
Received: 30 August 2022 Revised: 17 February 2023 Accepted: 19 February 2023

DOI: 10.1002/nme.7233

R E S E A R C H A R T I C L E

A multifield coupled thermo-chemo-mechanical theory for
the reaction-diffusion modeling in photovoltaics

Zeng Liu1,2 Pietro Lenarda1 Jose Reinoso2 Marco Paggi1

1Research Unit on Multi-scale Analysis of
Materials, IMT School for Advanced
Studies Lucca, Lucca, Italy
2Elasticity and Strength of Materials
Group, School of Engineering, University
of Seville, Seville, Spain

Correspondence
Zeng Liu, IMT School for Advanced
Studies Lucca, Piazza San Francesco 19,
55100, Lucca, Italy.
Email: zeng.liu@imtlucca.it

Funding information
Consejería de Economía y Conocimiento
of the Junta de Andalucía, Grant/Award
Number: US-1265577; H2020 Marie
Skłodowska-Curie Actions, Grant/Award
Number: 861061; Italian Ministry of
University and Research, Grant/Award
Number: 20173C478N; Spanish Ministerio
de Ciencia, Innovación y Universidades,
Grant/Award Number: P2-00595;
Ministerio de Ciencia e Innovación of
Spain, Grant/Award Number:
TED2021-131649B-I00

Abstract
A comprehensive coupled thermo-chemo-mechanical modeling framework
is proposed in this work to study the reaction-diffusion phenomena taking
place inside photovoltaics (PV). When exposed to hygrothermal conditions, the
encapsulant ethylene-co-vinyl acetate (EVA) layers undergo chemical degra-
dation that significantly influences the overall PV performance. Aiming at
efficient thermo-mechanical modeling, the coupled displacement-temperature
governing equations for the EVA layers are formulated, and its 3D finite
element (FE) implementation is derived in detail. Subsequently, the chemi-
cal reaction-diffusion processes occurring in the EVA layers are described, and
the corresponding numerical implementation is formulated with the consider-
ation of spatial and temporal variation of diffusivity and chemical kinetic rates.
Specifically, the thermo-mechanical solution accounting for the heat generation
from chemical reactions is projected to the FE model of the reaction-diffusion
system in order to determine the kinetic rates and diffusion coefficients for
its subsequent analysis. The proposed modeling method is applied to simulate
the evolution of reaction-diffusion species at different damp heat tests, and
predictions show a very satisfactory agreement with the analytical solution and
experimental electroluminescence images taken from the literature. Its capa-
bilities to predict the spatio-temporal variation are demonstrated through the
simulation of the humidity freeze test, where the cyclic temperature boundary
condition is imposed. With this modeling framework, it is possible to evaluate
the degradation of PV modules under varying environmental boundary
conditions, thus providing a guideline to design new products tailored for
specific climatic zones.

K E Y W O R D S
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1 INTRODUCTION

Photovoltaic (PV) technology has been widely recognized as a promising solution for energy security and a low-carbon
economy in the near future owing to its high efficiency and low manufacturing cost. Typical PV modules are laminates
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composed of tempered glass, solar cells and encapsulant layers. The layer of silicon solar cells is used to produce electric
energy, and it is protected by the tempered glass from the outdoor harsh environments.1–3 Despite the advantages and
strengths, the PV modules are sensitive to moisture diffusion as well as chemical reactions, especially in hygrothermal
outdoor environments,4–8 and thus its reliability is not still very competitive. A great deal of research has been focused on
investigating the degradation mechanisms, see References 9–16, among many others, and most of them studied the diffu-
sion phenomena at the constant temperature and humidity conditions. However, the realistic evaluation of PV durability
is very challenging due to the coupling between the reaction-diffusion and thermo-mechanical problems and requires a
multiphysics framework to comprehensively study the different failure mechanisms under changing environments.17–21

Ethylene-co-vinyl acetate (EVA) is frequently used as the encapsulant material of PV modules due to its excellent
physical characteristics and relatively low cost. Although the raw EVA materials are generally enhanced with chemical
additives in the manufacturing process, they suffer from thermo-photo-oxidative degradation with prolonged exposure
to harsh working environments.22–25 The typical degradation of polymer chains composing the encapsulant EVA layer
involves the loss of small molecules, such as acetic acid and protons, and consequent failure at the macromolecular
level. As a result, the macromolecular changes lead to the deterioration of optical properties of the EVA layers, such
as browning-yellowing and snail trails.26,27 Besides, the permeability of the EVA layer to acidic products and moisture
induces the oxidation of grid lines deposited on the surface of silicon cells, as well as adhesion and sealing degrada-
tion.17,28,29 Previous investigations on chemical reactions in EVA have been reported in the literature, including both
experiments30,31 and computational modeling.28,32 Existing computational methods for predicting the environmental
degradation of PV mainly study the diffusion under constant hygrothermal conditions and reliable models to predict the
chemical reaction-diffusion under coupled thermo-mechanical loading cases are sorely lacking. Moreover, moisture and
chemical species diffusion are usually dependent on temperature, and spatial variation may also exist in the presence of
cracks inside the PV modules. Therefore, it is essential to establish a comprehensive thermo-chemo-mechanical mod-
eling framework to solve the reaction-diffusion system over the 3D domain of the PV modules. This modeling method
should enable the possibility to recall any realistic initial and boundary value problems and to simulate different accel-
erated aging tests with changing environmental loadings, such as the humidity freeze test, which could be very useful in
estimating the maintenance costs and economic sustainability of PV systems.

To model the coupled problems in PV modules, a thermo-chemo-mechanical computational framework is pro-
posed in this work, extending the pioneering approach proposed in Reference 18 to 3D problems. The dependency of
reaction-diffusion on the thermo-mechanical problem is taken into account, and the governing equations are solved in a
staggered manner. Analytical solutions for the diffusion proposed in Reference 28 assume constant diffusivity inside the
EVA layer, and ignore the spatial variation due to temperature dependency. Although it might be feasible in steady-state
temperature cases like damp heat tests, its validity cannot be ensured in varying temperature conditions. Besides, diffu-
sion can take place not only from the free edges, but also from cracks and interspaces between solar cells, and it is almost
impossible to predict these phenomena using analytical methods, as shown in Reference 33.

This work is organized as follows. In Section 2, the kinetics and constitutive formulation for the thermo-mechanical
analysis are presented in detail. The chemical reaction-diffusion processes accounting for the dependency on the
thermo-mechanical analysis and its mathematical description are given in Section 3. In Section 4, the weak forms and
finite element implementations of the coupled thermo-chemo-mechanical governing equations are outlined. Then this
computational framework is applied to simulate the reaction-diffusion phenomena occurring inside the PV modules at
the international standard tests, and compared with analytical solution and electroluminescence (EL) images obtained
from experimental tests, which is provided in Section 5. Finally, some concluding remarks are drawn in Section 6.

