
Multifield computational model of chemical recycling of polymer 
composites: Temperature effects on solvolysis efficiency and 
energy consumption

Yi Chen * , Justine Beauson , Asger Bech Abrahamsen , Leon Mishnaevsky Jr. **

Department of Wind and Energy Systems, Technical University of Denmark, Roskilde, Denmark

A R T I C L E  I N F O

Handling Editor: Weidong Li

Keywords:
Composite recycling
Solvolysis
Multifield model
Finite element analysis

A B S T R A C T

As a promising recycling technology for fiber-reinforced composites (FRCs), solvolysis effectively separates fibers 
from their polymer matrix. Understanding and predicting the solvolysis process of composites is essential for 
optimizing recycling technologies and planning end-of-life strategies. This paper proposes a multifield compu
tational model that integrates diffusion, chemical reaction, temperature distribution, and mechanical responses, 
with a focus on the effect of temperature during solvolysis. The coupled model was numerically implemented 
using the finite element method and calibrated with experimental data from solvolysis of epoxy resin at various 
temperatures. The effects of fiber placement and fiber volume fraction on solvolysis was examined using the 
computational model. Results show that higher fiber volume fractions lead to slower solvolysis, which can be 
explained by fibers acting as barriers to solvent diffusion into the polymer. The influence of temperature on fiber 
degradation and energy consumption was also investigated by incorporating an empirical strength degradation 
equation and a heat conduction model. The strength of recovered fibers decreases from 99 % at 85 ◦C to 85 % at 
300 ◦C within 40 h, while the energy consumption for solvolysis at 145 ◦C is 20 % higher than at 85 ◦C. The 
findings suggest that optimizing solvolysis conditions, particularly temperature, is crucial for balancing recycling 
efficiency and maintaining fiber integrity.

1. Introduction

Fiber-reinforced composites (FRCs) are widely used across various 
industries, including aerospace, automotive, and wind energy (Zhang 
et al., 2023), (Lou et al., 2023), due to their excellent mechanical 
properties such as high strength-to-weight ratios and fatigue durability. 
Driven by rising demand in these sectors, the global FRCs market is 
projected to grow at a compound annual growth rate (CAGR) of 7.4 % 
from 2023 to 2031. However, increased demand also results in more 
composite waste. In Europe alone, 6000 to 8000 commercial planes are 
expected to retire by 2030 (Khurshid et al., 2020 Stena Recycling, 2023), 
and over 52000 tons of wind turbine blades will need recycling annually 
by 2030 (Stena Recycling, 2023). Recycling carbon and glass 
fiber-reinforced composites has become a crucial concern due to the 
environmental and economic pressures associated with their disposal 
(Çelik et al., 2022), (Martínez-García et al., 2022).

The end-of-life management of FRCs poses significant challenges due 

to their complex structure and the difficulty of separating fibers from the 
polymer matrix (Mishnaevsky, 2021). Chemical recycling through sol
volysis offers a promising solution. Solvolysis involves breaking down 
the matrix materials using solvents such as water, acetone, alcohols, 
ammonia, and supercritical fluids. This method enables the recovery of 
both the matrix and high-quality fibers with retained mechanical 
properties, allowing their reuse in high-performance applications 
(Branfoot et al., 2023). Significant research has focused on developing 
and optimizing solvolysis for recycling glass, carbon, basalt, and aramid 
fibers from epoxy, unsaturated polyester, and thermoplastic FRCs.

The matrix degradation rate during solvolysis is influenced by tem
perature, solvent concentration, catalysts, reactor type, pressure, and 
stirring, with temperature being the most critical factor. Most studies 
have shown that increasing temperature enhances degradation effi
ciency, although higher temperatures can sometimes reduce efficiency 
by forming insoluble char on the fibers (Rani et al., 2022).

Furthermore, solvolysis processes at elevated temperatures can lead 
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to surface oxidation of reclaimed fibers, potentially affecting their 
strength and compatibility with matrix materials (He et al., 2020). Xu 
et al. proposed a two-step process to recycle carbon fibers from an epoxy 
composites (Xu et al., 2013). Samples were pretreated with CH3COOH 
before undergoing oxidative degradation with a mixture of hydrogen 
peroxide and dimethylformamide. Results showed that the tensile 
strength of recovered fibers decreases with increasing temperature, with 
a 17 % reduction compared to virgin fibers at 135 ◦C. Li et al. developed 
a chemical recycling method for carbon fiber/epoxy composites using 
oxidative degradation with acetone and hydrogen peroxide (H2O2) (Li 
et al., 2012). Below 100 ◦C, the tensile strength of recovered fibers 
stayed above 90 % of that of virgin fibers, but it dropped further at 
120 ◦C, indicating greater damage at higher temperatures.

