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Abstract 
 

Porous latent heat thermal energy storage for thermoelectric cooling is simulated via a 
matrix-based enthalpy formulation, having the temperature as unknown, in a three-dimensional 
domain. The system is made up of two aluminum containers; the inner one contains the cooling 
objective in water suspension and the outer one the phase change material (PCM) in a porous 
aluminum matrix. The system’s charging and discharging processes are simulated for constant 
thermoelectric module (TEM) cold side temperature under different porosities of the aluminum 
matrix. The mathematical modeling approach simplifies the analysis while the metal matrix in the 
PCM greatly improves performance. A direct application of the studied system is vaccine 
conservation in solar powered thermoelectric cooling systems. 
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1. Introduction 
 

The storage of thermal energy as the latent heat of fusion of a material, namely, phase change 
material (PCM), has several attractive features, mainly the use of a heat that is stored in a material 
at a fixed temperature (i. e. melting temperature) and its high energy density [1]. Latent heat 
thermal energy storage systems (LHTES) have application in solar energy systems, heating and 
cooling of buildings, spacecraft, food and medicine conservation, etc. These systems have an 
inherent disadvantage of slow charging and discharging processes due to the low thermal 
conductivity of phase change materials. M. Costa et al [2] studied the use of fins and N. Leoni, 
and N. Leoni and C. Amon [3] the use of a higher conductive porous structure (aluminum foam), 
in order to enhance the heat transfer process in LHTES. 

The change of phase is a multi-scale process [15]. For energy storage design, only a 
macroscopic balance (or volume averaged) is usually needed. The addition of a porous medium 
adds some extra complexities, mainly in the treatment of the effective thermal conductivity when 
thermal equilibrium in the medium is not attained, i.e. when the conductivity of the porous 
medium and the fluid differ in some orders of magnitude [17]. 

The enthalpy method has been widely employed in the simulation of phase change processes. 
Its main advantage is that the method does not require an explicit treatment of the conditions on 
the phase change boundary; i. e. there is no need for tracking the phase change boundary 
throughout the phase change domain [6], very well suited for complex geometries [15]. We have 
used a matrix-based enthalpy formulation of the phase change process, which treats the 
temperature as unknown and is adequate for most types of spatial discretizations. 
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Of particular interest here is the utilization of phase change energy storage along with 
photovoltaic panels and thermoelectric modules in the design of a portable vaccine refrigerator 
for remote villages with no grid electricity [8].  Thermoelectric modules, which transfer heat from 
electrical energy via the Peltier effect, represent good alternatives for environmentally friendly 
cooling applications, especially for relatively low cooling loads and when size is a key factor. 
Thermoelectric refrigeration systems employing latent heat thermal energy storage have been 
investigated experimentally by Omer et al [4].  

This work presents the numerical simulation of a porous latent heat thermal energy storage 
device for thermoelectric cooling under different porosities of the aluminum matrix. We use a 
porous aluminum matrix as a way of improving the performance of the system, enhancing heat 
conduction without reducing significantly the energy stored.  
 
 
Nomenclature 
 
A, B matrices of the system: A⋅T = B 
C heat capacity (J/kg-°C) 
fl liquid fraction; 0 if solid, 1 if liquid 
F force vector 
Dh, Fh linearization matrices of H = f(T): H = DhT + Fh 
H, H total volumetric enthalpy, nodal and as a vector (J/m3) 
k thermal conductivity (W/m-K) 
Kc, Kd convective and diffusive conductance matrices 
L latent heat of fusion (J/kg) 
M mass matrix (m3) 
q conductive heat flux (W/m2) 
SH source term (W/m3) 
t time (s) 
T, T temperature, nodal and as a vector (°C) 
V  velocity of the melt (m/s) 
x, y, z spatial coordinates (m) 
 
Greeks 
α stability parameter for time integration 
Δ discrete differential 
δ distance between two adjacent nodes (m) 
ε porosity = volume of PCM / total volume (m3/m3) 
ρ density (kg/m3) 
 
Subscripts 
0 former time value 
eff effective property 
m melting point 
s, l solid, liquid 
P control volume 
W, E, S, N, B, T  west, east, south, north, bottom, and top nodes 
w, e, s, n, b, t  west, east, south, north, bottom, and top faces 
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2. Description of the System 
 

The goal of the system under study is to keep vaccines in the range between 2 to 8 °C in a 
portable and standalone vaccine refrigerator. A thermoelectric module will provide the cooling 
effect and a photovoltaic (PV) panel the energy to the system. Due to the nature of the solar 
supply, an adequate energy storage system is required. The LHTES allows for a ready-for-use 
energy for the system. 