2 THERMO-MECHANICAL FORMULATION

The formulation for the thermo-mechanical modeling of photovoltaic module with different layers (glass, silicon solar
cell, backsheet, etc.) separated by EVA is described in this section. Let assume the position of each material point inside
the photovoltaic module is denoted by the vector x = (x1, x2, x3)T in the three-dimensional Cartesian orthonormal frame
{e1, e2, e3}. The temperature and displacement fields are identified by T(x1, x2, x3, t) and u(x1, x2, x3, t), respectively, and
T0 is the reference temperature at the material point.

Given the infinitesimal strain tensor, the strain-displacement relation is given by

𝜺 = 1
2
(
∇Tu + ∇u

)
, (1)
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LIU et al. 3

where ∇ denotes the spatial gradient. The balance of energy in the local form reads

ṡT0 = Q − ∇ ⋅ q, (2)

where ṡ stands for the entropy rate per unit volume and Q denotes the internal heat source. It should be pointed out that
the small temperature change close to the reference temperature T0 is assumed here to obtain a linear equation. In the
absence of dynamic effects, the equation of motion takes the form of

∇ ⋅ 𝝈 + b = 0, (3)

where 𝝈 is the stress tensor, and b represents the body force.
According to the first and second thermodynamic laws,34 the Cauchy stress tensor 𝝈 is conjugated to the strain tensor

𝜺, which is given by

𝝈 = 𝜕Ψ
𝜕𝜺

, (4)

where Ψ denotes the Helmholtz’s free energy. Similarly, the entropy per unit volume s is thermodynamically conjugated
to the temperature shift 𝜃 = T − T0,

s = −𝜕Ψ
𝜕𝜃

. (5)

Ignoring the high-order terms in the Taylor series expansion in the vicinity of the equilibrium state (𝜺 = 0, 𝜃 = 0), the
Helmholtz’s free energy Ψ can be obtained by

Ψ = 1
2
𝜺 ∶ C ∶ 𝜺 − z ∶ 𝜺𝜃 −

𝜌cp

2T0
𝜃

2
, (6)

where cp is the specific heat capacity per unit mass, and 𝜌 represents the density. The constitutive tensors C and z are
defined as

C = 𝜕

2Ψ(0, 0)
𝜕𝜺⊗ 𝜕𝜺

, z = −𝜕
2Ψ(0, 0)
𝜕𝜺𝜕𝜃

. (7)

Note that the free energy, stress, and entropy vanish in the equilibrium (Ψ(0, 0) = 0,𝝈(0, 0) = 0, s(0, 0) = 0).
Then the constitutive equations are given by

𝝈 = 𝜕Ψ
𝜕𝜺

= C ∶ 𝜺 − z𝜃, (8a)

s = −𝜕Ψ
𝜕𝜃

= z ∶ 𝜺 +
𝜌cp

T0
𝜃. (8b)

According to the Fourier’s law of heat conduction,35–37 the constitutive relation between the heat flux q and the
temperature shift 𝜃 can be expressed as

q = −k ⋅ ∇𝜃, (9)

where k is the thermal conductivity tensor.
Assuming isotropic material behavior, the constitutive tensors are given by

C = 2𝜇I
sym + 𝜆1⊗ 1, Cijkl = 𝜇

(
𝛿ik𝛿jl + 𝛿il𝛿jk

)
+ 𝜆𝛿ij𝛿kl, (10a)

z = 𝛼(3𝜆 + 2𝜇)1, zij = 𝛼(3𝜆 + 2𝜇)𝛿ij, (10b)

k = 𝜅1, kij = 𝜅𝛿ij, (10c)
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4 LIU et al.

where 𝜆 and 𝜇 are Lame constants, 𝛼 is the thermal expansion coefficient, 𝜅 is the thermal conductivity, 1 is the
second-order identity tensor, and Isym is the fourth-order symmetric identity tensor.

3 CHEMICAL REACTION-DIFFUSION PROCESSES AND THE
MATHEMATICAL DESCRIPTION

Chemical degradation of polymeric materials takes place in three different pathways, including chain scission, no sig-
nificant molecular change, and crosslinking,38 and these reactions occurring in polymers can be described by first-order
kinetic equations.39 Note that the crosslinking can be neglected since the raw EVA copolymer materials are cured resins
with much more crosslinking than that generated during the reaction process.40 In the following, each chemical specie is
assumed to be distinguishable within a class, such as radicals and unsaturated or carbonyl compounds. For convenience,
each chemical specie is denoted with a capital letter (e.g., U, Cb, and VAc), and the corresponding molar concentration of
characteristic bonds are denoted by capital letters with brackets (e.g., [U], [Cb], and [VAc]).

In the cases where the molecular weight does not significantly vary with time, reactions include only the loss of radicals
or small molecules that diffuse through the polymeric layers. Generally, the transformation of the macromolecular chain
can be expressed as

P
k
−−→P∗ + S, (11)

where P is the native molecule, P∗ denotes the degraded molecule, and S represents the small molecules produced during
the chemical reaction processes. Assuming k is the rate of reaction, the rate of the concentration change for the two
chemical species P and P∗ can be defined as

−d[P]
dt

= d [P∗]
dt

= k[P], (12)

where concentrations of P and P∗ are functions of the extent of chemical reactions, and its rate k depends on temperature
according to the Arrhenius law41,42

k = A0 exp
(
− Ea

RT

)
, (13)

where R = 8.314 J∕(K mol) is the ideal gas constant, Ea is the activation energy, and A0 denotes the pre-exponential
coefficient. On the other hand, when the chain scission phenomenon occurs, the number of molecules changes along the
chemical reaction process, which can be expressed as

P
k
−−→P′ + P′′, (14)

where P′ and P′′ are the different chemical species involved in this process. The generation rates of P′ and P′′ are equivalent
to the consumption rate of P, which takes the form of

−d[P]
dt

=
d
[
P′
]

dt
=

d
[
P′′

]

dt
= k[P]. (15)

With regard to the degradation of EVA composed of ethylene (ET) and vinyl acetate (VAc), a lot of experimental studies
for the explanation of the involved chemical reactions were reported, see References 43 and 30. Given the photo-oxidative
degradation of EVA,26 the comprehensive degradation is depicted in Figure 1, and the nomenclature of chemical species
is summarized in Table 1. Both ET and VAc undergo different chemical degradation processes,18 which are triggered by
temperature and the presence of oxygen and moisture. From Figure 1, it can be seen that the linear portions of EVA
involve H abstraction (Reactions 1 and 2), oxidation (Reaction 3), and loss of acetate units (Reactions 4 and 5). ET units
are chemically inertial species due to the small dipole moment related to the C—H bonds, but the copolymerization with
VAc increases the reactivity. The C—H and C—C bonds inside ET units do not absorb the radiation, and the initiation of
photo-oxidation requires the existence of chromophores like carbonyl groups and stabilizers.44 The initial degradation of
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LIU et al. 5

F I G U R E 1 Chemical reactions involving the EVA macromolecules.