Due to their high thermal sensitivity, glass fibers are more suscep
tible to degradation at high solvolysis temperatures. Feih et al. investi
gated the effects of temperature, heating time, and atmosphere on the 
tensile modulus and strength of thermally treated E-glass fibers (Feih 
et al., 2011). The tensile strength of the fibers decreased significantly 
with increasing temperature and prolonged heating time, although the 
modulus remained unchanged. They also proposed a phenomenological 
model to predict the residual strength of fibers based on temperature 
and heating time. Mechanical property degradation with increasing 
temperature can be exacerbated by the presence of acidic or alkaline 
solvents/additives (Okajima et al., 2014), (Rijo et al., 2023). This 
degradation due to the defects induced by chemical reactions involving 
carbon atoms on fiber surfaces and significant stress heterogeneity (Yan 
et al., 2016).

Although solvolysis, as a promising disposal method, has attracted 
increasing attention from researchers for the last decade, it is still on a 
relatively low readiness level due to low efficiency. Modeling the sol
volysis is essential for the design and optimization of recycling strate
gies, as it enhances the understanding of polymer matrix degradation 
and provides deep insights into chemical reactions influenced by vary
ing environmental factors. A reliable and comprehensive model also 
helps reduce the economic and time costs of experimental trials and 
guides the transition from laboratory-scale to industrial applications by 
simulating larger systems (Piccinno et al., 2016). Existing models for 
polymer dissolution vary in complexity and scope. Due to the 
complexity of polymer dissolution, where polymer molecules cannot be 
released until the network of entanglements is relaxed or broken (Kong 
et al., 2021), polymer-solvent mixtures are often considered as systems 
divided by a liquid-gel interface and a gel-glass interface. These in
terfaces move because of both solvent penetration and polymer disso
lution. Early studies employed empirical models, such as solid-state 
reaction theory (Khawam and Flanagan, 2006), (Kuang et al., 2018), to 
provide overall predictions of the dissolution process. Phenomenolog
ical models, such as the Stefan boundary model (Chen and Mishnaevsky, 
2024) and models incorporating characteristic dissolution times (Peppas 

et al., 1994), have been used to describe the motion of the liquid-gel and 
gel-glass boundaries. However, these models do not provide detailed 
insights into the mechanisms of polymer dissolution. More detailed 
approaches use decomposition kinetic models that describe chemical 
reactions between solvents and polymers by tracking changes in func
tional group or chain segment concentrations (Hamel et al., 2020), (Luo 
et al., 2023a). While this method enhances understanding of composite 
recycling mechanisms with various solvents, it requires specific chemi
cal knowledge and coding skills for finite element analysis. Some re
searchers have explored polymer dissolution mechanisms using 
field-based approaches, where the multifield system is described in 
terms of chemical potentials (Larson, 2004) and degrees of freedom for 
chemical concentration (Wallmersperger et al., 2009). The Arrhenius 
equation is commonly used to describe the temperature dependence of 
chemical reactions (Shi et al., 2016), (Chaabani et al., 2017). However, 
no existing model captures the temperature distribution during the 
solvolysis process, which may be crucial for large-scale modeling.

In this paper, we develop a numerical model that integrates diffu
sion, chemical reaction, temperature distribution, and mechanical 
response for the chemical recycling of composites under varying tem
peratures. The effects of fiber arrangements, including placement and 
fiber volume fraction, on polymer dissolution are examined. To gain 
deeper insights into the influence of temperature on recovered fiber 
quality and energy consumption, an empirical equation describing fiber 
strength loss due to heat treatment and a heat transfer system are 
utilized.

2. Model introduction

This section presents the governing equations for the coupled 
diffusion-dissolution-thermal-mechanics system, as shown in Fig. 1. The 
corresponding discrete equations for the coupled model are formulated 
and solved numerically.

2.1. Governing equations

• Diffusion part

Assuming the Fickian diffusion, the transport of solvent into poly
mers for an arbitrary control volume V can be described by a partial 
differential equation (Shen and Springer, 1976): 

dc
dt

− ∇⋅D(∇c) = 0 (1) 

where c is the concentration of solvent, ∇ denotes the spatial gradient, 
and D is the diffusivity of solvent transport into the polymer, which is 
defined by the Arrhenius law (Yu et al., 2017), (Luo et al., 2023b) as a 
function of temperature T and dissolved fraction α: 

Fig. 1. Schematic of the coupled model and the evaluation of the efficiency of solvolysis process from the perspectives of fiber strength and energy consumption. The 
dashed arrows indicate components planned for future study.
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D(T, α)=D0 exp
[

−
Es

R

(
1
T
−

1
T0

)]

exp
[
βα2] (2) 

where Es is the activation energy for solvent diffusion, R is the gas 
constant (8.314 J/K), and β is a fitting parameter. 

• Dissolution part

To analyze polymer dissolution within solvent, a transient material 
balance approach was used. Assuming negligible polymer swelling and a 
volume-conserving process, the local mass balance in an arbitrary 
domain can be described as 

∂ϕ
∂t

+∇J = V̇ (3) 

where ϕ is the volume fraction of polymer, J is the volume flux, and V̇ 
presents the rate of volumetric change of polymer due to chemical re
actions. Ignoring swelling and density changes due to solvent diffusion, 
ϕ is defined as: 

ϕ=
Vp

V0
=

V0 − Vd

V0
= 1 −

Vd

V0
= 1 − α (4) 

where Vp and V0 are the present and original volume of polymer, 
respectively. And Vd is the dissolved volume corresponding to the dis
solved fraction α.

