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A B S T R A C T   

The percolation of organic Phase Change Materials (PCMs) into metallic skeletons produces Composite PCMs (C- 
PCMs). This paper explores Al-Si-Mg alloy Sheet-based Primitive-Schwarz (PS) Triply Periodic Minimal Surface 
(TPMS) C-PCMs filled by paraffines, comparing them with C-PCMs built with inverse Body-Centred Cubic (BCC) 
structures. The aim is to derive guidelines for improving the thermal response flexibility of these systems. The 
lattice geometrical features and C-PCM properties are calculated and modelled as a function of porosity (ε), 
proportional to storable energy. For ε > 0.8, the Effective Thermal Conductivity (λeff) of PS-based C-PCMs is 
higher than that of BCC-based, reaching 68 % of the maximum theoretical value. Design considerations are used 
to define a set of feasible C-PCMs whose thermal response is numerically simulated. The PS favours shorter 
transients than BCC (6.3 % less for ε =0.8). The ε increase, and, consequently, λeff reduction, in PS-based C-PCMs 
raises both storage potential and storage times (542 s vs 694 s for ε = 0.8 vs 0.9). Minor changes in the storage 
times can be obtained by lattice size variation at constant ε. The peculiarity of sheet-based TPMSs of splitting the 
volume into non-interconnected subdomains is exploited to design 3-phase C-PCMs, employing two PCMs having 
different melting temperatures.   

1. Introduction 

In recent years, the scientific community has put a lot of effort into 
fighting the increasing levels of pollution caused by traditional com-
bustion processes for energy production. The aim is to look for more 
sustainable solutions able to satisfy, the energy needs of the global 
population [1–3]. In such a context, Phase Change Materials (PCMs) are 
gaining more and more attention for Latent Heat Thermal Energy 
Storage (LHTES) purposes [4–7]. Indeed, their capability of storing 
thermal energy as latent heat associated with phase changes (i.e., solid- 
solid, solid-liquid, liquid-gas), and releasing it later with a reverse pro-
cess, makes PCMs the ideal candidates to efficiently manage the energy 
of a system. In particular, the high specific and latent heats, combined 
with easily reachable transition temperatures, make exploiting organic 
PCMs a promising approach. However, the intrinsic low thermal con-
ductivity limits the performances of LHTES organic-based devices. 
Different attempts have been made to tackle this issue, creating hybrid 
composites with organic PCMs having high thermal conductive phases. 

In this sense, several strategies have been considered in the literature, 
such as percolating the organic PCM in metal foams [8,9], rather than 
using carbon skeletons [10–12] or dispersing fillers inside the PCMs 
[13,14]. The addition of these latter results in a composite PCM (C-PCM) 
described as a fully homogenised single-phase medium with thermal 
conductivity (actually, effective thermal conductivity, λeff) higher than 
the one of the starting organic phase alone. The thermal conductivity 
increase depends on the quantity and properties of the second-phase 
inclusions and how they are arranged in the composite [15]. Different 
models are proposed in the literature to predict the composite λeff, 
highlighting the importance of controlling the morphology and orien-
tation of the second-phase medium to achieve the settled design 
requirements. 

Meanwhile, Additive Manufacturing (AM) technologies, with their 
unique capabilities to enable the design and fabrication of topologically 
complex structures [16,17], have pushed the exploration of new design 
pathways also in this field. Among the topologies already explored to 
design the so-called architected materials are the Triply Periodic Mini-
mal Surfaces (TPMSs), whose potential in heat transfer, thanks to their 
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high surface-area-to-volume ratio, has already been investigated 
[18–23]. TPMSs are characterised by surfaces having zero mean cur-
vature at any point. This feature implies minimising surface energy and 
area locally [24–26]. That peculiarity makes them particularly attrac-
tive for improving thermal and chemical exchange processes such as 
heat exchange, filtering, bone scaffold regeneration, catalytic con-
verters, fuel cells, and batteries [27–33] thanks to the high surface-to- 
volume ratio characterising their topology. Several studies have 
already been conducted to characterise the mechanical [34–41] and the 
thermal behaviour of TPMS-based structures [18,42–45]. These TPMS- 
based lattices are periodic cellular structures whose geometry can be 
modelled through level-set equations expressed as (Eq. (1), [26]): 

ϕ(x, y, z) = c (1)  

where c is a constant that defines the morphology of the surface, as 
shown in Fig. 1 (central row). In this figure, the widely investigated 
Primitive-Schwarz (PS) TPMS (Eq. (2), [22,46,47]) is taken as a refer-
ence whose topology can be approximated using the following level-set 
equation: 
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= c (2)  

where Lx, Ly and Lz are the unit cell sizes in the three principal directions 
[26]. For a cubic unit cell, a unique L value is considered. 

When c equals zero, the TPMS surface splits the space into two not- 
self-intersecting subdomains [48,49]. By tuning c, the result of this 
splitting process can be modified as desired. The 3D topologies gener-
ated from these surfaces characterised by a given c-value are of two 
kinds: Sheet- and Solid-network TPMS-based lattices [50]. The formers 

are created by thickening the surface (Fig. 1, top row). Besides, as it will 
be clarified in Section 2.1, they can also split the space into three sub- 
domains, one of which can be considered a solid and the other void. 
For example, this thickening effect can be obtained by modifying the c 
value. The Solid-based TPMS are instead generated considering one 
subdomain as fully solid and the other as void (Fig. 1, bottom row). 
Hence, they split the space into two subdomains. In the case of the Solid- 
based TPMS, the solid and void volume fractions - this latter coincides 
with the porosity (i.e., vS and ε, respectively) - are equal when c =
0 (Fig. 1) [22,46,47]. 

vs is the ratio between the volume of the unit cell and the volume of 
its cubic bounding box, while ε is its complement to 1 or 100, if 
expressed as a fraction or percentage, respectively. The Solid-based 
TPMSs present a volume fraction threshold value below which the 
resulting solid is no more continuous. In contrast, the thickness of the 
walls controls the volume fraction (vs) in the Sheet-based ones (Fig. 1). 
This thickness can be varied by modifying the c value. 

In this study, Sheet-based lattices are considered because they allow 
reaching extremely low vS values for the skeleton phase (i.e., high ε), 
keeping the continuity of the solid domain [26]. These values are 
essential to increase the amount of PCM stored in the C-PCM and, 
consequently, the amount of storable heat. The high surface-to-volume 
ratio that can be obtained with Sheet-based TPMSs at a low volume 
fraction of the solid phase (characterised by high thermal conductivity 
and high strength if metallic), and the possibility to fill the high 
remaining volume by low-conductivity and low-melting organic PCMs, 
suggests this type of TPMS structures as interesting candidates for 
creating PCM-based composites. Their adoption could be added to the 
widely investigated composites in which PCMs fill the interconnected 

Nomenclature 

Cp Specific heat at constant pressure, J/kg K− 1 

fL Volumetric average liquid fraction, −
LFR Liquid fraction rate, 1/s 
P Latent heat storage power, kW m− 2 

q Average normal heat flux, W m− 2 

RT Room temperature, K 
T Temperature, K 
Tm Melting Temperature, K 
tx Time, s 

General terms 
AM Additive manufacturing 
C-PCM Composite Phase Change Material 
PCM Phase Change Material 
LHTES Latent heat thermal energy storage 
BCC Body-centred cubic 
PS Primitive-Schwarz 
TPMS Triply Periodic Minimal Surface 

Structures geometrical parameters 
Bd Bottleneck diameter, mm 
c Level-set constant, −
d Maximum sphere diameter, mm 
H Height of the C-PCM, mm 
L Cell size, mm 
N Number of stacked cells - 
R Normalised surface-to-volume ratio, −
t PS structure thickness, mm 
V Absolute volume, mm3 

vs Volume fraction of the solid, −
S Contact surface between the metal skeleton and organic 

PCM, mm2 

Sface Metallic surface on the lateral faces of the bounding box, 
mm2 

Snorm Contact surface normalised to the surface of the bounding 
box, mm2 

Greek symbols 
α Thermal diffusivity, m2/s 
ΔH Latent heat of fusion, J/kg 
ΔT Temperature difference, K 
Δtx Time step, s 
Δtxmelt PCM melting time interval, s 
ΔT/dx Average temperature gradient, s 
ε Porosity, −
λ Thermal conductivity, W m− 1 K− 1 

ρ Density, kg/m3 

η Microstructural efficiency, −
μ Morphological index, −

Subscripts 
Al metallic domain of the lattice 
PCM PCM domain of the lattice 
eff effective 
‖ parallel (upper Wiener bound) 
⊥ Series (lower Wiener bound) 
B-A difference between the reference point B and A 
Al-PCM difference between metallic and PCM phases (volume- 

averaged) 
min minimum 
max maximum 
on PCM melting onset 
off PCM melting offset  
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porosity in foams [51,52] or more conventional lattices (e.g., Body- 
Centred Cubic, Face-Centred Cubic) [53–57]. Due to this typical pro-
duction method for composite PCMs, also implementable with TPMS 
structures, the structure can be characterised either in terms of solid 
phase or porosity. Notwithstanding this potential, to the authors’ 
knowledge, only a few papers have explored the possibility of combining 
TPMSs with organic PCMs. 