ET is the generation of radical species, see Reaction 1 in Figure 1. The loss of atomic hydrogen leads to the formation of
radicals and unpaired radicals in the backbone or a terminal position after the chain cleavage, which usually occurs in
molten polymers. The formed radical H• after the cleavage of the C—H bond diffuses towards noncrystalline areas and
reacts with other radical species in EVA. This initial reaction process can be expressed as

ET
k1−−→R• +H•

. (16)

Note that the formed radical specie R• does not diffuse inside the EVA layers since it is formed in the polymer backbone.
After the first chemical reaction, further degradation occurs through two different mechanisms in the presence of the

formed radical in the backbone and free H•. The first mechanism is that H• can abstract another H• close to the unpaired
C radical due to the high reactivity of the radical site in the backbone, which produces H2 molecules and the unsaturated
bonds in accordance with the Norrish Type I reaction,45 see Reaction 2 in Figure 1. Another degradation scheme involves
the presence of absorbed oxygen from the environment, causing the formation of water molecules and carbonyl groups
in the backbone,46 see Reaction 3 in Figure 1. The Reactions 2 and 3 are given by

R•
k2−−→U (R2) +H• (17a)

R• + O2
k3−−→C(R3)

b +H2O (17b)
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6 LIU et al.

T A B L E 1 Chemical species, nomenclature, and definition in the reaction-diffusion processes.

Chemical structure Nomenclature Definition

ET Ethylene units

VAc Vinyl acetate units

R• Radical with one electron

Cb Carbonyl bond C=O

U C=C bond

where U (R2) and C(R3)
b represent the formed double-bonds and the carbonyl groups in the Reactions 2 and 3, respectively.

It is worth noting that the molecules H• and H2O can diffuse in the EVA while double-bonds and the carbonyl groups in
the backbone do not diffuse.

The VAc portions also show two different mechanisms through the loss of acetate units, as reported in Reference 47.
Reactions lead to the formation of acetaldehyde through the Norrish type I mechanism (see Reaction 4 in Figure 1) and
acetic acid through the type II mechanism (see Reaction 5 in Figure 1). These two reactions can be schematized as

VAc
k4−−→C(R4)

b + CH3CHO, (18a)

VAc
k5−−→U (R5) + CH3COOH, (18b)

where U (R5) and C(R4)
b denote the formed unsaturations and carbonyl groups in the reactions, while CH3CHO and

CH3COOH are the small molecules that can diffuse in the EVA layers.
Generally, the involved chemical degradation mechanisms can be described by the following reaction systems18

d[ET]
dt

= −k1[ET], (19a)

d[V Ac]
dt

= − (k4 + k5) [V Ac], (19b)
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LIU et al. 7

d [R•]
dt

= k1[ET] − k2
[
R•
]
− k3

[
R•
]
[O2] , (19c)

d[U]
dt

= k2
[
R•
]
+ k5[V Ac], (19d)

d [Cb]
dt

= k3
[
R•
]
[O2] + k4[V Ac], (19e)

where the starting species ET and VAc, the intermediate specie R•, and other products U and Cb are the unknown variables
of the chemical reaction system. For simplicity, the following concentration vector of the chemical species is introduced

C(t) = ([ET], [V Ac], [R•], [U], [Cb])T. (20)

Thus the previous differential equations of the reaction system can be written in vectorial form, which is given by

𝜕C(t)
𝜕t

−K(𝜃)C(t) = 0, in Ω × [0, tf ], (21)

where K(𝜃) is the temperature-dependent matrix, and Ω is the domain of the EVA layer. The boundary conditions of the
chemical reaction system can be defined as

C(t) = C∗(t), in Ω × [0, tf ]. (22)

Regarding the diffusion systems involved in the degradation of EVA, the moisture and oxygen diffusion is taken into
account and can be described by the following partial differential equations

𝜕 [O2]
𝜕t

− D1Δ [O2] = −k3
[
R•
]
[O2] , (23a)

𝜕 [H2O]
𝜕t

− D2Δ [H2O] = k3
[
R•
]
[O2] , (23b)

where D1 and D2 are temperature dependent diffusion coefficients, which are given by

Dj(T) =

⎧
⎪
⎪
⎨
⎪
⎪
⎩

D0
j exp

(
−

Ed
j

RT

)
, if Δn ≤ 𝛿

c
n,

D0
j exp

(
−

Ed
j

RT

)
Δn
𝛿

c
n
, if Δn > 𝛿

c
n,

(24)

where D0
j (j = 1, 2) are the coefficients for the limit cases of vanishing concentration that are assumed to be linear increas-

ing functions of the interfacial gap Δn when it overcomes the critical value 𝛿c
n, and Ed

j (j = 1, 2) denotes the activation
energy of diffusion.48

Let define the diffusion specie concentration as c(x, t) representing [H2O] or [O2], and the partial differential equation
for the diffusion in EVA can be rewritten in the vectorial form as

𝜕c(x, t)
𝜕t

− D(T)Δc(x, t) = r, in Ω × [0, tf ], (25)

where D(T) is the corresponding diffusion coefficient, and r is related to the right-hand side terms in Equation (23a,b).
The initial and Dirichlet boundary conditions for the diffusion system are given by

c(x, 0) = 0, in Ω × [0, tf ], (26a)

c(x, t) = c∗(x, t), in 𝜕Ω × [0, tf ], (26b)

where c∗(x, t) denotes the imposed Dirichlet boundary condition.
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8 LIU et al.

The internal heat Q generated by chemical reactions can be defined as

Q = QET + QVAc + QR• , (27)

with

QET = ΔHR1k1[ET], (28a)

QR• = (ΔHR2k2 + ΔHR3k3)
[
R•
]
, (28b)

QVAc = (ΔHR4k4 + ΔHR5k5) [VAc]. (28c)

4 COMPUTATIONAL SCHEMES AND FINITE ELEMENT
INTERPOLATION

In this section, the weak forms of the thermo-mechanical boundary value problems, as well as the reaction-diffusion
system will be derived for the finite element implementation. In order to advance the solution within a time increment,
let assume the finite time increment (tn, tn+1), whereΔt = tn+1 − tn denotes the increment length.49 As a result, the strain
rate vector ė, temperature rate ̇

𝜃, and the rate of diffusion specie ċ are all considered to be constant in the time increment
and defined by

ė = en+1 − en

Δt
,

̇
𝜃 = 𝜃n+1 − 𝜃n

Δt
, ċ = cn+1 − cn

Δt
. (29)

Note that due to the given values en, 𝜃n, and cn at time tn, the above rates associated with time increment Δt are linear
functions of en+1, 𝜃n+1, and cn+1 at time tn+1.