The volume flux can be described as a function of ϕ in terms of Fick’s 
law: 

∇J= − ∇⋅Dp(∇∅ ) = ∇⋅Dp(∇α) (5) 

where the diffusivity of polymer, Dp, is expressed by an exponential 
function of the solvent diffusivity (Vrentas and Vrentas, 1998), such as 

Dp =De− kϕ = De− k(1− α) (6) 

where κ is a constant. The production of solvent is assumed to follow a 
second-order reaction (Khawam and Flanagan, 2006): 

V̇ = g(c) • K(T) • (1 − α)2
= g(c)A0e−

Ea
RT(1 − α)2 (7) 

where A0 is a frequency factor, Ea is the activation energy, and g(c) is a 
function that determines when the chemical reaction occurs. In this 
system, the reaction starts when the local solvent concentration exceeds 
a threshold value, cth: 
{

g(c) = 0, if c < cth
g(c) = 1, if c ≥ cth

(8) 

To address convergence issues, the step function is replaced by a 
continuous curve varying smoothly from 0 to 1 around the interface at 
cth: 

g(c)=
1
2
[1+ tanh(φc − ω)] (9) 

where φ and ω are parameters that determine the curve shape and the 
interface location. 

• Heat transfer

Heat distribution in composite materials occurs through heat con
duction, which can be described by the heat equation derived from 
Fourier’s law and the conservation of energy (Narasimhan, 1999). The 
heat conduction equation is given by: 

ρcp
∂T
∂t

− ∇⋅k(∇T) = 0 (10) 

where ρ is the material’s density, cp is the specific heat, T is temperature, 

and k is the thermal conductivity. 

• Mechanical response

The solvent-assisted polymer dissolution process is complex, 
involving swelling, thermal expansion, and degradation of mechanical 
properties. In this study, the mechanical response is simplified and 
described by linear elasticity. It is important to note that the mechanical 
component of the proposed model, while not directly impacting the 
study of solvolysis, is essential for a comprehensive modeling of the 
entire solvolysis system (Fig. 1). The coupled model serves as a frame
work for the entire solvolysis system and can be further modified in 
future studies to account for swelling and mechanical degradation.

For an arbitrary domain, the equilibrium equation is obtained as (Cui 
et al., 2021) 

∇ • σ =0 (11) 

with the boundary condition: 

P= σ • n (12) 

where σ is the Cauchy stress tensor, Р is the traction vector, and n is the 
unit normal vector to the interface. Strain tensor ε is related to the stress 
by the elastic stiffness matrix: 

σ =Deε (13) 

where De is the elastic stiffness matrix obtained from Hooke’s law.

2.2. Numerical implementation

The coupled mechanical-thermal-diffusion-dissolution model was 
implemented in the finite element package Abaqus 2022 using a user- 
defined element (UEL) subroutine (Simulia, 2022). To solve the dis
cretized equations, a two-dimensional user element with four nodes and 
full integration points was developed, as shown in Fig. 2. During each 
iteration, the tangent stiffness matrices (AMATRX) and residual vectors 
(RHS) are required by Abaqus to calculate at the integration points to 

Fig. 2. A two-dimensional element with four nodes and integration points (I1 
to I4).
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obtain nodal variables.
To solve the model numerically, the governing equations for the 

concentration (Eq. (1)), dissolved fraction (Eq. (3)), temperature (Eq. 
(10)), and displacement (Eq. (11)) are first transformed into their weak 
forms by multiplying each equation by a test function δ and integrating 
over the domain, as follows: 
∫

dc
dt

δc dV +

∫

D∇c⋅∇δcdV = 0 (14) 

∫ ∂α
∂t

δαdV +

∫

Dp∇α⋅∇δαdV −

∫

K(T)f(α)δα dV = 0 (15) 

∫

ρcp
dT
dt

δT dV +

∫

k∇T⋅∇δTdV = 0 (16) 

∫

σδε dV −

∫

P⋅δudS = 0 (17) 

According to finite element theory, the variables within an element 
can be obtained from the nodal values using the shape functions: 

c=
∑4

i=1
Nici,α =

∑4

i=1
Niαi,T =

∑4

i=1
NiTi, u =

∑4

i=1
Niui (18) 

where Ni presents the shape function associated with node i. For a four- 
node fully integrated element, the shape functions are given by 
⎧
⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎪⎩

N1 =
1
4
(1− ξ)(1 − η)

N2 =
1
4
(1+ξ)(1 − η)

N3 =
1
4
(1+ξ)(1 + η)

N4 =
1
4
(1− ξ)(1 + η)

(19) 

Similarly, the gradients of the variables are obtained using interpo
lation matrices B, expressed as: 

∇c=
∑4

i=1
Bici,∇α =

∑4

i=1
Biαi,∇T =

∑4

i=1
BiTi,∇ε =

∑4

i=1
Bu

i ui (20) 

with B matrices defined as 

[Bi] =

[
∂Ni

∂x
∂Ni

∂y

]