Qureshi et al. recently published a series of studies [58–62] inves-
tigating the potentiality of TPMS lattice systems leveraging numerical 
simulations. Their results show several advantages of TPMSs compared 
to conventional foams, represented by the well-known Kelvin unit cell. 
TPMS structures exhibit superior λeff and heat transfer coefficients 
compared to the latter. In addition, they offer sensible reductions in the 
time necessary to completely melt the PCM embedded in the composite. 

The influence of the choice of the TPMS topology with different levels of 
porosity, the positive impact of the graded distribution of the solid 
material inside the PCM, and their introduction in finned devices were 
considered in these studies. Qureshi et al.’s analyses demonstrated [58] 
that there are no significant differences in the effective thermal con-
ductivity value when various TPMS morphologies with fixed volume 
fraction (at least among the investigated PS, Gyroid, and Schoen I-WP 
TPMSs) are combined with PCM. That study also demonstrated that the 
Sheet-based PS structure has a slightly higher effective thermal con-
ductivity than the others [58]. Hence, starting from the Sheet-based PS 
structure as a promising topology, this paper further deepens the ther-
mal behaviour of composite PCMs (C-PCMs). These C-PCMs consists of a 
Sheet-based PS structure made of Al-Si-Mg alloy (widely processed by 
AM technologies) combined with paraffins as the active PCM phase. The 

Fig. 1. Design of 3D structures starting from PS surfaces. Central row: modification of the zero-thickness surface by changing the c value (Eq. (2)). Top row: different 
sheet-based PS structures obtained modifying the c parameter. Higher c values, from left to right, correspond to increased volume fractions (vs) and thus thickness. 
Bottom row: Solid-based PS structures obtained by solidifying one of the two subdomains. When c = 0, vs is equal to ε, i.e., 50 %. Equilibrium can be altered by 
changing the c value. 
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paraffines have been selected for their low density, low costs, and easily 
tunable thermophysical properties [63]. The Al-alloy was chosen for its 
low cost, low density, recyclability and AM processability. While other 
high-conductivity materials could be potentially adopted to fabricate 
the metallic skeletons, the previously listed properties should be 
considered before replacing an Al-based alloy. For example, at the 
moment, the use of copper (Cu), commonly adopted for foams [64], is 
still challenging when there is the need to manufacture small-scale lat-
tices [65]. 

The contribution of the paper is four-fold. Firstly, analytical models 
of the main geometrical features of C-PCMs are provided. These models 
allow supporting the evaluation of the feasibility of the metallic skele-
tons with the selected AM technology. Second, the study provides an 
analytical description of the effective thermal conductivity of the 
investigated C-PCMs in the same porosity range adopted for deriving the 
previous models. Third, the study also estimates the impact of cell size 
and porosity within the feasibility limits of AM process on the potenti-
ality of tuning the thermal response of the C-PCMs under simulated 
service conditions. Fourth, sheet-based TPMSs are exploited to create 3- 
phase C-PCMs, which have not yet been discussed in the literature. 
These latter are obtained by filling the two void and non-self- 
intersecting subdomains generated by sheet-based TPMS with two 
different PCMs. Two paraffins characterised by different activation 
temperatures are used. An evaluation of the tuning potential offered by 
this innovative 3-phase energy storage system is provided. 

The paper is organised as follows: Section 2 describes the materials 
and numerical methods employed for the analysis; Section 3 presents 
and discusses the obtained results; in Section 4, conclusions are re-
ported. Sections 2 and 3 are subdivided accordingly to the aims of the 
paper: the description of geometrical features for AM processing of 
metallic skeleton, the corresponding effective thermal conductivity from 
steady state analyses, the tuning of C-PCM thermal behaviour during 
transients, the feasibility of 3-phase C-PCMs with the Sheet-based PS 
lattice. 

2. Materials and methods 

The study is grounded on the analyses of the main design parameters 
of Sheet-based PS and inverse BCC structures and their influence on the 
thermal behaviour of the C-PCMs. Analytical correlations among these 
parameters are provided to offer design indications for developing 
structures with well-defined thermal properties. Then, numerical sim-
ulations (both steady-state and transient analyses) are used to investi-
gate the C-PCM thermal response and extrapolate the influence of the 
design parameters. Steady-state analyses allow evaluating the λeff of the 
C-PCM. Transient studies allow for assessing the behaviour of a structure 
under a specific thermal input, simulating particular working condi-
tions. These analyses are conducted on the basis of the work of Li and 
Gariboldi for C-PCMs made with an Al BCC lattice and paraffins [66]. 

An overview of the characteristics of the composite structures ana-
lysed in this paper is provided in Table 1. Further details are available in 
the following sections, while for clarifications concerning the acronyms 
used, the reader is invited to refer to the list of abbreviations. The 
analysed structures have been labelled as “Arch.-L-ε-N”, i.e., “type of 
architecture”-“cell size”-“porosity”-“number of stacked cells” (in 
Table 1, “P-10-0.8-1” stands for a structure created using the Sheet- 
based PS, with a cell size of 10 mm, a porosity of 0.8 and 1 cell). As 
shown in Tables 1, 3 cases will be analysed for the transient analysis to 
study the influence on the thermal behaviour of the C-PCM of the 
following design aspects: 1) the morphology of the metallic phase (i.e., 
PS vs Inverse BCC, Case 1); 2) the porosity (i.e., ε) selected for the PS 
structure (Case 2); 3) the cell size chosen for the PS structure (Case 3). 

2.1. Size-normalised geometry description of C-PCM structures 

The Inverse BCC (from now on called only BCC for simplification) 

and PS lattices (Fig. 2) can both be produced through the regular 
repetition of cubic unit cells, which are characterised by a side length or 
cell size (L) and a volume fraction (vs) [26]. However, in the case of C- 
PCMs, vs is meaningless because the latent heat storage potential is 
proportional to the volume fraction of the percolated PCM phase, which 
occupies the “void” domain, from now on referred to as ε. Hence, this 
latter parameter is the one considered in this study. The MSLattice [50] 
software was used to generate the PS digital models, while the Inverse 
BCC was modelled using Autodesk Inventor (www.autodesk.com). The 
geometrical parameters were extrapolated using both Autodesk Inventor 
and Rhinoceros (www.rhino3d.com). This latter was also used to obtain 
the area values of the PS surfaces. The PS was designed by controlling 
the ε in the range of 0.68–0.99 for L = 10 mm and L = 5 mm, using the 
“uniform TPMS lattices” module, “sheet networks” option [50]. The 
minimum and maximum thickness (tmax and tmin, respectively), shown in 
Fig. 2, were measured for each PS cell. Indeed, the resulting thickness of 
the PS “walls” is not constant. The BCC (Fig. 2) was obtained by per-
forming a series of Boolean operations considering spheres of diameter 
d located at the vertex of a cube and in its central point. The resulting 
void domain is fully connected. This cell is among those adopted to 
describe open-cell foams [67]. The solid structure is continuous and 
forms interconnected voids in the ε range of 0.68–0.995. The correla-
tions between L, ε and d are described in [55]. 

Table 1 
Geometrical parameters of the Sheet-based PS and BCC structures modelled for 
the steady-state and transient analyses of the 2-phase C-PCMs. “*” indicates that 
the data are not available in the ε range considered; “-“means that the parameter 
is not relevant for that specific structure.  

Steady-state analyses (Sections 2.2, 3.2) 

Architecture Sheet-based PS Inverse BCC 

Label P-10-0.68/ 
0.99-1 

P-5-0.68/ 
0.99-1 

B-10-0.68/ 
0.99-1 

B-5-0.68/ 
0.99-1 

L [mm] 10 5 10 5 
ε [− ] 0.68–0.99 0.68–0.99 0.68–0.99 0.68–0.99 
tmin [mm] 1.477–0.046 0.738–0.099 – – 
Bd [mm] 2.969–4.727 1.484–2.363 * * 
d [mm] 7.629–8.629 3.814–4.315 8.876–10.18 4.438–5.229 
H [mm] 10 5 10 5 
N [− ] 1 1 1 1   

Transient analyses (Sections 2.3, 3.3)  

Case 1 - cell type effect Case 2 – porosity effect 

Architecture Inverse BCC Sheet-based PS 

Label B-6.67-0.8-3 P-6.67-0.8-3 (ref. C- 
PCM) 

P-6.67-0.9- 
3 

L [mm] 6.67 6.67 6.67 
ε [− ] 0.8 0.8 0.9 
tmin [mm] – 0.616 0.301 
Bd [mm] 2.589 2.434 2.813 
d [mm] 6.33 5.347 5.562 
H [mm] 20 20 20 
N [− ] 3 3 3   

Transient analyses (Sections 2.3, 3.3)  

Case 3 - cell size effect 

Architecture Sheet-based PS 

Label P-6.67-0.8-3 P-5-0.8-4 P-4-0.8-5 P-3.33-0.8-6 
L [mm] 6.67 5 4 3.33 
ε [− ] 0.8 0.8 0.8 0.8 
tmin [mm] 0.616 0.462 0.369 0.308 
Bd [mm] 2.434 1.825 1.460 1.217 
d [mm] 5.347 4.008 3.207 2.674 
H [mm] 20 20 20 20 
N [− ] 3 4 5 6  
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In both cases, the C-PCMs were set up considering the “void” vol-
umes (Fig. 3) occupied by the organic PCM. In the case of PS, these latter 
can be filled with one or two PCMs, obtaining a 2-phase or a 3-phase C- 
PCM, respectively (as shown in Fig. 3). Geometry-based indexes, nor-
malised with respect to the lattice size, were chosen for supporting and 
simplifying the design of C-PCMs. The literature presents some examples 
of BCC [55] and PS [68–71] but these structures are often described 
through their relative density (vs). Surface-to-volume ratios have 
already been adopted in the literature to describe the thermal responses 
of lattices [72,73] and TPMS [74]. In this study, two L-independent 
surface-to-volume ratio indexes were calculated not only considering 
the volume fraction of the metal structure but also the PCM volume. 
They are referred to as RAl and RPCM and are defined through Eqs. (3) and 
(4), respectively. 