4.1 Implementation of the thermo-mechanical formulation

Let assume the solid body at thermodynamic equilibrium, described by the independent variables (u, 𝜃) and identified
with the closed domain Ω. The weak form of Equation (2) can be obtained by multiplying it with a test function 𝛿𝜃 and
integrating over the whole domain Ω of the body, which takes the form of

∫Ω
(T0ṡ + ∇ ⋅ q − Q) 𝛿𝜃 dΩ = 0. (30)

Recalling Equation (8b) and by the use of divergence theorem, the weak form of Equation (30) can be reformulated as

∫Ω

(
T0z ∶ �̇� + 𝜌cp ̇𝜃 − Q

)
𝛿𝜃 dΩ −

∫Ω
q ⋅ ∇𝛿𝜃 dΩ +

∫
𝜕Ωq

q ⋅ n𝛿𝜃 d𝜕Ω = 0. (31)

The analogous procedure can be applied to Equation (3), by multiplying it with a test function 𝛿u and integrating over
the whole domain Ω, and the weak form in the absence of body force is given by

−
∫Ω
𝝈 ∶ 𝛿𝜺 dΩ +

∫
𝜕Ωt

𝝈 ⋅ n ⋅ 𝛿u d𝜕Ω = 0. (32)

Appropriate boundary conditions must be specified so that the thermo-mechanical boundary value problem is
well-posed and the obtained solution is unique. The mixed mechanical boundary conditions are defined on 𝜕Ω = 𝜕Ωt ∪
𝜕Ωu and the mixed thermal boundary conditions are defined on 𝜕Ω = 𝜕Ω

𝜃

∪ 𝜕Ωq, which can be expressed as

𝝈 ⋅ n = tn on 𝜕Ωt, u = u on 𝜕Ωu,

q ⋅ n = qn on 𝜕Ωq, 𝜃 = 𝜃 on 𝜕Ω
𝜃

. (33)
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LIU et al. 9

According to the finite element method, the domain Ω for the thermo-mechanical problem can be discretized into ne
nonoverlapping finite elements, that is, Ω≈

⋃ne
e=1Ωe. Based on the isoparametric interpolation, the approximate position

vector x at any material point inside the corresponding finite element can be calculated by interpolating the nodal values
through shape functions as follows

x ≈
nn∑

I=1
NI(𝝃)xI = Nx̃, (34)

where xI is the nodal position vector in the element level with the number of nodes nn = 8, and NI is the shape function,
which is defined as

NI =
⎡
⎢
⎢
⎢
⎣

NI 0 0
0 NI 0
0 0 NI

⎤
⎥
⎥
⎥
⎦

, (35)

where NI = 1
8

(
1 + 𝜉1

I 𝜉
1) (1 + 𝜉2

I 𝜉
2) (1 + 𝜉3

I 𝜉
3), I = 1, 2, ..., 8. The displacement and temperature fields (u, 𝜃), the varia-

tions (𝛿u, 𝛿𝜃), and the increments (Δu, Δ𝜃), are approximated by

u ≈
nn∑

I=1
NI(𝝃)dI = Nd, 𝛿u ≈

nn∑

I=1
NI(𝝃)𝛿dI = N𝛿d, Δu ≈

nn∑

I=1
NI(𝝃)ΔdI = NΔd, (36a)

𝜃 ≈
nn∑

I=1
NI(𝝃)𝜃I = ̂N𝜽, 𝛿𝜃 ≈

nn∑

I=1
NI(𝝃)𝛿𝜃I = ̂N𝛿𝜽, Δ𝜃 ≈

nn∑

I=1
NI(𝝃)Δ𝜃I = ̂NΔ𝜽, (36b)

where dI and 𝜃I represent the nodal displacement and temperature shift, respectively, and d and 𝜽 correspond to the
vectors in the element level.

The strain field in the vectorial form can be expressed as e = [𝜀11, 𝜀22, 𝜀33, 2𝜀12, 2𝜀13, 2𝜀23]T. Its interpolation, the
variation 𝛿e, and the increment Δe are approximated by

e ≈
nn∑

I=1
BI(𝝃)dI = Bd, 𝛿e ≈

nn∑

I=1
BI(𝝃)𝛿dI = B𝛿d, Δe ≈

nn∑

I=1
BI(𝝃)ΔdI = BΔd, (37)

where BI is the strain interpolation matrix that can be expressed as

BI =

⎡
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

𝜕NI
𝜕x1

0 0

0 𝜕NI
𝜕x2

0

0 0 𝜕NI
𝜕x3

𝜕NI
𝜕x2

𝜕NI
𝜕x1

0
𝜕NI
𝜕x3

0 𝜕NI
𝜕x1

0 𝜕NI
𝜕x3

𝜕NI
𝜕x2

⎤
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

. (38)

Similarly, the interpolations of the temperature gradient ∇𝜃, its variation ∇𝛿𝜃, and its increment ∇Δ𝜃 read

∇𝜃 ≈
nn∑

I=1
B𝜃

I (𝝃)𝜽I = B𝜃

𝜽, ∇𝛿𝜃 ≈
nn∑

I=1
B𝜃

I (𝝃)𝛿𝜽I = B𝜃

𝛿𝜽, ∇Δ𝜃 ≈
nn∑

I=1
B𝜃

I (𝝃)Δ𝜽I = B𝜃Δ𝜽, (39)

where B𝜃

I is the corresponding gradient interpolation matrix, which is given by

B𝜃

I =
[
𝜕NI
𝜕x1

𝜕NI
𝜕x2

𝜕NI
𝜕x3

]T
. (40)
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10 LIU et al.