, i=1,2, 3,4 (21) 

[
Bu

i
]
=

⎡

⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎢
⎣

∂Ni

∂x
0

0
∂Ni

∂y

0 0
∂Ni

∂y
∂Ni

∂x

⎤

⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎥
⎦

, i=1,2, 3, 4 (22) 

Substituting Eqs.(18)–(22) into Eqs.(14)–(17), the residual vectors R 
are obtained by discretizing the weak forms in time and space: 

Rn+1
i,c =

∫
cn+1 − cn

Δt
Ni dV +

∫

DBT
i
(
∇cn+1)dV (23) 

Rn+1
i,α =

∫ αn+1 − αn

Δt
Ni dV +

∫

DpBT
i
(
∇αn+1)dV − g(c)

∫

K(T)f(α)NidV

(24) 

Rn+1
i,T = ρs

∫
Tn+1 − Tn

Δt
Ni dV + k

∫

BT
i
(
∇Tn+1)dV (25) 

Rn+1
i,u =

∫
(
Bu

i
)Tσ dV −

∫

NT
i PdS (26) 

where the superscripts n and n + 1 denote the nth and (n+1)th time steps, 
and Δt = tn+1-tn is the time increment. The tangent stiffness matrices are 
subsequently calculated as: 

Kn+1
ij,c =

∂Rn+1
i,c

∂cj
=

∫
1
Δt

NiNj dV +

∫

DBT
i BjdV (27) 

Kn+1
ij,α =

∂Rn+1
i,α

∂αj
=

∫
1
Δt

NiNj dV +

∫

DpBT
i BjdV − g(c)

∫

K(T)fʹ(α)NiNjdV

(28) 

Kn+1
ij,T =

∂Rn+1
i,T

∂Tj
= ρs

∫
1
Δt

NiNj dV + k
∫

BT
i BjdV (29) 

Kn+1
ij,u =

∂Rn+1
i,u

∂uj
=

∫
(
Bu

i
)T DeBu

j dV (30) 

Therefore, the finite element system can be expressed as 
⎡

⎢
⎣

Ku 0

0 Kα

0 0

0 0

0 0

0 0

Kc 0

0 KT

⎤

⎥
⎦

⎡

⎢
⎣

u

α
c

T

⎤

⎥
⎦= −

⎡

⎢
⎣

Ru

Rα

Rc

RT

⎤

⎥
⎦ (31) 

Fig. 3. Flowchart of the calculation process (green frame) and visualization process (red frame) for Element i in the finite element system. (For interpretation of the 
references to colour in this figure legend, the reader is referred to the Web version of this article.)
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And it is solved by Newton-Raphson iteration in Abaqus.

2.3. Finite element system

Since Abaqus 2022 does not support the direct visualization of user- 
defined elements, a ‘dummy’ mesh was used for visualization of results, 
overlaid on the user-element mesh. The ‘dummy’ mesh, constructed 
with 4-node fully integrated elements (CPE4), shares the same nodes as 
the user-element mesh and matches the user elements in terms of inte
gration points. During post-processing, numerical results were trans
ferred from the user-defined elements to a user material subroutine 
(UMAT) defined on the ‘dummy’ mesh via state variables.

Fig. 3 illustrates the calculation and visualization procedure for an 
element in the finite element system. Boundary conditions are applied to 
the dummy mesh. The UEL is first employed to calculate the responses at 
integration points within the user-defined element. Once the calculation 
converges, i.e., when the residual vector RHS is below a specified 
tolerance, the results at the current integration points are updated and 
stored in the solution-dependent variables. After the results for all 
integration points within the element are obtained, the UMAT in the 
corresponding dummy element collects the response data from the user- 
defined element for visualization. The material Jacobian matrix is set to 
zero to prevent any influence on the results.

3. Model calibration

The parameters used in the numerical model were determined 
through solvolysis experiments on epoxy resin PRIME 37 from Gurit 
(Wattwil, Switzerland). Samples were cured at 65 ◦C for 7 h and cut into 
13 mm × 13 mm × 4 mm dimensions. Solvolysis was performed using a 
sulfuric acid aqueous solution prepared by dilution with demineralized 
water. The solvent concentration was 18.1 mol/L, and the solvolysis 
temperatures were set at 85 ◦C, 115 ◦C, and 145 ◦C. The detailed curing 
processing and experimental procedure can be found elsewhere 
(Tortorici et al., 2025).

Using the proposed coupling model, a symmetric model measuring 
6.5 mm × 2 mm was created and meshed with 8150 elements in Abaqus 
(2022). Due to the absence of diffusion tests and to simplify the pro
cedure, the model calibration primarily focused on parameters related to 
diffusivity and dissolution component. As mentioned previously, the 
mechanical component serves as an interface for further model modi
fications, especially to incorporate swelling and mechanical degrada
tion. In this study, it doesn’t directly impact the solvolysis results. 
Therefore, the mechanical properties were assumed to be similar to 
other epoxy resin and were obtained from reference (Zeng et al., 2017), 
while the thermal properties were derived from typical values reported 
in reference (Biercuk et al., 2002). The values for the parameters are 
listed in Table 1.

