ Matrix operators: mechanical part
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The traction vector in 2D reads:
t=(r, O')T

and the constitutive equation (linear tension cut-off cohesive zone

model) is:
t= Cm,mgloc
where:
c _ ot _ [G/h 0 }
e 8gloc 0 E/h

Assuming that E = E(T) and G = G(T), where T = Ny,My,diy:

ot ot 0T ot
odg, 0T Odw  oT

Cm,th =

Thermo-mechanical operators Pietro Lenarda and Marco Paggimarco.paggi(



T A thermo-viscoelastic model based

— on fractional calculus
_ _ t—(T)
E(t,T)=a(T)—————
M1 —a(T))
10° 025
T=-35C 02 ; 5
F ’ a=-6x1077AT* + 1 x 10~*AT? - 0.0093AT +0.225
= T=-28C R* = 0.997
5 M o015 i )
E T % a=-1x107AT® + 5 x 107 AT?
g 10 w&‘% « ~ 0.0083AT + 0474
= = 2 _
2 w o Ky
—5 10° W——?M
~
o= 0.05
=80°C T=100'C T=119°C T = 139°C
107! 0
10° 10! 102 10° 10" 0 20 40 60 80 100 120 140 160 180
Time ¢ (s) AT =T =T, (°C)

Paggi, M and Sapora, A. An accurate thermo-visco-elastic rheological model for ethylene vinyl acetate based on

fractional calculus. Int J Photoenergy, in press, paper 252740
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IMT stz Matrix operators: thermal part

The matrix operators for the thermal part are:
Nin = [N No]
where Ny = (1 —¢)/2 and No = (1+§)/2, £ € [-1,+1]

L _[-1 0 01
th=10 —110

Considering a Fourier type constitutive law for the interface:

q= <1 - & ) do = — <1 -~ & > kingtn = — <1 -~ & > kinBendin
8n,c En,c 8n.c

we obtain:

dq qo dq &n
Com=—+=—¢,B,; C = 1 = —ky(1- B
th, od. gnce th,th od, th th
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T Variational framework for moisture
e diffusion inside EVA

The mass conservation law governing moisture diffusion is:

A
Por ~  as
where 7 is the flux, c(s, t) is the concentration, and p is the EVA
mass density. We assume the Fick’s law holds:
dc
— _p==
g Js
where D = D(T, gy,) is the diffusion coefficient.
The PDE governing moisture diffusion is:

dc 0°c
pa(s7 t) — D852 (s,t)=0

The weak form of the problem reads:

dc 85c

Variational framework (2) Pietro Lenarda and Marco Paggimarco.paggi(
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LUCCA

The isoparametric FE discretization with linear shape functions
Ny =(1-¢)/2and Np = (1+&)/2 is introduced:

s=Ncx, c¢c=N., dc=Nsic

and, within the Bubnov-Galerkin framework, the semi-discretized
weak form reads:

Gp = oc?t </ pN?NCds> é+oct (/ DB!B, ds) c =0, Véc € R**!
JTh Ch
Leading to the following matrix form:

Mc¢(t) + Dc(t) =0

where M = [ pNINcds, D= [ DB!B.ds

FE approximation (2) Pietro Lenarda and Marco Paggimarco.paggi(
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The backward Euler method (implicit solution scheme) is adopted:
(M +DAt) " =M™, m=1,....M

The residual vector is defined as:
fe :/ pNT¢ds —/ Blnds
Ih Mh

¢ =N.&™, n=—DB.™

where:

Ne = [Ny Na] B = [ ]

FE approximation (2) Pietro Lenarda and Marco Paggimarco.paggi(
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o Dependency of D on T and g,

The diffusivity depends on T according to an Arrhenius equation
[M.D. Kempe, Sol. Mat. & Solar Cells 90 (2006) 2720-2738]

Do = Aexp [—E./(RT)]

1.0E-04
‘\J\_‘:\ CGERTV61S
1.0E-05 | 8
Rk DC Sylgard 184
“§ 1.0B-06 | \‘\\‘ oLVA
2 OTefzel
£ 1.0E-07 |
2 Tedlar
2
£ 1.0E-08 | AMylar D (PET)
=]
©PEN
1.0E-09
@ Aclar
1.0E-10
0.0027 0.003 0.0033 0.0036

1/Temperature (1/K)

We also postulate a linearly dependency on g, as:

D =Dy forg, < gne, D= Doﬁ forgn > gnc

nc
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Glass

Glass

D=5x10"%cm?/s, T =80°C

0.006 1
= 1000 hrs
& L
3 0005 85°C/85% RH 0.8
= 0004 £
3 Los
£ 0003 £
§
£ 04
S o002t 20
5 3
2 ooorp 0.2

% s 10 15 20 0

. N 0 5 10 15 20
Distance from Edge (cm) Distance from edge (cm)
(c) Kempe (2006) (d) Numerical results
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Glass Glass Glass Glass Glass Glass
EVA EVA EVA EVA EVA EVA
! 1 1 t t t
H,0 H,0 H,0 H,0 H,0 H,0
1 T T T T T T T
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o
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o
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Numerical examples Pietro Lenarda and Marco Paggimarco.paggi(



IMT| e Numerical example (3)




INSTITUTE

IMT |cSaspimne Selected references

LUCCA

® Borri, C and Paggi, M. Topological characterization of antireflective and hydrophobic rough surfaces: are
random process theory and fractal modeling applicable? J Phys D, 48 (4) paper 045301, (2015)

® Paggi, M and Sapora, A. An accurate thermo-visco-elastic rheological model for ethylene vinyl acetate
based on fractional calculus. Int J Photoenergy, in press, paper 252740

® Ojo, SO and Grivet Talocia, S and Paggi, M. Model order reduction applied to heat conduction in
photovoltaic modules. Comp Struct, 119:477-486 (2015)

® Reinoso, J and Paggi, M. A consistent interface element formulation for geometrical and material
nonlinearities. Comp Mech, 54:1569-1581 (2014)

® Paggi, M and Berardone, | and Infuso, A and Corrado, M. Fatigue degradation and electric recovery in
Silicon solar cells embedded in photovoltaic modules. Sci Rep, 4:1-7 (2014)

® Berardone, | and Corrado, M and Paggi, M. A generalized electric model for mono and polycrystalline
silicon in the presence of cracks and random defects. Energy Proc, 55:22-29 (2014)

® Infuso, A and Corrado, M and Paggi, M. Image analysis of polycrystalline solar cells and modeling of
intergranular and transgranular cracking. J Eur Ceram Soc, 34:2713-2722 (2014)

® Sapora, A and Paggi, M. A coupled cohesive zone model for transient analysis of thermoelastic interface

debonding. Comp Mech, 53:845-857 (2014)

Numerical examples i a and Marco Paggimarco.paggi(¢



INSTITUTE

[MT |z Conclusion and outlook
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» Variational framework for studying hygro-thermo-mechanical
problems in PV modules

» Tangent operators for implicit solution schemes
» Simplification of the encapsulant with interface elements

» Coupling between moisture diffusion and the other fields
accounted for in the constitutive parameters

> Preliminary examples are promising and future developments
regard applications to 3D problems and experimental
comparisons
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