Inserting the interpolation formulae into Equation (31), the discrete form of energy balance is given by

̂
𝜃

int(d,𝜽, 𝛿𝜽) = 𝛿𝜽T

[

∫Ω
̂NT (

𝜌cp ̇𝜃 + T0ZTė − Q
)

dΩ +
∫Ω

(
B𝜃

)T
𝜅∇𝜃 dΩ +

∫
𝜕Ωq

̂NTqn d𝜕Ω

]

, (41)

where Z is the constitutive vector and expressed as

Z =
[
𝛼(3𝜆 + 2𝜇) 𝛼(3𝜆 + 2𝜇) 𝛼(3𝜆 + 2𝜇) 0 0 0

]T
. (42)

Besides, the discrete form of motion balance can be expressed as

̂
u
int(d,𝜽, 𝛿d) = 𝛿dT

[

∫Ω
BTs dΩ +

∫
𝜕Ωt

NTtn d𝜕Ω

]

, (43)

where s is the stress field in the vectorial form that is given by s = [𝜎11, 𝜎22, 𝜎33, 𝜎12, 𝜎13, 𝜎23]T.
By ignoring the heat flux and traction terms, the residual internal vectors associated with the energy and motion

balances are given by

R𝜃

int(d,𝜽) = ∫Ω
̂NT (

𝜌cp ̇𝜃 + T0ZTė − Q
)

dΩ +
∫Ω

(
B𝜃

)T
𝜅∇𝜃 dΩ, (44a)

Rd
int(d,𝜽) = ∫Ω

BTs dΩ. (44b)

An iterative scheme is adopted for the solution of the coupled nonlinear thermo-mechanical residual equations, and
the consistent linearization can be expressed as

[
kdd kd𝜃

k
𝜃d k

𝜃𝜃

][
Δd
Δ𝜽

]

= −

[
Rd

int

R𝜃

int

]

, (45)

where kab with {a, b} = {d, 𝜃} are different tangent operators, and given by

k
𝜃𝜃
=
∫Ω

(
−
𝜌cp

Δt
+ 𝜕Q
𝜕𝜃

)
̂NT
̂N dΩ −

∫Ω
𝜅(B𝜃)TB𝜃 dΩ, (46a)

k
𝜃d = −

∫Ω

T0

Δt
̂NTZTB dΩ, (46b)

kd𝜃 = −
∫Ω

BTZ ̂N dΩ, (46c)

kdd = −
∫Ω

BT
CB dΩ, (46d)

where C represents the elastic stiffness matrix.

4.2 Implementation of the reaction-diffusion system

In the sequel, the weak forms and finite element implementation of the reaction-diffusion system will be derived in detail.
By multiplying the differential systems Equation (25) with a test function 𝛿c and integrating over the whole domain using
the divergence theorem, the weak form of the system can be constructed as

∫Ω

𝜕c
𝜕t
𝛿c dΩ +

∫Ω
D∇c ⋅ ∇𝛿c dΩ =

∫Ω
r𝛿c dΩ. (47)
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LIU et al. 11

The finite element interpolation of the diffusion specie vector c and its variation 𝛿c in a general material point can be
obtained through the linear Lagrange shape functions

c ≈
nn∑

I=1
NI(𝝃)cI = Ncc̃, 𝛿c ≈

nn∑

I=1
NI(𝝃)𝛿cI = Nc𝛿c̃, (48)

where c̃ is the nodal vector of diffusion specie at the element level.
Besides, the finite element interpolation of the spatial gradient of diffusion specie ∇c and its variation ∇𝛿c in the

vectorial form can be determined as

∇c ≈
nn∑

I=1
Bc,IcI = Bcc̃, ∇𝛿c ≈

nn∑

I=1
Bc,IcI = Bc𝛿c̃, (49)

where the interpolation matrix Bc,I is defined as

Bc,I =

⎡
⎢
⎢
⎢
⎢
⎣

𝜕NI
𝜕x1

0 0

0 𝜕NI
𝜕x2

0

0 0 𝜕NI
𝜕x3

⎤
⎥
⎥
⎥
⎥
⎦

. (50)

Introducing Equation (48) and Equation (49) into Equation (47), the discrete form of the reaction-diffusion system
can be obtained as

𝛿c̃T
∫Ω

(
DBT

c Bcc̃ +NT
c ċ −NT

c r
)

dΩ = 𝛿c̃Tfc
int, (51)

where fc
int is the internal residual vector of the reaction-diffusion system, which is expressed as

fc
int = ∫Ω

(
DBT

c Bcc̃ +NT
c ċ −NT

c r
)

dΩ. (52)

To solve the nonlinear residual equations with regard to the diffusion system, an iterative Newton–Raphson scheme
is adopted, and the consistent linearization reads

KcΔc̃ = −f c
int, (53)

where Kc is the stiffness for the diffusion system and takes the form of

Kc =
∫Ω

(
−DBT

c Bc −
1
Δt

NT
c Nc +

𝜕r
𝜕c

NT
c Nc

)
dΩ. (54)

4.3 Algorithms for the coupled theory

To address the multifield coupled thermo-chemo-mechanical problem with application to photovoltaics, the staggered
scheme is exploited to solve the discrete equations that describe the whole process. Specifically, the thermo-mechanical
problem is firstly solved through the fully implicit scheme, and subsequently, the reaction-diffusion is addressed with the
consideration of spatio-temporal variation of deformation and temperature.

Let assume tn and t(k+1)
n+1 denote the previous converged increment and prospective current increment at iteration k + 1,

respectively. In the thermo-mechanical analysis, given the data {dn, 𝛉n,Cn} at the previous time increment, the following
linearized system needs to be solved through the Newton–Raphson scheme

[
k(k)dd,n+1 k(k)d𝜃,n+1

k(k)
𝜃d,n+1 k(k)

𝜃𝜃,n+1

][
Δd(k+1)

n+1

Δ𝜽(k+1)
n+1

]

= −

[
Rd(k)

int,n+1

R𝜃(k)
int,n+1

]

(55)

 10970207, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nm

e.7233 by U
niversidad D

e Sevilla, W
iley O

nline L
ibrary on [20/04/2023]. 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



12 LIU et al.

so that the updated {d(k+1)
n+1 , 𝛉

(k+1)
n+1 } can be obtained by

{
d(k+1)

n+1 = d(k)n+1 + Δd(k+1)
n+1

𝛉(k+1)
n+1 = 𝛉(k)n+1 + Δ𝜽

(k+1)
n+1

. (56)

This procedure is repeated until both the largest residual norm and the largest correction to the solution are less than the
prescribed tolerance values. The numerical implementation procedure of thermo-mechanical formulation is summarized
in Algorithm 1.