Fig. 4 shows the model’s fit to the dissolution process of samples 
subjected to different temperature levels, specifically under processing 
conditions of 7 h at 65 ◦C. At 85 ◦C, the modeling results align well with 
the experimental data throughout the dissolution process, demon
strating its capability to accurately capture the behavior at this tem
perature. However, at 115 ◦C and 145 ◦C, the model’s predictions start 
to slightly diverge from the experimental results after 3 h, though they 
eventually align by the end of the observation period. This discrepancy 
might be introduced by a more complex relationship between diffusivity 
and solvolysis temperature, suggesting the need for additional diffusion 
experiments to accurately define this relationship.

Fig. 5 compares solvent diffusion and temperature distribution 
within a resin sample after 20 s of solvolysis at 145 ◦C. The contour of 
normalized concentration shows blue regions, which indicate areas with 
no solvent penetration, suggesting that the solvent has barely penetrated 
the resin. In contrast to solvent diffusion, the temperature distribution 
exhibits significant variation within the same time period, demon
strating that heat has been effectively transferred throughout the sam
ple. This comparison suggests that, during the solvolysis of a small-scale 
sample, the temperature can be considered uniform as it reaches equi
librium much faster than the solvent diffuses. A key factor in enhancing 
the efficiency of chemical recycling methods is the transition from 
laboratory-scale to industrial applications. In such large-scale systems, 
where achieving a uniform temperature field requires significantly 
longer times, temperature gradients become an important role, as they 
affect both the local diffusivity of solvent molecules and the chemical 
reaction rates (Wiegand, 2004). Further studies are needed to investi
gate the influence of temperature gradients on large-scale solvolysis 
processes.

4. Effect of composite characteristics on solvolysis duration

4.1. Effect of fiber placement on solvolysis duration

Using the calibrated parameters, the combined model was employed 
to study the solvolysis of composites with randomly distributed fibers. 
The composite models were designed with dimensions of 0.08 mm in 
both length and width. Fibers, with a volume fraction of 40 %, were 
distributed using a random removal algorithm (Park et al., 2018), as 
shown in Fig. 6. The fiber placement algorithm first generates a master 
representative volume element (RVE) filled with fibers, and then 
randomly removes fibers (indicated by yellow dashed circles in Fig. 6) 
until the desired volume fraction is achieved.

To investigate the effect of fiber placement on solvolysis, four models 
with randomly distributed fibers were generated, as shown in Fig. 7. 
Governing the small scale of the model and our focus on the depoly
merization mechanism, it was assumed that the solvent was transported 
from the top surface. The simulated dissolution process of the matrix is 
depicted in Fig. 8, showing an average mass loss curve over time with 

Table 1 
Parameters in the computational model.

Parameter Description Value Unit

D0 The reference diffusivity 2 × 10− 6 mm2/s
β A constant for diffusivity 0.6 ​
Es A constant related to the dependence of 

temperature
9 × 106 mJ/mol

κ A constant for in Eq. 6 50 ​
Ea The activation energy 1.3 × 107 mJ/mol
c0 The constant solvent concentration in the 

system
1.8 ×
10− 5

mol/ 
mm3

A0 A frequency factor 10 ​
φ A constant in Eq. 9 32 ​
ω A constant in Eq. 9 3 ​
ρm Density of matrix 1.2 ×

10− 3
g/mm3

cp Specific heat of matrix 1.1 × 103 mJ/g/K
km Thermal conductivity of matrix 0.17 W/m/K

Fig. 4. Comparison of the solvolysis process between experimental data and 
model predictions (dashed lines) at 85 ◦C, 115 ◦C, and 145 ◦C.
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standard deviation. The results indicate that fiber displacement has little 
impact on the dissolution process, with similar outcomes observed 
across different fiber placements. During the first 9 min, no significant 
mass loss is detected, suggesting that the solvent requires time to 

penetrate and initiate the breakdown of the matrix. Once solvolysis 
begins, the mass loss increases sharply, with the process completing 
within 13 min.

Fig. 5. Comparison of normalized solvent concentration (left) and normalized temperature (right) within a resin sample at 20 s during the solvolysis at 145 ◦C.

Fig. 6. RVE configuration of the finite element model with fibers randomly distributed via the random removal algorithm.

Fig. 7. Random distributions of fibers with a volume fraction of 40 %.

Fig. 8. Comparison of the solvolysis process with varying fiber placements. Fig. 9. Predicted solvolysis of the RVE model with fiber volume fractions of 30 
%, 40 %, 50 %, and 60 % over time.
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4.2. Effect of fiber volume fraction on solvolysis duration

To study the effect of fiber volume fraction on the solvolysis process, 
a two-dimensional model measuring 0.08 mm × 0.08 mm with fiber 
volume fractions of 30 %, 40 %, 50 %, and 60 % was considered. Similar 
to the model related to fiber placement, the solvent and heat transfer 
were assumed to occur from the top surface. Fig. 9 shows the predicted 
solvolysis process of a RVE model at varying fiber volume fractions (30 
%, 40 %, 50 %, and 60 %) over solvolysis time, while Fig. 10 shows the 
simulated appearance of the RVE models at the fourth minute of sol
volysis process.