The thermoelectric cooling - porous latent heat energy storage device is basically made up of 
two aluminum containers; the inner one will keep the vaccines in water suspension and the outer 
one the phase change material in an aluminum porous matrix. Fig. 1 shows the system under 
study. 
 

 
Fig. 1: Latent heat energy storage for thermoelectric cooling 

 
The PCM container is surrounded by highly efficient insulation, i.e. vacuum insulation panels 

(VIPs). The TEM is connected to a heat sink in order to dissipate the heat removed from the 
system. The temperature read by a sensor located in the middle of the water container is the 
control variable of the TEM controller.  

The main factors in the design of the system are: the selection of the phase change material 
(convenient melting point and high energy density), the amount of PCM required (backup 
needed), and the determination of a suitable set point and bandwidth for the TEM controller (in 
order to keep the vaccines in the desired temperature range having the PCM frozen). The addition 
of a porous aluminum matrix in the PCM container, for some values of porosity, has shown to 
improve the performance of the system, keeping the water temperature closer to the PCM average 
temperature, without diminishing significantly the energy storage capacity of the system. 

The system under study uses 15.0x20.0x10.0 cm3 and 6.0x8.0x6.0 cm3 aluminum boxes, 3.5 
mm thick, as PCM and water containers (almost 2.6 liters of PCM), and n-tetradecane as the 
phase change material due to its convenient melting point (5.86 °C) and high latent heat of fusion 
(211.5 kJ/kg). The properties of the materials considered in the model are listed in Table 1. 
 

Table 1: Physical properties of components 

 PCM solid PCM liquid Water Aluminum  
Density (kg/m3) 775.0 762.8 1000.0 2712.6 
Heat capacity (kJ/kg-K) 2.18 2.18 4.18 0.96 
Thermal conductivity (W/m-K) 0.35 0.16 0.61 179.96 
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3. Enthalpy Formulation 
 

Of the many methods that have been proposed for dealing with phase change problems that 
involve a moving boundary; the so-called enthalpy method is among the most popular. The major 
reason for this is that the method does not require explicit treatment of conditions on the phase 
change boundary [6]. This means that a numerical treatment can be carried out on a fixed grid, 
very convenient when dealing with complex geometries. 

For a material undergoing phase transformation, conservation of energy can be expressed in 
terms of the total volumetric enthalpy as: 
 

( ) ( ) ( )TfHSTkHV
t
H

H =+∇∇=∇+
∂

∂    :   with  (1) 

 
Where f(T) denotes the enthalpy-temperature relationship; the source term SH accounts for 
viscous dissipation, unsteady pressure variation, heat generation, etc. The spatial discretization of 
the former equation (i.e. using finite elements, finite volumes) over a given domain gives the 
following system of equations: 
 

hhdc FTDHFTKHKHM +==++
•

   :   with  (2) 

 
The matrices Dh and Fh are calculated for the current state of each node from the available values 
of H or T (using the H-T diagram); they define the state of a given node. Fig. 2 shows the 
enthalpy-temperature relation for isothermal phase change (the most typical in LHTES).  
 

 
Fig. 2: Enthalpy as function of temperature for an isothermal phase change process 

 
From Fig. 2, the enthalpy-temperature relationship can be expressed as: 
 

( )ms TTCHH −=≤ s   then   0   if ρ  (3.1) 
( ) LTTCHH lmll ρρ +−=≥    then   0   if  (3.2) 

 
Then, for a given node n, and for an isothermal phase change, the matrices Dh and Fh are: 
 

( ) ( ) ( ) 1  and   ,   then   0   if mssss TCnCnnn ρρ −==≤ hh F DH  (4.1) 
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( ) ( ) ( ) 1   and   
2

,   then   0   if mss
m

l
l TCn

T
L

nnLn ρ
ρ

ρ −=
Δ

=<< hh FDH  (4.2) 

( ) ( ) ( ) LTCnCnnLn mllll l2l    and   ,   then      if ρρρρ +−==≥ hh FDH  (4.3) 
 
In equations (4), the isothermal phase change (Fig. 2) has been approximated by a linear variation 
of the enthalpy from Tm1 to Tm2, where Tm1,2  =  Tm  ±  ΔTm; being ΔTm a very small number, i.e. it 
can be chosen to be smaller than the convergence tolerance for temperature in the iterative 
process, i.e. 10-7. The smaller the number ΔTm, the better the approximation to the isothermal 
phase change process. Any type of phase change process can be described through the use of the 
matrices Dh and Fh; their use can be understood as a linearization of the enthalpy-temperature 
relationship. The former is consistent with Voller’s approach [7] expressed in matricial form and 
using a fixed-point enthalpy-temperature relationship. 