Algorithm 1. Numerical implementation algorithm of the thermo-mechanical formulation

Data: dn, 𝜽n, Cn
Result: dn+1, 𝜽n+1
while ||R||> tolerance do

for n ← 1 to 8 integration points do
Compute the shape function matrix N(k)

n+1 and ̂N(k)
n+1 Compute the strain interpolation matrix B(k)

n+1 Compute the tem-
perature gradient interpolation matrix B𝜃(k)

n+1 Compute the constitutive matrices Z(k)n+1 and C
(k)
n+1 Compute the internal

heat generated by chemical reactions Q(k)
n+1

Compute the stiffness matrices k(k)dd,n+1, k(k)d𝜃,n+1, k(k)
𝜃d,n+1, and k(k)

𝜃𝜃,n+1 Compute the internal force vectors Rd(k)
int,n+1 and

R𝜃(k)
int,n+1 Update the solution variables d(k+1)

n+1 and `(k+1)
n+1 by Equation (56)

The iterative scheme is also applied to the solution of discrete equations corresponding to diffusion, and the linearized
system can be expressed as

Kc(k)
n+1Δc̃(k+1)

n+1 = −fc(k)
int,n+1, (57)

where the tangent operator Kc(k)
n+1 are determined by the thermo-mechanical solution. Given the solution of Equation (57),

the updated approximation for c̃(k+1)
n+1 can be obtained as c̃(k+1)

n+1 = c̃(k)n+1 + Δc̃(k+1)
n+1 . The iteration ends when both the largest

residual and the largest correction to the solution are less than the prescribed tolerance values.
Regarding the solution of reaction ordinary differential equations Equation (21), an implicit time integration scheme

is adopted, and the set of algebraic equations at each time increment is given by

1
Δt
(Cn+1 − Cn) −Kr

n+1Cn+1 = 0, (58)

where Cn+1 and Cn are the reaction concentration vectors at the current and previous time increments, respectively.
Note that Kr

n+1 is determined from the temperature field obtained by solving the thermo-mechanical problem using
the finite element discretization. The proposed implementation algorithm for the chemical reaction-diffusion system is
summarized in Algorithm 2.

5 NUMERICAL EXAMPLES AND VALIDATION

In this section, two different accelerated ageing cases with and without temperature variation are simulated to demon-
strate the capability of the proposed thermo-chemo-mechanical computational framework. The first ageing case is
the damp heat test with constant moisture and temperature condition, and thus the mass diffusion and chemical
reactions can be decoupled from the thermo-mechanical problem, allowing the comparison of numerical prediction
with analytical solution and available experimental EL images for validation purposes. The second case is the humid-
ity freeze test with the cyclic hygrothermal condition, which requires the fully coupled modeling framework since
the reaction-diffusion phenomena occurring in EVA depend on the solution obtained from the thermo-mechanical
analysis.
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LIU et al. 13

Algorithm 2. Numerical implementation algorithm of the reaction-diffusion formulation

Data: c̃n, Cn, dn+1, 𝜽n+1
Result: c̃n+1, Cn+1
while ||R||> tolerance do

for n ← 1 to 8 integration points do
Compute the shape function matrix N(k)

c,n+1 Compute the gradient interpolation matrix B(k)
c,n+1 Compute the temperature

T(k)n+1 with 𝜽n+1 obtained from Algorithm 1 Compute the normal gap at the integration point Δn with dn+1 if Δn ≤ 𝛿
c
n

then

Compute the coefficient D(k)
j,n+1 = D0

j exp
(
−

Ed
j

RT(k)n+1

)

else

end

Compute the coefficient D(k)
j,n+1 = D0

j exp
(
−

Ed
j

RT(k)n+1

)
Δn
𝛿

c
n

Compute the stiffness matrix of chemical reactions Kr
n+1 Update

the concentration vector of chemical reactions Cn+1
end
Compute the stiffness matrices of diffusion Kc(k)

n+1 Compute the internal force vectors of diffusion f c(k)
int,n+1 Update the solution

variables c̃(k+1)
n+1 by Equation (57)

end

F I G U R E 2 The sketch of double-glass structure in the damp heat test.

5.1 Damp heat test

To simulate the damp heat test, a double glass laminate with an EVA layer encapsulated by two glass plates is considered,
see the schematic diagram in Figure 2. The thickness of the glass is 3 mm, while the thickness of EVA is 0.5 mm. In this
structure, the only path allowable for diffusion is the side areas between the two glass plates and edge-sealing materials
to fill the gap are not considered in line with the experimental work.50 According to Reference 51, the analytical solution
of spatial and temporal concentration can be obtained by

c = c∗ + 4c∗
𝜋

∞∑

m=0

1
2m + 1

sin
[
(2m + 1)𝜋x

l

]
exp

[
−D(2m + 1)2𝜋2t∕l2]

, (59)

where c∗ denotes the boundary concentration, x represents the distance from the edge, and l stands for the width of the
module. The comparison between the spatial variation of moisture concentration obtained from the diffusion model and
analytical method is shown in Figure 3, and as clearly seen, they agree with each other very well for the two different
boundary concentration values corresponding to the average conditions in Miami.28 A series of damp heat tests were
also examined with the double glass modules exposed to four different hot and humid conditions, namely 85◦C/85% RH,
65◦C/85% RH, 45◦C/85% RH, and 85◦C/40% RH, which correspond to the absolute humidity of 2.74, 1.25, 0.508, and
1.29 kg/cm3, respectively.50 Model parameters corresponding to the chemical reactions are listed in Table 2. The initial
concentrations of the chemical species over the whole volume are prescribed as Cinit = (0.64, 0.32, 0, 0, 0)T with the unit
of mol/m3. To avoid possible numerical instability,52 the mesh size of the finite element model is set to 3 mm, and the
total number of elements for the EVA layer is 2860.

The contour plots of moisture diffusion in the 85◦C/85% RH damp heat test obtained from simulation are shown
in Figure 4 and compared with the corresponding experimental EL images at different time points.50 As can be seen
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14 LIU et al.

F I G U R E 3 The comparison of predicted moisture distribution across the EVA layer between the analytical solutions28 and numerical
predictions.

T A B L E 2 Chemical reaction properties of the EVA material.

A0 (h−1) Ea (kJ mol−1) 𝚫HR (kJ mol−1)

Reaction 1 3.62e353 64.853 −30.054

Reaction 2 3.62e353 64.853 −288.054

Reaction 3 2.37e455 104.755 −247.056

Reaction 4 1.18e931 107.531 −1076.557

Reaction 5 1.18e931 107.531 −1076.557

from both predictions and EL images, moisture diffuses from the free edges of the EVA layer towards the central
area during aging, and they agree with each other very well. The captured EL images show the dark bands at the
side area of EVA, which are not detected at the beginning (Figure 4A), and get thicker after 43 h (Figure 4B) and
81 h (Figure 4C). This trend that indicates the moisture ingress into the module over time50 is well reproduced by
the modeling method proposed in this work. To see the temperature effect on the diffusion phenomena, the con-
tour plots of moisture diffusion and experimental EL images in the 65◦C/85% RH and 45◦C/85% RH damp heat tests
are also compared and shown in Figures 5 and 6, respectively. Due to the temperature-dependent diffusion proper-
ties, the absolute humidity in these two cases differs from that in the 85◦C/85% RH case. The diffusion phenomena
are much slower in low-temperature conditions since the diffusion coefficients are smaller. It is clearly observed that
the process for dark bands in the 65◦C/85% RH case (see Figure 5) or 45◦C/85% RH case (see Figure 6) to become
thick is slower than that in the 85◦C/85% RH damp heat case. Besides, it is worth noting that the absolute humid-
ity in the 65◦C/85% RH (see Figure 5) and 85◦C/40% RH (see Figure 7) are almost equal to each other (1.25 kg/cm3

vs. 1.29 kg/cm3). However, due to the temperature difference, the diffusion phenomena are still different in these
two cases.