For all fiber fractions, dissolution initiates around the ninth minute. 
Lower fiber fractions exhibit a faster rate of mass loss compared to 
higher fractions; for instance, the 30 % fiber fraction reaches total 
dissolution at 13 min, while the 60 % fiber fraction reaches total 
dissolution at 14 min. This trend aligns with experimental observations 
elsewhere (Luo et al., 2023b), (Branfoot et al., 2023), and may be due to 
higher fiber content resisting solvent access into the polymer matrix, 
leading to a slower rate of mass loss (Branfoot et al., 2023). However, 
several studies have shown that longitudinal diffusion is faster than 
transverse diffusion due to a more tortuous path in the transverse di
rection (Barjasteh and Nutt, 2012), a fiber-matrix interphase with less 
dense crosslinking and localized plasticization (Joliff et al., 2014), and 
weak or debonded interfaces between fibers and the matrix (Gagani 
et al., 2018). In some cases, longitudinal diffusion rates can be up to 20 
times greater than transverse diffusion (Joliff et al., 2014), significantly 
influencing the overall dissolution rate within the samples. This may 
result in an opposite observation, where higher fiber content facilitates 
faster depolymerizing.

Due to the complexity of a multifield model and the high computa
tional cost, the proposed model is two-dimensional and does not 
consider diffusion along the fiber length (longitudinal diffusion). The 
simulated results only show that fibers act as barriers to solvent diffusion 
in the transverse direction. Expanding the model to three dimensions is 
necessary for a comprehensive study of the solvolysis.

5. Effect of temperature on recovered fibers and energy 
consumption

Temperature plays an essential role in solvolysis as shown in Fig. 11. 
As demonstrated in the previous sections, higher temperatures lead to 
shorter solvolysis duration. Temperature can also be adjusted to either 
obtain clean, high-strength recovered fibers or to minimize the energy 
consumption of the solvolysis process. The following sections discuss the 
potential of adjusting temperature to optimize the process for recovered 
fiber strength and energy consumption.

5.1. Effect of temperature on fiber strength

Based on the proposed model, we evaluated the efficiency of sol
volysis from the perspectives of fiber degradation and energy con
sumption, as shown in Fig. 1. A phenomenological model (Feih et al., 
2011) that relates residual fiber strength to temperature and solvolysis 
time is employed to predict the strength of recovered fibers and compare 
the efficiency of solvolysis conditions. The fiber strength, σf, is deter
mined by a hyperbolic tangent function of temperature and time, 
expressed as: 

σf (t,T)= σf(0) − σloss(T)tan h
[
kf (T)t

]
(32) 

ehere σf(0) is the original fiber strength, σloss describes the strength loss, 
and kf(T) is the rate of strength loss. The strength loss is obtained by 

σloss(T)=
(σf(0) − σf(a)

2

)(
1+ tan h

[
pf (T − T50 %)

])
(33) 

where pf is a constant, σf(a) is the remaining strength of the glass fiber 
following heat treatment close to the glass transition temperature of E- 
glass, and T50 % is the temperature at which the fiber loses 50 % of the 
original strength for long exposure time. The rate of strength loss is 
given by 

kf (T)= k1ek2T (34) 

where k1 and k2 are constants.
Using the parameters from the reference paper (Feih et al., 2011), as 

listed in Table 2, a composite model with a fiber volume fraction of 28 % 
was used to study fiber degradation during solvolysis at varying tem
peratures. The composite sample was assumed to measure 10 mm × 10 
mm × 4 mm and contain 14 layers of unidirectional fibers. To save 

Fig. 10. Simulated depolymerization of the RVE model with fiber volume fractions of 30 %, 40 %, 50 % and 60 % at 4 min. The contour refers to the dis
solved fraction.

Fig. 11. Temperature affecting fiber strength, solvolysis duration, and energy 
consumption during solvolysis.

Table 2 
Parameters of fiber strength model (Feih et al., 2011).

Parameter Value Unit

σf(0) 562 MPa
T50 % 403 ◦C
pf 6.6 × 10− 3 ◦C− 1

K1 8.6 × 10− 6 s− 1

K2 1.2 × 10− 3 ◦C− 1
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computational cost, the model was reduced to 1 mm in width and 2 mm 
in thickness with 7 layers of fibers due to symmetry, as shown in Fig. 12. 
Simulating the actual number of fibers requires significant computa
tional resources; therefore, the fiber structures were represented as an 
array of fiber bundles, with each bundle’s diameter being fourteen times 
that of a single fiber (72 μm compared to 5 μm). Each fiber layer was 
taken to be 0.172 mm thick. Since thermal transfer is significantly faster 
than solvent diffusion on a small scale, fiber bundles were modeled as 
inert. Solvent diffusion and temperature distribution were assumed to 
initiate from the top surface.

