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Introduction

EL degradation during the damp heat test (T = 85◦, RH = 85%)
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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Modelling ideas

Coupling: thermal and mechanical fields influence moisture
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Variational framework for the
thermo-mechanical behaviour of EVA

Interface contribution to the Principle of Virtual Work:

Πm =

∫
S0

gTloctdS ,

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

Interface contribution to the energy balance for heat conduction:

Πth =

∫
S0

gthqdS ,

where gth and q denote the relative temperature between the
interface sides and the heat flux, respectively
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Variational framework for the
thermo-mechanical behaviour of EVA

Virtual variation of Πm w.r.t. the displacement field:

δΠm = δuT
∫
S0

(
∂gloc
∂u

)T

tdS

Virtual variation of Πth w.r.t. the temperature:

δΠth = δT

∫
S0

(
∂gth
∂T

)
qdS
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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:

t1 =
∂xe

∂ξ
, n · t1 = 0, in 2D

t1 =
∂xe

∂ξ
, t2 =

xe

∂η
, n = t1 × t2, in 3D
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FE approximation

We relate gloc and gth to the nodal displacement vector dm and to
the nodal temperature vector dth:

gloc ∼= geloc = RNmLmdm

gth ∼= g e
th = NthLthdth
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FE approximation

Virtual variations of Πm and Πth in the FE approximation:

δΠm ∼ δdTm
∫
S0

(
∂geloc
∂dm

)T

tdS

δΠth ∼ δdTth
∫
S0

(
∂g e

th

∂dth

)T

qdS

where:
∂geloc
∂dm

= RNmLm = RBm

∂g e
th

∂dth
= NthLth = Bth
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Residual vector
Discretized version of the virtual variation of Πe

m:

δΠe
m = δdTm

∫
S0

(RBm)T tdS

Discretized version of the virtual variation of Πe
th:

δΠe
th = δdTth

∫
S0

Bth
Tq dS

The solution of δΠe
m = δdTmf

e
m = 0 ∀ δdm and δΠe

th = δdTthf
e
th = 0

∀ δdth provides the components of the residual vector
fe = (fem, f

e
th):

fem =

∫
S0

(RBm)T tdS

feth =

∫
S0

Bth
Tq dS
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Tangent stiffness matrix

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

Ke,k
m,m =

∂fe,km

∂dm
=

∫
S0

BT
mR

T ∂t

∂d
dS =

∫
S0

BT
mR

TCm,mRBm dS

Ke,k
m,th =

∂fe,km

∂dth
=

∫
S0

BT
mR

T ∂t

∂dth
dS =

∫
S0

BT
mR

TCm,th dS

Ke,k
th,m =

∂fe,kth

∂dm
=

∫
S0

BT
th

∂q

∂dm
dS =

∫
S0

BT
th

∂q

∂gn
enBm dS

Ke,k
th,th =

∂fe,kth

∂dth
=

∫
S0

BT
th

∂q

∂dth
dS =

∫
S0

BT
thCth,thBth dS
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Newton-Raphson scheme

The following equations set for the computation of the corrector
∆d = (∆dm,∆dth)T at each iteration k is used:

Ke,k∆d = −fe,k

dk+1 = dk + ∆d

where:

Ke,k =

[
Ke,k

m,m Ke,k
m,th

Ke,k
th,m Ke,k

th,th

]
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2D interface element

dm = (u1, v1, u2, v2, u3, v3, u4, v4)T

dth = (T1,T2,T3,T4)T
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Matrix operators: mechanical part

The matrix operators for the mechanical part are:

Nm = [N1I N2I]

where N1 = (1− ξ)/2 and N2 = (1 + ξ)/2, ξ ∈ [−1,+1]

Lm =

[
−I O O I
O −I I O

]
with I and O 2× 2 identity and zero matrices

R =

[
t1,x t1,y

nx ny

]
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Matrix operators: mechanical part

The traction vector in 2D reads:

t = (τ, σ)T

and the constitutive equation (linear tension cut-off cohesive zone
model) is:

t = Cm,mgloc

where:

Cm,m =
∂t

∂gloc
=

[
G/h 0

0 E/h

]
Assuming that E = E (T ) and G = G (T ), where T = NthMthdth:

Cm,th =
∂t

∂dth
=

∂t

∂T

∂T

∂dth
=

∂t

∂T
NthMth
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A thermo-viscoelastic model based
on fractional calculus

E (t,T ) = a(T )
t−α(T )

Γ(1− α(T ))

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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Matrix operators: thermal part
The matrix operators for the thermal part are:

Nth = [N1 N2]

where N1 = (1− ξ)/2 and N2 = (1 + ξ)/2, ξ ∈ [−1,+1]

Lth =

[
−1 0 0 1
0 −1 1 0

]
Considering a Fourier type constitutive law for the interface:

q =

(
1− gn

gn,c

)
q0 = −

(
1− gn

gn,c

)
kthgth = −

(
1− gn

gn,c

)
kthBthdth

we obtain:

Cth,m =
∂q

∂dm
= − q0

gnc
enBm; Cth,th =

∂q

∂dth
= −kth

(
1− gn

gn,c

)
Bth
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Variational framework for moisture
diffusion inside EVA

The mass conservation law governing moisture diffusion is:

ρ
∂c

∂t
= −∂η

∂s

where η is the flux, c(s, t) is the concentration, and ρ is the EVA
mass density. We assume the Fick’s law holds:

η = −D ∂c
∂s

where D = D(T , gn) is the diffusion coefficient.
The PDE governing moisture diffusion is:

ρ
∂c

∂t
(s, t)− D

∂2c

∂s2
(s, t) = 0

The weak form of the problem reads:

G (c , δc) =

∫
Γ

∂c

∂t
δcds +

∫
Γ

∂c

∂s
D
∂δc

∂s
ds = 0
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FE discretization in space

The isoparametric FE discretization with linear shape functions
N1 = (1− ξ)/2 and N2 = (1 + ξ)/2 is introduced:

s = Ncx, c = Ncc, δc = Ncδc

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

Gh = δcT
(∫

Γh

ρNT
c Nc ds

)
ċ+δcT

(∫
Γh

DBT
c Bc ds

)
c = 0, ∀δc ∈ R2×1

Leading to the following matrix form:

Mċ(t) + Dc(t) = 0

where M =
∫

Γh
ρNT

c Nc ds, D =
∫

Γh
DBT

c Bc ds
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Time integration

The backward Euler method (implicit solution scheme) is adopted:

(M + D∆t) cm+1 = Mcm, m = 1, . . . ,M

The residual vector is defined as:

fec =

∫
Γh

ρNT
c ċ ds −

∫
Γh

BT
c η ds

where:
ċ = Nc ċ

m, η = −DBcc
m

Nc = [N1 N2] Bc =

[
∂N1

∂ξ

∂N2

∂ξ

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

D0 = A exp
[
−Ea/(RT )

]

We also postulate a linearly dependency on gn as:

D = D0 for gn < gnc , D = D0
gn
gnc

for gn ≥ gnc
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Numerical example (1)

D = 5× 10−5 cm2/s, T = 80◦C

(c) Kempe (2006) (d) Numerical results
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Numerical example (2)
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Numerical example (3)

t=1s, 1000h, 3000h, 20000h
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Conclusion and outlook

I Variational framework for studying hygro-thermo-mechanical
problems in PV modules

I Tangent operators for implicit solution schemes

I Simplification of the encapsulant with interface elements

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

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