The predicted time history evolution of moisture concentration at the positions with different distances away
from the edge in the four different cases is shown in Figure 8. The moisture concentration at different posi-
tions increases over time as the diffusion phenomena proceed during the damp heat tests. Although the absolute
humidity at the 65◦C/85% RH and 85◦C/40% RH cases are almost equal to each other, the diffusion time his-
tory demonstrates the significant difference, especially at the positions relatively far away from the free edge. As
can be seen from Figure 8B,D, the trends of moisture concentration versus time curves at the position 10 mm far
away from the edge in both cases are very similar, but as the distance increases from 20 to 70 mm away from the
edge, the corresponding concentration versus time curve in the 85◦C/40% RH case is obviously higher than that
in the 65◦C/85% RH case, indicating faster diffusion process in the former case that can be ascribed to its higher
temperature.
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LIU et al. 15

F I G U R E 4 Comparison between the moisture diffusion contour plots obtained from simulation and the EL images taken from
Reference 50 in the 85◦C/85% RH damp heat test after (A) 0 h, (B) 43 h, and (C) 81 h.

F I G U R E 5 Comparison between the moisture diffusion contour plots obtained from simulation and the EL images taken from
Reference 50 in the 65◦C/85% RH damp heat test after (A) 0 h, (B) 130 h, and (C) 279 h.
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16 LIU et al.

F I G U R E 6 Comparison between the moisture diffusion contour plots obtained from simulation and the EL images taken from
Reference 50 in the 45◦C/85% RH damp heat test after (A) 0 h, (B) 321 h, and (C) 776 h.

The predicted spatial variation of moisture concentration in the four different damp heat cases after 200, 400, 600, and
800 h are shown in Figure 9. Moisture diffusion takes place from the free edges towards the center of the EVA layer and,
as a result, moisture concentration at the central area increases over time for all the different hygrothermal conditions.
For the 85◦C/85% RH damp heat case, the concentration at the center of the module starts to increase after 400 h (see
Figure 9B), and reaches around 0.5 kg/cm3 after 800 h (see Figure 9D), while for the 45◦C/85% RH case, the moisture
concentration at the center is still zero even after 800 h due to its low diffusivity. To further illustrate this point, it can also
be observed that the spatial variation curves of moisture concentration in the 85◦C/40% RH damp heat case are always
above the red curves corresponding to the 65◦C/85% RH damp heat case despite the approximate absolute humidity on
the boundary.

The predicted chemical specie concentration ([ET], [R•], [U], and [Cb]) versus time in the 85◦C/85% RH, 65◦C/85%
RH, and 45◦C/85% RH damp heat tests are shown in Figure 10. The plots of [ET] in Figure 10A indicate the over-
all degradation of the EVA layer, and the difference in the degradation process at the three tests can be ascribed
to the influence of temperature on the kinetic rate of reaction k1. Higher temperature leads to the faster consump-
tion of the [ET] concentration. The produced concentration [U] and [Cb] (see Figure 10C,D) are much smaller than
[R•] (see Figure 10B), being related to the secondary reaction type with very high activation energy. Due to the
higher kinetic reaction rates resulting from higher temperature, the produced concentration [R•], [U], and [Cb] in
the 85◦C/85% RH damp heat case are all much higher than that produced in the other two cases, as shown in
Figure 10B–D.

 10970207, 0, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/nm

e.7233 by U
niversidad D

e Sevilla, W
iley O

nline L
ibrary on [20/04/2023]. 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



LIU et al. 17

F I G U R E 7 Comparison between the moisture diffusion contour plots obtained from simulation and the EL images taken from
Reference 50 in the 85◦C/40% RH damp heat test after (A) 0 h, (B)104, and (C) 187 h.

5.2 Humidity freeze test

In the humidity freeze test, the photovoltaic modules are subjected to accelerated ageing under cyclic temperature
boundary conditions. The cyclic temperature function is characterized by the following ramp

𝜃

∗(t) =

⎧
⎪
⎪
⎪
⎪
⎪
⎨
⎪
⎪
⎪
⎪
⎪
⎩

t
t∗1
𝜃

∗
1 0 ≤ t < t∗1 ,

𝜃

∗
1 t∗1 ≤ t < t∗2 ,

t∗3−t
t∗3−t∗2

𝜃

∗
1 t∗2 ≤ t < t∗3 ,

t−t∗3
t∗4−t∗3

𝜃

∗
2 t∗3 ≤ t < t∗4 ,

𝜃

∗
2 t∗4 ≤ t < t∗5 ,

t∗6−t
t∗6−t∗5

𝜃

∗
2 t∗5 ≤ t < t∗6 ,

(60)

where 𝜃∗1 = 85 ◦C, 𝜃∗2 = −40 ◦C, and t∗1 = 0.5 h, t∗2 = 1.5 h, t∗3 = 2.0 h, t∗4 = 2.5 h, t∗5 = 3.5 h, t∗6 = 4.0 h, as shown in
Figure 11. Compared with the damp heat case, the temperature inside the EVA layer cannot be assumed homogeneous
and equal to the environmental temperature due to the cyclic variation of boundary temperature over time. Hence, the
temperature must be treated as another independent variable that needs to be solved as the chemical reaction-diffusion
system is temperature-dependent. Note that the thermo-mechanical problem is also coupled with the chemical system
since internal heat is generated during the reaction processes. The mechanical and thermal properties of the glass and
EVA layer are listed in Table 3, which are taken from.58,59
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18 LIU et al.

F I G U R E 8 The plots of predicted moisture concentration versus time at the positions (70, 50, 40, 30, 20, and 10 mm away from the
edge of EVA layer) in the (A) 85◦C/85% RH damp heat case, (B) 65◦C/85% RH damp heat case, (C) 45◦C/85% RH damp heat case, and (D)
85◦C/40% RH damp heat case.