Fig. 13 shows the strength loss of fibers over solvolysis time at 
various temperatures. The results clearly indicate that temperature has a 
dominant effect on strength loss compared to the duration of exposure, 
with higher temperatures causing a faster reduction in fiber strength. At 
300 ◦C, the strength drops rapidly to around 85 % within 40 h, while at 
85 ◦C, the strength only decreases to 99 %. This suggests that in appli
cations where maintaining fiber strength is critical, controlling solvol
ysis temperature is key to optimizing performance and longevity.

Fig. 13 also illustrates the relationship between temperature increase 
and fiber strength loss when the matrix is 90 % dissolved (hollow dots) 

and fully dissolved (black dots). As temperature increases, the difference 
in strength loss between these two dissolution stages becomes more 
pronounced. For example, at 300 ◦C, the normalized strength of the 90 
% dissolved sample decreases from 93.3 % to 92.8 % for fully dissolved 
sample within 30 min. The overall strength loss is comparable to the 
experimental findings, where the recovered glass fibers from solvolysis 
at 300 ◦C have a tensile strength of 80–90 % of virgin fibers (Sokoli et al., 
2016). However, this model of fiber degradation doesn’t consider the 
effects of acid solvent, and fiber surface corrosion induced by acidic or 
alkaline environments has been observed (Torkaman et al., 2023), (Bai 
et al., 2010), implying a potentially higher strength loss. This suggests 
that in scenarios where the cleanliness of recovered fibers is not a pri
ority, a shorter solvolysis time could be preferred. This would allow for 
the recovery of higher-quality fibers with more of their strength 
maintained.

5.2. Effect of temperature on energy consumption

Based on the results from the previous section, the effect of tem
perature on energy consumption during solvolysis was studied. 
Assuming a cylindrical container holding the solvent and composite 
samples (Fig. 14), an electric heater placed under the container heats the 
system to the solvolysis temperature and maintains it. Therefore, the 
energy consumption can be divided into two phases: the heating phase 
and the temperature maintenance phase. Assuming the efficiency of 
electricity transfer to heat is 100 %, the energy consumption for sol
volysis can be represented by the amount of heat transferred within the 
system of the heater and container.

Since the sample volume is typically much smaller than the solvent 
volume, heat transfer considerations focus primarily on the solvent. For 
the heating phase, the amount of heat gained by the solvent is calculated 
using the heat transfer formula: 

QH =mcΔT (35) 

where QH is the energy gained during the heating phase, m is the mass of 
solvent, c is the specific heat, and ΔT is the temperature change.

Once the desired temperature is reached, energy continues to be 
supplied to maintain the temperature, compensating for the heat loss 
from the container to the surroundings. The corresponding energy input 
is obtained by a heat conduction model: 

Q̇M = kA
Tin − Tout

δwall
= kA

ΔT
δwall

(36) 

where QM is the heat loss during the maintenance phase, k is the thermal 
conductivity of the container material (glass in this study), A is the 
container area, and δwall is the container wall thickness.

Therefore, the total electrical energy, Ee, over a time period t can be 
described as 

Fig. 12. Schematic of the composites dissolution models with fiber bundles.

Fig. 13. Strength loss during solvolysis at 85 ◦C, 115 ◦C, 145 ◦C, 200 ◦C, and 
300 ◦C. Hollow and solid dots present the strength loss when the matrix is 90 % 
dissolved and fully dissolved, respectively. The parameters of strength loss 
model are from (Feih et al., 2011).

Fig. 14. Sketch of heat transfer during solvolysis.
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Ee =QH +QM =

(

κA
t

δwall
+mc

)

ΔT (37) 

The thermal properties and density of the solvent (sulfuric acid 
aqueous solution with the concentration of 18 mol/L) are temperature- 
dependent and were obtained from the reference (Bump and Sibbitt, 
1955), as listed in Table 3. The container was assumed to have a 
diameter of 10 cm, a height of 6 cm, and a wall thickness of 0.2 cm. From 
Fig. 13, the time required for complete matrix dissolution at different 
temperatures was determined and is also shown in Table 3.

Fig. 15 shows the comparison of energy consumption for solvolysis at 
different temperatures. It can be observed that energy consumption in
creases with increasing temperatures. Compared to the linear trend line, 
which serves as a benchmark, energy consumption increases at a 
decreasing rate. Specifically, the energy consumed at 115 ◦C and 145 ◦C 
is 14 % and 20 % higher, respectively, than at 85 ◦C. This trend occurs 
because energy consumption is determined by both temperature and 
solvolysis duration, as described by Equation (37). While higher tem
peratures increase energy consumption, they also reduce the time 
required for complete matrix dissolution, partially mitigating the total 
energy demand.

6. Conclusions

This study proposed a computational model integrating diffusion, 
chemical reaction, temperature distribution and mechanical response to 
provide a framework for simulating the evolution of composite materials 
during solvolysis under varying temperature conditions. The model was 
numerically implemented using the finite element method and cali
brated with a series of solvolysis experiments on epoxy resin PRIME 37 
at different temperatures. The model was employed to investigate the 
effect of fiber arrangements on polymer dissolution, demonstrating that 
fibers act as barriers, resisting solvent getting into polymers and thus 
slowing the dissolution rate.