RAl =
S/6L2

VAl
/

L3
=

Snorm

vs
(3)  

RPCM =
S/6L2

VPCM
/

L3
=

Snorm

ε (4) 

In Eqs. (3) and (4), S [mm2] refers to the extension of the contact 
surface between the Al alloy and the PCM (as shown in Fig. 2), while L 
[mm] is the cell size. Hence, Snorm refers to the contact surface nor-
malised to the surface of the bounding box for a cubic cell (6⋅L2). Only 
the contact surface between metal and PCM was considered in this 
calculation. Indeed, the metallic surface laying on the lateral surface of 
the bounding box (Sface in Fig. 2) was neglected since in direct contact 
with the metal part in the case of a lattice of stacked cells. VAl [mm3] and 
vs are the absolute volume of the metallic lattice and its volume fraction 
(vs = VAl/L3), respectively. VPCM [mm3] corresponds to the void volume 
filled with the PCM. ε can be thus obtained as VPCM/L3. 

In addition to these L-independent indexes, L-normalised ratios were 
also defined for the following geometrical parameters: the maximum 
diameter (d in Fig. 2) of a sphere that can be inscribed inside the unit 
cell; the minimum and maximum thickness (tmin and tmax in Fig. 2) of the 
metal structure; the diameter of the biggest sphere inscribed in the 

lateral cell side (the bottleneck diameter, Bd in Fig. 2). In the BCC lattice, 
d corresponds to the diameter of the sphere used to build the BCC cell, 
while Bd to the minimum diameter created by the intersection of the 
spheres (Fig. 2). Besides, the thickness was not considered a parameter 
for this structure because it varies consistently from 0 to an ε-correlated 
maximum value (further details are provided in Section 3.1). It is worth 
underlying that the two spheres (represented by d and Bd) are abstract 
representations used to make explicit some characteristics of the cell 
topology. All these geometrical features were also considered for the 
following reasons. d, and the lattice thickness (particularly tmin) influ-
ence the printability of the metallic skeleton. They should be checked to 
guarantee that the metal structure is self-supporting. Bd influences the 
filling of the void subdomains of the structure with the PCM. This value 
also affects how easy-to-clean the metal structure is after the printing, 
when, for example, the unmelted powder has to be removed. The d, tmin, 
tmax and Bd values for the PS structure were calculated at the L and ε 
values previously mentioned at the beginning of this section. All these 
parameters, sorted at the design level, were thus selected based on their 
influence on the printability of the structure. Indeed, considering these 
Design for Additive Manufacturing (DfAM) aspects since the beginning 
of the design process of a C-PCM is fundamental to guarantee and 
monitor its fabricability. As anticipated, these geometrical parameters 
were L-normalised as d/L, Bd/L, tmax/L and tmin/L. These ratios were 
used to find their correlation with ε. L was selected as the normalising 
parameter for two main reasons. First, it is the most straightforward 
design parameter to assign when starting the structure dimensioning, 
and second, λeff of the structure does not depend on this value (further 
details in Section 2.2). 

2.2. Effective thermal conductivity calculations for PS and BCC C-PCMs 

Numerical simulations were performed with Comsol Multiphysics 
(version 6.1.) (www.comsol.com) in the stationary state to determine 
the thermal conductivity of the C-PCM. The whole structure was 
considered an assembly between the metallic and the organic domains 
with the creation of identity pairs at their boundaries. All materials 
composing the C-PCM were considered homogenous in the ε range of 

Fig. 2. Main geometrical parameters for the Sheet- 
based PS (a) and BBC (b) lattices: d is the diameter 
of the maximum sphere inscribed in the lattice, Bd is 
the bottleneck diameter, while tmin and tmax are the 
minimum and maximum thickness of the sheet- 
based PS, respectively. S is the contact surface be-
tween the metal and the PCM (Sface is not consid-
ered). The “A” and “B” points on the mid-height 
plane are used as a reference in Section 3.3: A is at 
the centre of the sphere of diameter d; B is at the 
interface between the PCM and the metal domain.   
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0.68–0.99 (Table 1). A quadratic Lagrange discretization was considered 
for the calculations. The software automatically meshed the structure 
with a physics-controlled mesh consisting of tetrahedral elements. Mesh 
sensitivity analyses were performed on the ε = 0.8, 5 mm-length unit cell 
to optimise element size both for steady-state and transient analyses. 
The maximum element size was fixed to 0.2 times the cell size (L). 
Additionally, for the same porosity level, the independence of the 
numerically calculated λeff from the length (L) and the number of stacked 
cells (N) was checked. The values obtained for the 5 mm-length unit cell 
(L = 5 and N = 1), considered the reference, and those with L = 10 mm 
and N = 16 were evaluated and compared. These values differ by 0.009 
% (L = 5 mm vs L = 10 mm) and 0.5 % (N = 1 vs N = 16), respectively, 
confirming that λeff does not depend on L and N. 

As aforementioned, an Al alloy (Al-Si7-Mg0.4, a classical casting 
alloy also widely available as powder for AM processes) was assigned to 
the PS and BCC lattices. Paraffins (organic PCM) were assigned to the 
“void” domains. Regarding the PS, two cases were considered (Fig. 3): 
case “A”, where the same PCM fills both void subdomains and case “B”, 
where the two subdomains are filled by two paraffins (one for each 
domain) with different melting temperatures (labelled “high-T PCM” 
and “low-T PCM”). Case A represents a 2-phase C-PCM, while case B is 
the 3-phase one. In this last case, the two PCM subdomains are equiv-
alent in volume. 

To the authors’ best knowledge, the current scientific literature is 
scarce about the thermal characterization of Al-Si7-Mg0.4 produced by 
AM techniques. For this reason, its thermal properties were selected 

based on studies on casting products [75–78]. Al-based rapidly solidified 
products present microstructural changes in the as-produced conditions 
if thermally treated [79]. These latter variations may modify the prop-
erties of the material. Accordingly, the authors selected reasonable 
simulation values based on the data provided in [75–78]. In any case, 
the behaviour of the material stabilizes after a certain number of cycles. 
A preliminary thermal treatment can be considered to stabilize the 
microstructure [79]. The thermophysical properties of interest were 
considered temperature-independent since they slightly increase/ 
decrease in the temperature range from room temperature (RT = 298 K) 
to about 413 K, which corresponds to the maximum temperature value 
set to this phase during simulations. For the same reason, the properties 
of the paraffins were considered temperature-independent but different 
for the solid [80–83] and liquid state [63]. Two paraffins were selected, 
with melting temperatures of 333 K (low-T PCM) and 353 K (high-T 
PCM), respectively. A literature survey was performed for both the 
PCMs, to retrieve data regarding the thermophysical properties of par-
affins with similar melting temperatures. A consistent scattering of these 
data (solid and liquid phase) was found for the following properties of 
the low-T PCM: Cp (2000–2900 Jkg− 1 K− 1 for the solid phase and 
2400–2900 Jkg− 1 K− 1 for the liquid phase [84–87]); ρ (865–930 kg/m3 

for the solid and 775–830 kg/m3 for the liquid [83–88]); λ (0.2–0.514 
Wm− 1 K− 1 for the solid and 0.167–0.4 Wm− 1 K− 1 for the liquid 
[9,58,66,83–93]) and the melting temperature range (6-14 K 
[9,84,87,93]). Representative values among the proposed ranges were 
selected to describe the low-T PCM (Table 2). The melting temperature of 

Fig. 3. Schematic view of a single cell of the 2-phase (case “A”) and 3-phase (case “B”) PS-based C-PCM. The beige and dark red colours refer to high-T PCM and low- 
T PCM, respectively, while the grey colour to the metallic skeleton. (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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the paraffin was set as the median value of the temperature solidification 
range. Conversely, to the author’s best knowledge, the literature does 
not offer reliable data for the high-T PCM. However, the literature also 
suggests a slightly increasing trend of the above properties as the 
number of carbons in the molecular chains increases [63,80–83]. For 
example, paraffin which melts at 373 K, exhibits λ = 0.665 Wm− 1 K− 1 

[93]. Given the collected data, slightly higher values were proposed for 
the thermophysical properties of the high-T PCM. Details are provided in 
Table 2. On the other hand, the same latent heat of fusion (ΔH) for both 
PCMs was considered due to its minor dependence on the length of the 
molecular chains [63]. Although the paraffins considered in this work 
undergo a solid-solid transition, followed by a solid-liquid one, only one 
phase change was considered since the transition temperatures are 
pretty close [82]. Also, in the present case, the latent heat of fusion (ΔH) 
value was selected based on literature data, where it ranges approxi-
mately from 200 to 250 kJ/kg [82,86,91]. 