The temperature inside the laminate strongly depends on the thermal properties of glass and EVA layers, and the
spatial variation can be observed from the contour plots at time points A, B, C, and D during the first cycle, see Figure 12.
The contour plots of the temperature inside the EVA layer at the four different time points during the first cycle are shown
in Figure 13. At time point A, the temperature at the free edges of the EVA layer reaches 85◦C and is kept constant for
one hour until time point B. During this period, heat gradually diffuses into the central area of the EVA layer, leading to
the spatial variation of temperature distribution, see Figure 13A,B. Also note that the lowest temperature inside the EVA
layer at time point B reaches 8.99◦C, which is higher than that at time point A due to the heat transfer. At time point C,
the temperature of the boundary drops to −40◦C, but the temperature in the central area of the EVA layer is still higher
than 7◦C, which results from the hysteresis effect of heat conduction. It is worth mentioning that this temporal and spatial
temperature variation in the humidity freeze test leads to the difference in chemical reaction-diffusion from that in the
damp heat test with the constant thermal condition.
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LIU et al. 19

F I G U R E 9 The spatial variation plots of predicted moisture concentration inside the EVA layer in the four different damp heat cases
after (A) 200 h, (B) 400 h, (C) 600 h, and (D) 800 h.

The moisture diffusion contour plots after different time cycles during the humidity freeze test are shown in Figure 14.
It can be seen that the moisture gradually diffuses into the center from the free edges, and the central area with zero mois-
ture decreases over time during the simulation. The moisture concentration versus time curves at positions 10, 20, 30, 40,
50, and 70 mm far away from the free edges are shown in Figure 15. The moisture time history curves at all positions start
to grow from zero and as time goes on, the water concentration at positions closer to the free edges definitely increase
faster. To quantitatively see the influence of spatial temperature variation on the diffusion phenomena inside the EVA
layer, the comparison of spatial concentration variation after 200 and 400 h between the 85◦C/85% RH damp heat and
the humidity freeze test are shown in Figure 16. It is clear that the amount of predicted moisture concentration across
the EVA layer in the damp heat case is higher than that in the humidity freeze case at two different time points since
the diffusion coefficient in the former case is higher arising from the constant higher temperature of 85◦C. Note that the
concentration across the EVA layer after 200 h in the damp heat case is even higher than that after 400 h in the humid-
ity freeze case, which further demonstrates the significant influence of spatial temperature variation on the diffusion
phenomena.

A position inside the EVA layer, which is 10 mm away from the edges, is selected to quantitatively evaluate the evo-
lution of produced chemical specie concentration during the humidity freeze test with cyclic temperature boundary
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20 LIU et al.

F I G U R E 10 The predicted chemical specie concentration versus time in the 85◦C/85% RH, 65◦C/85% RH, and 45◦C/85% RH damp
heat tests.

F I G U R E 11 Temperature profile imposed on the PV modules during the humidity freeze test.
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LIU et al. 21

T A B L E 3 Mechanical and thermal properties of the laminate.

E (GPa) 𝝆 (kg∕m3) 𝜶 cp (J/kg K) k0 (W/m K)

EVA 0.05 950 1.6e−4 1400 0.34

Glass 73 2300 8e−6 500 0.8

F I G U R E 12 The predicted temperature distribution of the double glass laminate at four time points (A–D) during the first cycle of the
humidity freeze test. (A) Time point A, (B) time point B, (C) time point C, (D) time point D.

condition, and the predicted ([R•], [U], and [Cb]) versus time curves in the humidity freeze test are shown in Figure 17.
It can be seen that the increasing amount of produced chemical species is 2–4 orders lower than that produced in the
damp heat test with a constant temperature of 85◦C. Given the boundary condition with a cyclic temperature profile, the
temperature at this position is always lower than 85◦C through the process, leading to the smaller kinetic rates of the
chemical reaction system compared to the damp heat case.

6 CONCLUDING REMARKS

This work presents a comprehensive methodology for the 3D modeling of the reaction-diffusion phenomena in PV
modules within the coupled thermo-chemo-mechanical framework. The set of ordinary and partial differential
equations was formulated for the description of the reaction-diffusion and thermo-mechanical problems. The governing
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22 LIU et al.

F I G U R E 13 The predicted temperature distribution inside the EVA layer at four time points (A–D) during the first cycle of the
humidity freeze test. (A) Time point A, (B) time point B, (C) time point C, (D) time point D.

F I G U R E 14 The predicted moisture distribution inside the EVA layer after different time cycles (A–F) during the humidity freeze test.
(A) 0 cycle, (B) 50 cycle, (C) 100 cycle, (D) 150 cycle, (E) 200 cycle, (F) 250 cycle.
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LIU et al. 23

F I G U R E 15 The predicted moisture distribution versus time curves at positions with different distances away from the free edges
during the humidity freeze test.

F I G U R E 16 The comparison of predicted moisture distribution across the EVA layer after 200 and 400 h between the 85◦C/85% RH
damp heat and humidity freeze cases.

equations for the multifield coupled system are solved in a staggered scheme, and kinetic rates and coefficients in the
reaction-diffusion analysis are updated based on the thermo-mechanical solution at each time increment. The proposed
modeling framework is then applied to simulate the accelerated aging tests of PV modules, including the different damp
heat tests with constant hygrothermal conditions and the humidity freeze test with cyclic temperature conditions. In the
damp heat tests, the numerical predictions are compared with both the analytical solution and EL images at different
stages obtained from experiments, and they agree with each other very well. Besides, the predictions of chemical degra-
dation in the damp heat tests are also compared and significant differences in consumption rates of chemical species can
be observed due to the temperature dependency of the reaction-diffusion system. The capability of the proposed method
is further demonstrated through the simulation of the humidity freeze test, and taking into account the influence aris-
ing from the thermo-mechanical problem, the spatial and temporal variation of the diffusion and reaction species can
be predicted as shown by the comparison with that of the damp heat simulation. The computational model has shown
the potential to predict the degradation phenomena in the PV modules under different environmental conditions, which
can be useful for the design of new protocols tailored for specific climate zones. The transport of chemical species and
reaction-diffusion phenomena inside EVA are challenging to be predicted with enough accuracy due to the interplay
between the thermal expansion and the environmental factors like oxygen and moisture, and has been the main focus of
this study. To this aim, all the temperature dependency of the reaction-diffusion coefficients has been considered in the
model, and a simplified numerical scheme has been proposed for the prediction of the temporal and spatial variation of
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24 LIU et al.

F I G U R E 17 The predicted chemical specie concentration (A) [R•], (B) [U], and (C) [Cb] versus time in the humidity freeze case.

chemical species. With the increasing demands of PV modules, such kind of comprehensive modeling framework for the
understanding of the complex degradation phenomena inside the EVA layers holds significance for quality assessment
and prototyping.
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