The efficiency of solvolysis under different temperature conditions 
was examined in terms of fiber degradation and energy consumption 
primarily considering heat transfer. The findings indicate that while 
higher temperatures accelerate solvolysis, they also reduce the me
chanical strength of recovered fibers, highlighting the need to optimize 
recycling conditions. This study emphasizes the importance of temper
ature control in maintaining fiber integrity and enhancing recycling 
efficiency. The modeling effort lays the foundation for multifield 
modeling of solvolysis of composites and will be extended to further 
studies to include swelling and thermo-mechanical responses of 
polymers.
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Wallmersperger, T., Ballhause, D., Kröplin, B., Günther, M., Gerlach, G., 2009. Coupled 
multi-field formulation in space and time for the simulation of intelligent hydrogels. 
J. Intell. Mater. Syst. Struct. 20 (12), 1483–1492.

Wiegand, S., 2004. Thermal diffusion in liquid mixtures and polymer solutions. J. Phys. 
Condens. Matter 16 (10), R357.

Xu, P., Li, J., Ding, J., 2013. Chemical recycling of carbon fibre/epoxy composites in a 
mixed solution of peroxide hydrogen and N, N-dimethylformamide. Compos. Sci. 
Technol. 82, 54–59.

Yan, H., Lu, C., Jing, D., Chang, C., Liu, N., Hou, X., 2016. Recycling of carbon fibers in 
epoxy resin composites using supercritical 1-propanol. N. Carbon Mater. 31 (1), 
46–54.

Yu, K., Yang, H., Dao, B.H., Shi, Q., Yakacki, C.M., 2017. Dissolution of covalent 
adaptable network polymers in organic solvent. J. Mech. Phys. Solid. 109, 78–94.

Zeng, X., et al., 2017. Structure-induced variation of thermal conductivity in epoxy resin 
fibers. Nanoscale 9 (30), 10585–10589.

Zhang, J., Lin, G., Vaidya, U., Wang, H., 2023. Past, present and future prospective of 
global carbon fibre composite developments and applications. Compos. B Eng. 250, 
110463.

Collaborative project for recycling wind turbine blades boosts circularity in fossil-free 
wind power; Stena Recycling, 2023-12-08. Link: https://www.stenarecycling. 
com/news-insights/newsroom/2023/wind-turbine-blade-recycling-boosts-circularit 
y-in-fossil-free-wind-energy/,.

Y. Chen et al.                                                                                                                                                                                                                                    Journal of Cleaner Production 501 (2025) 145313 

10 

http://refhub.elsevier.com/S0959-6526(25)00663-8/sref10
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref10
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref10
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref11
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref11
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref11
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref12
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref12
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref12
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref14
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref14
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref14
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref15
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref15
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref16
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref16
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref16
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref17
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref17
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref18
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref18
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref18
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref19
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref19
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref20
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref20
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref20
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref21
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref21
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref22
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref22
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref22
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref23
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref23
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref23
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref24
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref24
http://refhub.elsevier.com/S0959-6526(25)00663-8/optjb312zPiSJ
http://refhub.elsevier.com/S0959-6526(25)00663-8/optjb312zPiSJ
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref26
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref26
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref27
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref27
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref27
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref28
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref28
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref28
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref29
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref29
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref29
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref30
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref30
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref30
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref31
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref31
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref31
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref32
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref32
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref33
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref33
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref34
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref34
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref35
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref36
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref36
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref36
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref37
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref37
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref38
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref38
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref38
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref39
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref39
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref40
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref40
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref40
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref41
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref41
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref42
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref42
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref42
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref43
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref43
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref43
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref44
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref44
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref45
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref45
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref46
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref46
http://refhub.elsevier.com/S0959-6526(25)00663-8/sref46
https://www.stenarecycling.com/news-insights/newsroom/2023/wind-turbine-blade-recycling-boosts-circularity-in-fossil-free-wind-energy/
https://www.stenarecycling.com/news-insights/newsroom/2023/wind-turbine-blade-recycling-boosts-circularity-in-fossil-free-wind-energy/
https://www.stenarecycling.com/news-insights/newsroom/2023/wind-turbine-blade-recycling-boosts-circularity-in-fossil-free-wind-energy/

	Multifield computational model of chemical recycling of polymer composites: Temperature effects on solvolysis efficiency an ...
	1 Introduction
	2 Model introduction
	2.1 Governing equations
	2.2 Numerical implementation
	2.3 Finite element system

	3 Model calibration
	4 Effect of composite characteristics on solvolysis duration
	4.1 Effect of fiber placement on solvolysis duration
	4.2 Effect of fiber volume fraction on solvolysis duration

	5 Effect of temperature on recovered fibers and energy consumption
	5.1 Effect of temperature on fiber strength
	5.2 Effect of temperature on energy consumption

	6 Conclusions
	CRediT authorship contribution statement
	Declaration of competing interest
	Acknowledgement
	Data availability
	References