Finite Element (FE) analyses were performed to calculate the λeff in 
its fully solid conditions. A single-cell structure with adiabatic condi-
tions on lateral surfaces was considered (Fig. 4a). Constant temperatures 
of 300 and 301 K were set on the top and bottom faces of the unit cell. No 
heat sources were considered in the material, so the Laplace description 
[94] of the temperature field was considered [94]. Boundary conditions 
and reference axes are provided in Fig. 4a. Perfect thermal contact 
(continuity) was set at the interfaces between different phases. These 
simulations provided as output the temperature distributions within the 
cell and the average heat flux normal to the bottom surface (q), which is 
the one at the lower temperature (z-direction, positive ‘entering’ the 
face). From this latter, the effective thermal conductivity was derived as 
described in Eq. (5) [94]: 

λeff = −
1
q

∂T
∂z

(5)  

The resulting λeff of the C-PCMs was then compared to the theoretical 
limits defined by the phase Wiener bounds (i.e., λ‖ and λ⊥ in Eqs. (6) and 
(7), [95]), which define the theoretical maximum/minimum values for 
λeff, also dependent on the thermal conductivity of the two phases. 

λ‖ = (1 − ε)λAl + ελPCM (6)  

λ⊥ =

(
1 − ε

λAl
+

ε
λPCM

)− 1

(7)  

In Eqs. (6) and (7), λAl and λPCM refer to the thermal conductivity [Wm− 1 

K− 1] of the metal and the PCM, respectively (Table 2). 
The goodness of the two phases’ arrangement in achieving high 

effective thermal conductivity was estimated through two indexes: 1) 
the “microstructural efficiency Index” (η), defined in Eq. (8) [95], which 
allows estimating how close λeff is to the upper Wiener bound; 2) a 
“morphological factor Index” (μ, defined in Eq. (9), [95]) which allows 
understanding how far is λeff from both limits. 

η =
λeff

λ‖
(8)  

μ =
λeff − λ⊥
λ‖ − λ⊥

(9)  

2.3. Effect of the architecture, porosity and size of the lattice on the 
thermal response of the C-PCM in transient analyses 

Sets of numerical simulations in a time-dependent regime were 
performed on the C-PCMs proposed with the software Comsol Multi-
physics (www.comsol.com) for evaluating their thermal responses 
under a possible service input. Three different cases were considered. 
Specifically, Case 1 is conceived to study the impact of the cell type (i.e., 

Table 2 
Thermophysical properties of the Al alloy [75], the low-T and high-T PCMs (solid and liquid state) [58,63,80,82,83]. Case A and B refer to the 2- and 3-phase cases 
(Fig. 3), respectively.   

λ [Wm− 1 K− 1] ρ [kg/m3] Cp [Jkg− 1 K− 1] α [m2/s] Tm [K] ΔH [J/kg] ΔT [K] Case A Case B 

Solid Al alloy  187.5  2588  950 7.6E-05 – – – Yes Yes 
Solid high-T PCM  0.45  920  2300 2.1E-07 353 235,000 10 Yes Yes 
Liquid high-T PCM  0.21  790  2800 9.5E-08 
Solid low-T PCM  0.35  900  2200 1.8E-07 333 235,000 8 – Yes 
Liquid low-T PCM  0.2  785  2600 9.8E-08  

Fig. 4. Reference axes and boundary conditions for the steady-state (a) and transient (b) analyses.  
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PS vs BCC). Case 2 allows assessing the effect of the porosity (ε) for the 
PS-based structure. Case 3 is conceived to analyse the influence of the 
cell size (i.e., L). Case 3 was also selected to display the concurrent effect 
of boundary conditions. The analyses were performed on the structures 
listed in the “Transient Analyses” section in Table 1. As clarified in 
Section 3.1, the choice of these structures has also been motivated by the 
results obtained from the size-normalised analysis of the unit-cell to-
pologies. We considered the “P-6.67-0.8-3” structure (Table 1) as the 
reference for all three analysed cases. 

For time-dependent analyses, the Laplace equation was modified as 
described in Eq. (10) [94]: 

ρiCp,i
∂Ti

∂tx
− λi∇

2Ti = 0 (10)  

where ρi, Cp,i and λi correspond to the density, specific heat, and thermal 
conductivity of the i-th phase. For the above cases, in which a 2-phase C- 
PCM was considered (Case A in Fig. 3), these phases are the Al-Si7- 
Mg0.4 and the high-melting temperature paraffin. For the 3-phases C- 
PCM (Case B in Fig. 3) these phases are the Al-Si7-Mg0.4, the high- 
melting temperature paraffin and the low-melting temperature 
paraffin. The convective heat transport due to motions within the PCM 
in the molten state was considered negligible [55]. 

The same considerations described in the previous section for 
generating the structures, the type of discretization and the mesh were 
adopted in the transient analyses. For every C-PCM, an Al-Si7-Mg0.4 
plate, having the same cross-sectional area of the composite and thick-
ness of 1 mm, was added at the bottom of the C-PCMs (Fig. 4b). The plate 
is used to simulate a real application where the heat is supplied homo-
geneously at one side of a PCM confinement medium, possibly with high 
conductivity, and it is driven into the composite accordingly to the 
PCM/Al phase properties and arrangement. Adiabatic boundary condi-
tions were chosen for the C-PCM’s top and lateral surfaces. A tempera-
ture ramp of 0.0278 K/s (equal to 100 K/h) was applied at the bottom 
plate of the structure to progressively melt the paraffin (Fig. 4b) for 
approximately 4050 s. As before, the high-T paraffin was selected for 
these analyses, and its transition was modelled as a linear function in the 
‘Phase Change Material’ module of the software Comsol Multiphysics 
(www.comsol.com) on the bases of the material properties reported in 
Table 2. The RT condition, i.e., 298 K, was selected as the initial con-
dition for the whole C-PCM. After preliminary analyses of time-step 
sensitivity, the time step for FE simulations was set to 10 s just before 
the onset of PCM melting (at approximately 1800 s). Then, a refined 
time step of 0.5 s was chosen to cover the whole transition range. The 
analyses performed in Case 3 were repeated for the maximum and 
minimum cell size setting a ramp rate of 0.075 Ks− 1 (270 K/h) at the 
bottom surface, initially at RT, to assess the concurrent effect of the 
boundary conditions. In this case, the time step during melting was 
reduced to 0.1 s. 

The following quantities, most of which are time-dependent and 
defined considering the end of the i-th time interval, were evaluated for 
comparing the influence of the design parameters taken into account on 
the 3 sets of numerical simulations performed (labelled as Case 1, Case 2 
and Case 3 in Table 1):  

• PCM melting onset time (txon)  
• PCM melting offset time (txoff)  
• PCM melting time interval (Δtxmelt)  
• Volume-averaged liquid fraction (fL,i)  
• Difference between the volume-averaged temperatures of the 

metallic and PCM phases (ΔTAl-PCM,i)  

• Rate of change of ΔTAl-PCM,i 

((
Δ(ΔTAl− PCM)

Δtx

)

i
=

ΔTAl− PCM,i+1 − ΔTAl− PCM,i
txi+1 − txi

)

• Liquid fraction rate 
(

LFRi =
fLi+1 − fLi
txi+1 − txi

)

• Power absorbed by the PCM domain (Pi = DH*LFRi*m), by defini-
tion, proportional to LFR. 

A is the area of the plate (Fig. 4b) [m2], and m is the mass of the PCM 
[kg]. 

2.4. Thermal response of the 3-phase C-PCM 

A transient study was also performed on the 3-phase C-PCM. As 
aforementioned, the system is realised with a double organic PCM 
percolated in the two “void” domains separated by the metallic PS 
structure (Case B in Fig. 3). The same approach described in Section 2.3 
was adopted, considering the addition of the low-T PCM. The thermal 
responses of the 2-phase and 3-phase C-PCMs under the same conditions 
adopted for the cases 1, 2 and 3 were calculated and compared with the 
metal structure labelled as P-5-0.8-4 (details in Table 1). The material 
parameters are provided in Table 2. 

Due to the similar thermal conductivities of the selected paraffines, 
the λeff of the C-PCMs with 2 or 3 phases was considered to be the same. 
Indeed, in the solid phase and for ε = 0.8, λeff differs by 0.09 %. 
Furthermore, the thermal diffusivity values of the two paraffins (α, 
calculated on the bases of λ, Cp and ρ listed in Table 2) can be considered 
the same when both phases are in the solid or liquid state, and when one 
is liquid and the other is in the solid state. The thermal response of the 2 
and 3-phase C-PCMs thus is mainly related to the melting ranges of their 
PCMs and to the corresponding latent heat fractions stored/released 
within this range. 

3. Results and discussions 

3.1. Size-normalised geometrical description of the structures and 
preliminary C-PCMs feasibility considerations 

The correlations between ε and the L-normalised geometrical indexes 
introduced in Section 2.1 are discussed and summarised in Fig. 5. Fig. 5a 
compares the d/L trends of the PS and BCC structures. Points were ob-
tained by calculating the d/L ratio for different ε and L values. The 
selected ε range was 0.68–0.99. 0.68 represents the percolation 
threshold of the BCC structure as demonstrated in [55], while 0.99 was 
considered the maximum reachable, theoretically, porosity value. Hence 
the BCC percolation limit was considered for the PS. For the BCC, a third- 
order polynomial description proposed by Li and Gariboldi ([55], Eq. 
(11) in Table 3) and valid in the percolation range up to 0.99 is mapped 
in Fig. 5a. This trend is almost linear up to ε = 0.85. Above this value, the 
ε of the BCC structure can be increased by increasing d/L more than 
linearly. A good agreement was found between the values from Eq. (11) 
[55] and the computed data (Fig. 5a). For any ε, the L-normalised 
diameter of the BCC structure is greater than that of the PS. Their 
relative differences increase with ε (from 12 % to 16 % as ε increases 
from 0.7 to 0.9). At high ε values, a linear correlation is obtained for d/L 
(Fig. 5a), tmin/L, tmax/L (Fig. 5b) and Bd/L (Fig. 5c) for the PS skeleton. 
Further, as ε increases up to 1, the L-normalised thicknesses values go to 
zero, while the d and Bd diameters (Fig. 2) are those of the PS minimal 
surface. Fig. 5a shows that the linear trends for PS structure are valid for 
ε values down to 0.68, which is the BCC percolation limit. The best- 
fitting linear correlations in the porosity range of 0.68–0.99 are listed 
in Table 3 (Eqs. (13), (14), (15) and (17)). The comparison between Eqs. 
(14) and (15) shows that tmax/L is approximately 21 % bigger than tmin/L 
at ε = 0.68. Further, the tmin/L trend is similar to the thickness data 
(Fig. 5b, red line) derived from Bonatti et al. [68]. 

Fig. 5c shows the Bd/L trend for the BCC structure, based on the 
analytical description obtained from Eq. (12). Up to about ε = 0.87, the 
Bd/L ratio of the PS structure is bigger than that of the BCC structure, 
suggesting in this range a potentially simpler PCM percolation during 
the PS-based C-PCM fabrication. 

The metal skeleton can be created once the cell type, the ε (or vs) and 
L values are settled. However, these parameters alone are not enough to 
thoroughly check the manufacturability of the C-PCMs. As already 
explained, further geometrical aspects should be included, such as Bd 
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and d as a function of L. Specifically, the L value can be limited upward 
by d to print a self-supporting structure. The L bottom limit is instead 
linked to the minimum printable thickness (tmin) and the minimum di-
ameters of the open-cell structure (Bd), which allow the structure to be 
filled by the molten PCM and to be cleaned from the unmelted powder, 
after the printing process. The equations provided in Table 3 are thus 
conceived to support the dimensioning of the C-PCMs. Once assigned the 
ε and L values, the others can be immediately derived and thus verified 
to check whether they fall within suitable ranges according to the 
selected material, printing technology, and paraffin. PS structures can be 
manufactured, as demonstrated in [18] for Ti-6Al-4 V and Hastelloy-X 
via laser powder bed fusion (L-PBF), with L in the 3.3–10 mm range 
and a thickness in the 0.265–2.07 mm range. For example, bigger lat-
tices (L = 12.7 mm, thickness in the 0.37–1.11 mm range) were printed 
in PA12 with the Selective Laser Sintering technology [96]. For Al-alloy 
lattices, a PS structure with L = 10 mm was recently produced by L-PBF 
in AlSi10Mg with ε = 0.8, corresponding to d = 8 mm [97]. Based on the 
authors’ experience, an Al-Si7-Mg0.4. BCC lattice with ε = 0.8 and L =
5.5 mm (corresponding to d = 5.07 mm) is manufacturable. Indepen-
dently on these, the correlation in Fig. 5a suggests that, for the same 
porosity values, and cell size (L), a PS structure has a smaller d value 
than the BCC. Hence, the risk of collapse during printing could be 
reduced. Thus, upper L = 10 mm and L = 9 mm limits can be considered 
for the Al PS and BCC structures, respectively (with ε = 0.8) [97]. 
However, these limits are mainly indicative since they depend on the 
selected material, printing technology and machine. 

From the point of view of AM feasibility, the PS structure is char-
acterised by a continuous thin structure that requires good tolerance to 
ensure the desired thermal resistivity. Poltue et al. [69] report a series of 

Sheet TPMS structures (Primitive-Schwarz, Gyroid, Diamond, Neovius, 
Schoen F-RD and I-WP) manufactured via L-PBF with Ti-6Al-4 V alloy, 
with thicknesses in the 0.1–0.3 mm range and d in the 0.3–0.6 mm 
range. With the same technology, PS structures made of 304 stainless 
steel were manufactured with a t ranging from 0.4 to 0.6 mm [98]. More 
recently, a PS structure was produced in AlSi10Mg by L-PBF with t = 0.1 
mm and L = 5 mm [99]. It is thus possible to assume that 0.1 mm, 
despite being a challenging value, could represent a lower limit for 
manufacturing metal Sheet-based PS lattices. Conversely, no data for the 
Bd value (Fig. 2) are available. However, the authors filled Al alloy 
lattice structures with Bd = 1.6 mm without problems. 1.2 mm can be 
considered as the Bd minimum value, considering the necessity to fill in 
the structure at a relatively high temperature since the viscosity of 
paraffins decreases significantly as the temperature exceeds the melting 
completion [63]. Hence, based on these considerations, the C-PCM 
structures, considered for the transient analyses (as described in Section 
3.3 and shown in Table 1) were dimensioned inside these reference 
limits. This “geometrical” analysis has been thus fundamental to drive 
the rest of the study. 

The surface-to-volume ratios can be considered design parameters 
for C-PCM structures, even if they do not strictly affect the processability 
of the metallic skeleton or its filling with the PCM in the molten state. 
For this reason, they will be considered for evaluating the thermal 
behaviour of the C-PCMs. However, in this case, differences exist be-
tween the classical literature approach considering only the metallic 
skeleton structures surrounded by non-thermally conductive, non-dense 
fluid and C-PCMs where a low-conductivity PCM fills the empty space. 
In the former case, the surface/volume interface of the solid is consid-
ered, and instead, in the latter, the surface-to-volume interface of the 
PCM also has to be considered. As for the analytical description intro-
duced in Section 2.1 (Eqs. (3) and (4)), the RAl and RPCM parameters are 
presented in Fig. 6, together with their best-fit curves provided in 
Table 4. Fig. 6a, Eq. (18) (for the BCC) and Eq. (20) (for the PS) show 
that the RAl values of both structures increase as ε approaches 1. This 
increase is particularly steep for the PS structure, in agreement with 
Abueidda et al. [70]. At ε = 0.97, the RAl of the PS structure is about 
twice that of the BCC. Conversely, RPCM presents a monotonically 
decreasing trend as ε increases. This trend is steeper for the BCC struc-
ture (Fig. 6b, Eqs. (19) and (21) for the BCC and PS structures, respec-
tively). This situation is particularly favourable for the PS structures at a 
high ε. Indeed, at ε = 0.97, the RPCM of the PS is twice that of the BCC. 
This result means that the PS topology favours the heat flow from the 
PCM phase to the metal structure and vice versa. Size-dependent ex-
pressions of the surface-to-volume ratios can be easily obtained by 
dividing RAl and RPCM by L. 

Fig. 5. Correlations between the ε and L-normalised parameters for the PS and BCC lattices obtained at different L values (5 and 10 mm) in the 0.68–0.99 ε range. a) 
d/L for both PS and BCC lattices. b) tmin/L and tmax/L for the PS lattice. c) Bd/L for the PS and BCC lattice. Data obtained from the literature are plotted together with 
the fitting curves provided in Table 3. 

Table 3 
Analytical equations describing the variations of the design parameters selected 
for the PS and BCC lattices. Eqs. (11) and (16) were extrapolated from [55,68]. 
Eqs. (12), (13), (14), (15) and (17) were derived from fitting the measured 
geometrical data (Fig. 5).  

Cell 
type 

Equations 

BCC d/L = 4.969ε3–11.683ε2 + 9.599ε- 
1.825  

(11) 

Bd/L = ((d/L)2–0.75)0.5 With 0.72 < ε < 0.94 (12) 
PS d/L = 0.3227ε + 0.5435 With 0.68 < ε < 0.99 (13) 

tmax/L = 0.5623*(1-ε) With 0.68 < ε < 0.99 (14) 
tmin/L = 0.4615*(1-ε) With 0.68 < ε < 0.99 (15) 
t/L = 0.4529*(1-ε)  (16) 
Bd/L = 0.5671ε-0.0887 With 0.68 < ε < 0.99 (17)  
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3.2. Effective thermal conductivity for steady-state analyses 

In addition to the thermal conductivities of the single phases, the λeff 
of the C-PCM depends on ε and its arrangement inside the lattice 
bounding box. The correlation among the thermal conductivity of the 
BCC and PS C-PCM structures and ε can be found in Fig. 7a, together 

with the upper and lower bounds (Eqs. (6)–(7)), drawn as black and 
green dashed lines, respectively. These bounds, both decreasing when ε 
increases, significantly differ due to the almost 3 orders of magnitude in 
the Al alloy and PCM thermal conductivity. Within these limits, in the 
0.68–0.99 porosity range, the thermal conductivity of BCC and PS 
structures have similar values, not far from the upper bound (λ‖, “Par-
allel” in Fig. 7a). 

However, λeff of PS structures is closer to the upper limit than BCC, 
exhibiting an advantageous arrangement in the studied range (Fig. 7a). 
This evidence is well described by the trends of the η and μ indexes (Eqs. 
(8)–(9), Fig. 7b and c). In the 0.68–0.99 ε range η and μ of the BCC drop 
progressively to 0.25 and 0.17 of λ‖, respectively. On the contrary, in the 
PS structure, both indexes are higher and remain close to 0.7, with an 
average η value of 0.676 in the 0.8–0.98 ε range. This means that in this 
porosity range, λeff is 67.6 % of the theoretical maximum. Thus, λeff can 
be easily estimated from Eq. (22) without requiring numerical simula-
tions for the specific unit cell. This porosity range (0.8–0.98) is thus 
interesting for creating PS-based C-PCM composites with a high con-
ductivity matrix. 

λeff = 0.676[(1 − ε)λAl + ελPCM ] (22) 

Fig. 6. Length size-normalised indexes RAl (a) and RPCM (b) for the BCC and PS structures (Eqs. (3) and (4)). Values obtained with ε ranging from 0.72 to 0.97.  

Table 4 
Equations for the normalised surface-to-volume ratios, RAl and RPCM, of both C- 
PCMs (Eqs. (3) and (4)), derived by best fitting data presented in Fig. 6.  

Cell 
type 

Equations 

BCC RAl = 1,218,029.8ε6–6,072,075.9ε5 + 22372432ε4- 
24301569ε3 + 14,817,979.9ε2–4,808,727.1ε +
648,825.9 

With 0.72 
< ε < 0.97 

(18) 

RPCM = 24,924.2ε6-125660ε5 + 263.241.8ε4- 
293306ε3 + 183,332.4ε2–60,956.7ε + 8424.9 

With 0.72 
< ε < 0.97 

(19) 

PS RAl = 2,234,097.7ε6–10,962,975.3ε5 +

22372432ε4-24301569ε3 +

14,817,979.9ε2–4,808,727.1ε + 648,825.9 

With 0.72 
< ε < 0.97 

(20) 

RPCM = 0.7ε2–2.1ε + 2.2 With 0.72 
< ε < 0.97 

(21)  

Fig. 7. a) Effective thermal conductivity (λeff) of the BCC and PS structures as a function of the porosity. The Wiener bounds (λ‖ and λ⊥, “Parallel” and “Series”, 
respectively) are also mapped. b) and c) show the microstructural efficiency index η) and the morphological efficiency index (μ) as a function of the porosity (ε), 
respectively. 
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It is worth mentioning that the trends of the efficiency indexes are 
strongly correlated to the thermal conductivity of the phases of the 
composite and their relative ratio (λAl/λPCM) [95]. Hence, these con-
siderations and Eq. (22) are valid for a ratio of skeleton-to-filler-thermal- 
conductivities of about 400 (417 is the value obtained as 187.5/0.45, 
Table 2). It is also worth mentioning that most of the C-PCM structures 
used in Cases 1, 2, and 3 and for the 3-phase C-PCM have the same 
porosity (ε = 0.8) but different lattice lengths. However, their λeff is the 
same (about 25 Wm− 1 K− 1). Instead, the λeff of the metal PS-based C- 
PCMs is 14 % higher than that of the BCC. As shown in the next sections, 
λeff is one of the parameters which regulates the readiness of the C-PCM 
thermal response. 

3.3. Effects of cell architecture, porosity and size in transient analyses of 
2-phase C-PCMs 

As discussed in Section 2.3, 3 sets of numerical simulations in the 
transient state were performed on 2-phase C-PCMs (Table 1) to evaluate 
the influence of the design choices on their thermal responses. These C- 
PCMs fall within (and often close) the upper and lower manufactur-
ability bounds defined in Section 3.1 for the PS structures. The results of 
the 3 sets of transient analyses are compared considering, in addition to 
the times for the PCM melting onset and completion (these are standard 
parameters to compare the thermal behaviour of C-PCM), also the 
punctual and the average thermal response of the C-PCM structures. 
Table 5 (as shown in Section 2.2) provides the PCM melting onset/offset 
times. The PCM melting starts simultaneously (txon = 1810 s). Indeed, 
the PCM at the bottom of the lattice reaches the temperature for its 
melting onset, independently of the phase arrangement, the lattice size 
and the porosity ratio. The time interval for PCM melting (Δtxmelt) and 
the PCM melting offset time (txoff) are adopted in the scientific literature 
on C-PCMs to evaluate the performance of heat storage or heat man-
agement systems [58]. The former (Δtxmelt) can be exploited to design 
structures optimised for cyclic service, where the time for forward/ 
backward PCM transformation (i.e., heat storage+release time) should 
correspond to the cycle time. On the other hand, when the C-PCM 
structure needs to accumulate heat starting from RT or is designed to 
prevent overheating, txoff becomes the reference parameter. Notwith-
standing the same λeff, Δtxmelt and txoff vary for the 2-phase PS structures 
characterised by different L values at ε = 0.8, as shown in Table 5 (and 
described in Section 3.2). 

To analyse the local thermal response differences, the temperature 
and liquid volume fraction in the PCM phase were compared at the 
standard heating rate (0.0278 K/s) and at a fixed time (i.e., 2100 s, 
Table 6). This time guarantees a sufficiently high average volume frac-
tion of molten PCM. The time-evolution of the volume-averaged pa-
rameters considered in this paper (ΔTAl-PCM, fL, LFR and P) are presented 
for the same C-PCM structures in Figs. 8a-c, respectively. The effect of 
each parameter is analysed separately in the corresponding case (Case 1, 
2, and 3).Case 4 refers to the comparison between 2- and 3-phases C- 
PCMs. 

3.3.1. Case 1: effect of the metallic phase cell type 
Case 1 compares the C-PCMs B-6.67-0.8-3 and P-6.67-0.8-3, which 

only differ for the cell type (Table 1). Their porosity (ε = 0.8) is rela-
tively high, ensuring percolation and good thermal storage potential. 
Their cell size is L = 6.67 mm, the maximum considered in the present 
work, which assures printability and reasonably the absence of con-
vection motions in both structures. The local temperature and PCM 
liquid fraction distributions, shown for these structures at tx = 2100 s in 
the first row of Table 6, highlight the highly inhomogeneous global 
temperature distribution for both structures. The punctual behaviour is 
quantified utilizing two points laying on the same mid-height plane of 
the unit cell: point “A” is at the centre of the PCM sphere inscribed in the 
structure (Fig. 2a and b), while point “B” is at the interface between the 
PCM and the metal domain. In the BCC structure, the distance between 
the two points is d/2. In the PS structure, this distance is slightly bigger 
than d/2 (Fig. 2). The onset and completion of melting at point A are 
shorter in the PS-based C-PCM (Table 7). The maximum temperature 
difference between B and A (ΔTB-A) is higher for the BCC structure 
(Table 7). This result confirms the presence of more pronounced tem-
perature inhomogeneities within the BCC-based C-PCMs. Generally, the 
maximum temperature difference between the two phases is achieved 
during the paraffin solid-liquid transition for all the studied structures, 
as demonstrated by the classical time-temperature profiles in Fig. 8. 
Indeed, the phase change triggers the heat absorption at quasi-constant 
temperature as latent heat of transformation, reducing the temperature 
increase in the cell for both the PCM and Al, with a more intense effect 
on the former. However, the average temperature gradient between B 
and A (ΔTB-A /dx) is lower for the BCC structure (Table 7) due to the 
bigger d value at the denominator. Hence, further analyses were 
necessary to clarify these aspects. 

The behaviour deduced by punctual analysis in Table 7 has been then 
compared to the volume-averaged indexes given in Fig. 9 for the B-6.67- 
0.8-3 (dotted black lines) and the P-6.67-0.8-3 (solid black lines) 
structures. Fig. 9a shows that the profiles of the difference between the 
volume averaged temperatures of the metallic and PCM phase (ΔTAl-PCM) 
are characterised by a peak starting at txon (about 1810 s) and pro-
longing after txoff. It can be also observed that 2100 s, i.e., the time 
selected to display the behaviour for different C-PCMs in Cases 1, 2 and 3 
is in the increasing part of the ΔTAl-PCM time profiles, not far from the 
peak times. The PS-based C-PCMs have a lower and narrower peak than 
the BCC. 

The comparison between the two arrangements of the metal skeleton 
phase can also be performed on the more conventional average liquid 
fraction curve (fL, Fig. 9b). This curve shows a gradual increase of the 
liquid phase in all the structures under the simulated service conditions. 
The development of the volume fraction of liquid in BCC-based C-PCM is 
slower than that in the PS-based one. The liquid fraction rate (LFR, 
Fig. 9c) represents the first derivative of the fL-tx curve and is propor-
tional to the latent heat power P ‘stored’ in the PCM phase. Their pro-
files, given on two scales in Fig. 9c, are characterised by a broad peak 
that develops on the transition time interval Δtxmelt. The power trans-
ferred to the PCM is higher in the PS structure, corresponding to a higher 
latent heat storage power. Indeed, the more massive PCM regions 
localized in the BCC tend to slow heat diffusion during their melting. 

The combination of local and averaged data suggests that, during the 
peak (Fig. 9a) roughly corresponding to the phase transformation of the 
PCM, the PS structure has a more homogeneous temperature distribu-
tion along the z direction, reached through a more effective local heat 
transfer at the interface between the high and the low thermally 
conductive phases. 

The advantageous morphology of the PS architecture when faster 
transients are requested is thus clear. This behaviour can be justified by 
the higher λeff and RPCM (Fig. 6b) values for the PS-based C-PCM at the ε 
considered. Further, the presence in its metallic skeleton of lower 
d values (Figs. 2 and 5a) than the BCC metal structure can also play an 
important role, as it will be pointed out later when discussing Case 3. 

Table 5 
PCM melting onset/offset times (txon and txoff, respectively) and melting time 
intervals (Δtxmelt) for the C-PCMs. P-6.67-0.8-3 represent the reference structure 
used for various comparisons.  

Structure Case txon [s] txoff [s] Δtxmelt [s] 

B-6.67-0.8-3 1  1810  2386  576 
P-6.67-0.8-3 1, 2, 3  1810  2352  542 
P-6.67-0.9-3 2  1810  2504  694 
P-5-0.8-4 3, 4  1810  2338  528 
P-4-0.8-5 3  1810  2323  513 
P-3.33-0.8-6 3  1810  2317  507 
P-6.67-0.8-3-270 K/h 3  677  965  288 
P-3.33-0.8-6-270 K/h 3  677  932  255 
3p-P-5-0.8-4 4  1129  2305  1176  
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3.3.2. Case 2: effect of the porosity on the PS structure 
The P-6.67-0.8-3C-PCM (reference structure, as shown in Table 1), 

introduced in Case 1, is now compared to another C-PCM, i.e., P-6.67- 
0.9-3, characterised by the same PS metal lattice and lattice size, but a 
higher porosity (ε = 0.9). The P-6.67-0.9-3C-PCM has about 50 % lower 
λeff and lower heat exchange surface for the PCM (RPCM), smaller tmin 
(tmin = 0.301 mm) and higher “d” than the P-6.67-0.8-3. 

The results of the simulated transient behaviour for the P-6.67-0.9- 
3C-PCM, as expected, are: 28 % longer time intervals for having its solid- 
liquid transition completed (Table 5, Fig. 9b) and a correspondingly 
smaller average LFR (Fig. 9c). Even if the phase transition and the cor-
responding power (stored as latent heat) of the P-6.67-0.9-3C-PCM 
spread over a wider period, their trends are similar to the case of the 
reference structure (i.e., P-6.67-0.8-3). Further, the lower effective 
thermal conductivity of the P-6.67-0.9-3C-PCMs leads to the higher 
average temperature difference within the system before the PCM 
melting, roughly corresponding to the horizontal trends in the ΔTAl-PCM 
profile (as shown in Fig. 9a for tx < 1810 s). The visual comparison of 
temperature and liquid phase distributions in the first row of Table 6 and 
the data in Table 7 (greater Local Maximum ΔTB-A and ΔTB-A/dx) suggest 
that the temperature distribution within the PCM phase is less homo-
geneous for P-6.67-0.9-3C-PCM, i.e., at higher porosity. 

The differences in the behaviour of the two structures can be 
explained as follows. The structure with the higher porosity (i.e., 0.9 vs 
0.8), has a higher amount of low-thermal diffusivity PCM phase, and 
thus a metal phase with a smaller tmin, leading to higher thermal resis-
tance. On the other hand, as the porosity decreases, the latent heat 
storage reduces since the amount of paraffin per unit volume lowers and, 
even more, the storable latent heat per unit mass. 

Therefore, the beneficial effect of high-porosity lattice structures in 
terms of thermal storage potential (and an overall effective density 
reduction for the C-PCMs) has to be carefully considered since it in-
creases the PCM melting time and spreads the power of latent heat 
storage over a wider time span. Case 2 demonstrates the importance of 
λeff in tuning the response of organic-metallic C-PCMs and the impor-
tance attributed to its calculation for C-PCM systems [8,52]. 

3.3.3. Case 3: effect of the cell size on the PS structure 
Case 3 compares the transient behaviour of four PS structures with 

the same ε and various L, considering the standard or a high heating rate 
at the bottom (100 and 270 K/h, respectively; as shown also in Fig. 4). 
Due to the geometrical parameter selection, the selected four C-PCMs 
(Table 1) have equal λeff: their behaviour under steady conditions is the 
same. The melting times are provided in Table 5. The temperature and 

Table 6 
Temperature profiles on the axial mid-section and liquid fraction evolution of the C-PCMs, all at 2100 s, when 
the “high-T” paraffin of the analysed C-PCMs undergoes the solid-liquid transition. 
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PCM liquid fraction distributions at 2100 s obtained with standard 
heating rate are summarised in Table 6, first and second rows. The 
corresponding time-evolution of the volume-averaged parameters is 
shown in Fig. 9, where the trends for the P-5-0.8-4, P-4-0.8-5 and P-3.33- 
0.8-6C-PCMs are drawn as blue, orange and green solid lines, 
respectively. 

Table 5 shows that the C-PCM with the smallest cell size ensures the 
fastest response under both heating rates. Fig. 9b shows that the C-PCM 
with L = 3.33 mm has the quickest solid-liquid transition. Similarly to 
what was observed in cases 1 and 2, Fig. 9c shows that during the phase 
transition, the LFR and P slightly increase as the cell size decreases from 
6.67 to 3.33 mm, displaying in all cases a similar trend. The visual 
comparison of the images of these structures at 2100 s in the second row 
of Table 6 shows a tendency towards more homogeneous temperature 
distributions in the smaller structure (L = 3.33 mm). The homogeneity is 
confirmed by the lowering and narrowing of the ΔTAl-PCM peaks as the 
cell size decreases (Fig. 9a). This can be attributed to a homogeneous 
capillary distribution of the high-thermally conductive Al alloy phase in 
the whole structure. Al-Si7-Mg0.4 arrangement in smaller cell size C- 
PCM, responsible for smaller d values and, in general, less extended PCM 
domains, allows a more efficient heat transfer from this latter to all the 
low thermally conductive regions. Smaller cells favour heat transfer 
towards the PCM volume since the absolute surface-to-volume ratio 
values for both Al and PCMs increase (obtained by dividing by L the 
corresponding L-normalised indexes). Smaller cells also shorten the 
maximum distance between PCM point A and the Al/PCM interface, 
identified by the B point (Fig. 2). 

The influence of d (Fig. 2) on the PCM melting time interval referred 
to the whole structure is visually presented in Fig. 10. The results for the 
PS structure are plotted for 2 different heating rates at the bottom sur-
face. The trends suggest that a decrease of d at least in the investigated 
cell size range, slightly improves the thermal response and heat storage 
readiness. Fig. 10 also shows that the absolute value of melting time 
(Δtxmelt, Table 5) increases roughly by the same amount – approximately 
30 s - moving from 6.67 mm to 3.33 mm cell sizes under the two 
investigated heating rates (i.e., 100 K/h and 270 K/h). However, the 
decrease in melting time occurring for the finest structure should be 
compared to Δtxmelt, mentioned in Section 3.3, which is used to adjust 
the PCM response to the requirements of a LHTES system. Indeed, L- 
dependence becomes increasingly relevant as the heating rate increases, 
as suggested by an almost 13 % increase of the Δtxmelt of the biggest 
structure compared to the smallest one. This means that, under this 
condition, the change in Δtxmelt should be considered in the design phase 
of C-PCMs-based TES systems working under cyclic conditions. More-
over, as the heating rate increases (Table 7), the temperature difference 

Fig. 8. Time-temperature profiles related to points A in the PCM phase and B in 
the Al domain for various structures. 

Table 7 
Melting times at the centre of the PCM sphere in mid-height cell (A, Fig. 2), 
maximum temperature difference (ΔTB-A) between PCM/Al interface at the same 
height (B and A), and the corresponding average temperature gradient (ΔTB-A/ 
dx) between the points A and B (as shown in Fig. 2).  

Structure Case txon at 
point A 
[s] 

txoff at 
point A 
[s] 

Δtxmelt 

at point 
A [s] 

Local 
maximum 
ΔTB-A [K] 

ΔTB- 

A/dx 
[K/ 
mm] 

B-6.67- 
0.8-3 

(Case 
1)  

1870  2347  477  3.48  0.55 

P-6.67- 
0.8-3 

(Case 
1, 2, 3)  

1867  2324  457  3.44  0.64 

P-6.67- 
0.9-3 

(Case 
2)  

1900  2468  568  4.47  0.8 

P-4-0.8-5 (Case 
3)  

1853  2307  454  1.5  0.47 

P-6.67- 
0.8-3- 
270 K/h 

(Case 
3)  

735  928  193  6.8  1.27  

Fig. 9. Cases 1, 2 and 3: effect of the design parameters (Section 2.3) on the thermal response of the C-PCMs architectures. a) Difference between the volume 
averaged temperatures of the metallic and PCM phase. b) Volumetric average of liquid fraction. c) Rate of liquid fraction change (LFR) and latent heat storage 
power (P). 
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between points A and B increases (Table 7). 
The critical role played by the metal cell size (L) reduction in 

shortening melting and improving at the same time the power stored/ 
released as PCM latent heat is evident in Case 3. Fig. 10 also displays the 
point corresponding to the BCC structure considered in Case 1 (empty 
dotted circle, B-6.67-0.8-3), which is not far from the Δtxmelt vs d trend of 
the PS structures. The slower heat storage of BCC-based C-PCM can thus 
be attributed not only to its lower λeff, but also to its bigger d than the PS. 

The analysis of Case 3 results highlights that the design of C-PCMs 
based on lattice structures filled with organic PCMs cannot be based only 
on the effective thermal conductivity of the structure. Critical design 
parameters are also the lattice cell size (L) [55] and the maximum 
diameter d of the sphere (Fig. 2), for which a correlation exists for any 
specific lattice structure (for other TPMS topologies at low-medium ε 
refer to [67]). L and d indeed influence the duration of the transients, 
together with the structure manufacturability. 

3.4. Case 4: transient analyses of 3-phase C-PCMs 

This section compares the thermal behaviour of a 2-phase C-PCM and 

that of a 3-phase one. Metal PS skeletons with L = 5 mm and ε = 0.8 were 
considered, with both void subdomains filled by high-melting paraffin 
(P-5-0.8-4) or with one of them filled by low-melting paraffin and the 
other by the high melting one (3p-P-5-0.8-4). Results were obtained 
under the standard heating rate conditions adopted for Cases 1, 2, and 3 
and are summarised in Table 5 and Fig. 11 (P-5-0.8-4 profiles are plotted 
as blue lines while the 3p-P-5-0.8-4 as red lines). In the examined case, 
with the selected paraffins having different solid-liquid transition tem-
peratures and with the same specific heating rate and boundary condi-
tions, the time ranges for the phase transitions of the two paraffines do 
not overlap: one approximately in the 1129–1533 s range and the other 
approximately in the range 1814–2305 s (Fig. 11a). The horizontal trend 
at fL = 0.5 of the red line in Fig. 11a further highlights the volumetric 
equivalence of the PCM subdomains. This simplifies the analysis of the 
results. Fig. 11a trends are coherent with what is shown in Table 6, last 
row, where temperature and liquid fraction distributions at 2100 s are 
presented. In the 2-phase C-PCM, the two PCM domains behave simi-
larly at the same distance from the bottom surface. At the same time, the 
low-melting paraffin in 3-phase C-PCM is entirely molten. The sub-
domains containing the low-melting paraffin are consistently warmer 
and more homogeneous in terms of temperature distributions than the 
subdomain filled with the high-melting temperature paraffin, which at 
2100 s is undergoing a phase transition. This temperature difference 
between the 2 PCMs phases separated by the Al-alloy sheet at a given 
distance from the basis of the 3p-P-5-0.8-4 structure influences the 
thermal interaction between the two PCMs. The difference between the 
volume-averaged temperatures of the metallic and PCM phases and their 
time derivatives (Δ(ΔTAl-PCM)/Δtx) have been calculated for both C- 
PCMs and are presented in Fig. 11b. Focusing the attention on the 2- 
phase C-PCM, the Δ(ΔTAl-PCM)/Δtx profile is relatively flat until it 
soars at the beginning of the PCM melting (as the PCM temperature 
becomes lower than the Al temperature). For the 3-phase C-PCM, a 
sequence of two valley-peak can be observed in the Δ(ΔTAl-PCM)/Δtx 
profiles of both the low-melting and the high-melting paraffins, con-
firming the thermal interaction between the two. This means that the 
phase transition of the low-T PCM causes a heat transfer from the high- 
melting PCM, with a consequent Δ(ΔTAl-PCM)/Δtx increase due to the 
heat absorption offered by the progressive phase change. The inverse 
situation occurs as the high-melting PCM melts. Thus, thermal buffering 
between the two PCM phases can be considered. Compared to the 2- 
phase C-PCM, the strictly interconnected volumes of the 3-phase C- 
PCM modify heat transfer dynamics with the external environment. 

3-Phase C-PCM displays a short time for the start of the heat storage, 
corresponding to the onset of the melting of the Low-T PCM. Moreover, a 
longer Δtxmelt to the completion of the latent heat storage absorption is 
needed (Table 5) because the completion of melting coincides with the 
offset of the melting of the high-T PCM. This offset is not far from that for 

Fig. 10. Case 2: PCM melting time interval (Δtxmelt) vs maximum sphere 
diameter (d) trend for different L values for the BCC and PS-based C-PCMs here 
investigated. For 2 PS structures of the same geometry, a heating rate of 270 K/ 
h (triangles) was added to the standard one (100 K/h, squares and circles). 

Fig. 11. Effect of the number of phases on the thermal response of the C-PCMs architectures. a) Volumetric average of liquid fraction. b) Time-derivative of the 
difference between the volume averaged temperatures of the metallic and PCM phases. c) Rate of liquid fraction change, LFR, and power absorbed (P). 
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the melting of the same paraffin in the 2-phase PCM (Table 5). The 
small-time differences in the offset time are at least partly due to the 
minimal changes in the thermophysical properties of the two paraffines. 
Their melting at different time ranges leads to the two LFR (and P) peaks 
(Fig. 11c). The 3-phase C-PCM displays lower average liquid fraction 
rates (i.e., LFR in Fig. 11c) and lower power absorption (i.e., P in 
Fig. 11c) than the 2-phase C-PCM, with one paraffin (i.e., P-5-0.8-4 in 
Fig. 11c). 

Wide melting ranges and low heat storage power are not generally 
desired in thermal energy storage systems unless the temperature at 
which the heat is supplied, or the dynamics of the temperature change or 
of the heat supply to the C-PCM structure is not regular or not well 
known. 

These results also highlight the possibility of coupling the 3-phase 
PS-based C-PCMs with other devices whose efficiencies are tempera-
ture dependent, guiding them towards the desired temperature range 
defined by the melting temperatures of the two PCMs to maximise their 
performances. Batteries [100], solar panels [101] and thermoelectric 
modules [102], for instance, can take advantage of this technology. Such 
behaviour is absent in the case of the 2-phase C-PCM. Besides, several 
other thermal storage or management options can be explored by 
considering the filling of the 2 subdomains by different PCMs, with 
different non-interconnecting subdomains, as in the Sheet-based PS. 
Their exploration is far beyond the aim of the present work. 

4. Conclusions 

In this study, the potentiality of combining organic Phase Change 
Materials with metallic Sheet-based Primitive-Schwarz (PS) TPMS lat-
tice for obtaining a C-PCM was explored numerically. Although the 
manufacturing process of the C-PCM could introduce unwanted defects, 
such as porosities, superficial asperities or non-perfect thermal contacts 
at the interface between the PCM and the metallic domain, that could 
modify the C-PCM thermal response, the trends observed in this study 
through the numerical simulations are still valid. 

Lattices of different cell sizes and porosity made of Al-Si7-Mg0.4 
alloy were considered. The thermal response of C-PCM containing PS 
lattice was compared to conventional metallic foams, here mimicked as 
an inverse BCC structure, in relation to their design parameters. The 
results of the study can be summarised as follows:  

• The geometrical parameters related to the C-PCM design were 
analytically formalised as porosity-dependent size-normalised 
equations. They represent a simple tool for identifying Al-alloy lat-
tices’ manufacturability via AM techniques, checking the possibility 
of being filled with molten paraffinic PCM and the C-PCM perfor-
mances (i.e., surface-to-volume ratios).  

• Steady-state Finite Element Analyses were addressed to estimate 
phase arrangement-dependent thermal conductivity. The effective 
thermal conductivity of the PS-based C-PCM resulted in being 68 % 
of the maximum achievable value in the porosity range of 0.8–0.99.  

• Transient analyses demonstrate that PS is advantageous over BCC for 
faster responses at fixed porosity due to the higher thermal con-
ductivity, higher PCM surface-to-volume ratio and smaller diameters 
of the sphere inscribed in the void domains.  

• Porosity-dependence analyses on PS-based C-PCMs highlighted the 
possibility of increasing the storage potential and the porosity. 
However, at the same time, an increment in the C-PCM porosity 
corresponds to latent heat slower storage process and more pro-
nounced temperature inhomogeneities in the PCM caused by lower 
thermal conductivity and higher sphere diameters.  

• Smaller cell sizes (i.e., smaller sphere diameters) grantee slightly 
faster transients at fixed porosity. The relative changes in the melting 
time with respect to the lattice size become wider as the heating rate 
increases.  

• The feasibility of designing a 3-phase composite with two PCMs 
having different transient ranges was demonstrated. During heating, 
the phase transition of the low-temperature PCM causes temperature 
difference and thermal interaction with the high-melting PCM. The 
inverse situation occurs as the high-melting PCM melts. The potential 
use of a 3-phase C-PCM for developing thermal management devices 
is demonstrated. The discussion also has highlighted the possibility 
of using this 3-phase system to tune the temperature of a device 
coupled to it within the melting range of the two PCMs. 
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