If node n does not belong to the PCM domain (water or aluminum in our model), then Dh and 
Fh for that node are constants; i.e. for aluminum, they have the form: 
 

( ) ( ) 0   and   , == nCnn alal hh FD ρ  (5) 
 
Equation (5) states that the reference temperature for the enthalpy of aluminum is equal to 0, very 
convenient for the problem under study. 
In order to continue with the development of the proposed method, we need to integrate over time 
equation (2). Using an α-type time discretization [18], equation (2) becomes: 
 

( ) ( )( ) ( )( ) ( )( )0d0d0c0c
0 FFTKTKHKHK

HH
M αααααα −+=−++−++

Δ

−
111 0t

 (6) 

 
For α = 0.5 we obtain the well known, second order accurate, Crank Nicolson approximation. 
Equation (6) is fairly general, as it includes temporal variation of the conductance matrices and 
force vector. Rearranging equation (6) and replacing the enthalpy-temperature relationship: H = 
f(T) → H = DhT + Fh, we obtain: 
 

( ) ( ) ( )( )0c00d00hch0dhc HKTKFFKFFHMTKDKM
−−−+−+−

Δ
=⎥

⎦

⎤
⎢
⎣

⎡
+⎟

⎠

⎞
⎜
⎝

⎛
+

Δ
αααα 1

tt
 

 (7) 
rrr BTA =−1   :Or  (8) 

 
In equation (7), as the matrices Dh and Fh depend on the current nodal state, the system is non-
linear. Equation (8) expresses the final linear system that has to be solved in iteration “r” in order 
to update the temperature field. Once the temperature field is updated, the enthalpy is simply 
updated by: 
 

hh FTDH += rr  (9) 
 
Once the enthalpy is updated, the matrices Dh and Fh can be found for the new current state and a 
new iteration can be performed. Being the former essentially an iterative procedure, the most 
common types of non-linearities (variation of thermal properties with temperature, radiative 
boundary conditions, temperature dependent source terms) are implicitly handled when the 
system Ar-1Tr = Br-1 is formed. 
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4. Numerical Procedure 
 

Once fully discretized the energy conservation equation, and using an α-type time 
integration, the proposed enthalpy method can be summarize as follows: 
 
0. Initialize: Given T0 and H0 from the former time step and Tr-1 and Hr-1 from the former 

iteration, and being r the current iteration. 
1. Calculate Dh and Fh from the former nodal states (based on Tr-1 or Hr-1), i.e. equations (4). 
2. Form the system of equations (8) (Ar-1Tr = Br-1), including boundary conditions. This step 

may imply finding the matrices Kc, Kd, F if they are function of the state, i.e. functions of 
temperature. 

3. Solve for the new temperature Tr: Tr = (Ar-1)-1Br-1. 
4. Calculate the new enthalpy Hr: Hr = DhTr + Fh. 
5. Check convergence; if it is not attained, go to step 1; if attained, go to next time step. 
 

This method is a “natural” formulation of the phase change problem, since it solves the basic 
energy conservation equation using directly the state enthalpy – temperature relation. 

The liquid fraction fl, which determines the state of the PCM (0 if solid, 1 if liquid) [6], is not 
directly included into this formulation; for a given node n, fl can be calculated by: 
 

( ) 0   then   0   if =≤ lfnH  (10.1) 

( ) ( )
L
nfLn
l

ll ρ
ρ

HH =<<    then   0   if  (10.2) 

( ) 1   then      if l =≥ lfLn ρH  (10.3) 
 
The liquid fraction can be calculated inside the iterative loop (for properties function of the phase, 
i.e. thermal conductivity) or as part of the post processing (for phase independent properties). 

The former iterative process does not include the solution of the fluid flow equations, hence, 
finding the convective matrix Kc. The solution of the flow equations can follow any available 
numerical method for the solution of buoyancy driven fluid flow added to an adequate treatment 
of the phase change condition, i.e. using the enthalpy porosity method [5]. Also, if the PCM is 
embedded into a porous medium, the fluid flow solver will require an adequate model of flow 
through porous media as well as an adequate description of the evolution of the solid-fluid 
interface [17]. 
Some further comments about this matrix-based enthalpy method are: 
• The use of α = 0.5 produces oscillatory (but convergent for a given tolerance) solutions when 

too large time steps are used. But the use of α = 0.5 has also shown to produce better 
convergence than the fully implicit scheme (α = 1.0). 

• Other types of time discretization (i.e. Adams Bashforth, Runge-Kutta) can be handled in a 
similar way integrating over time equation (2). Basically, the method consist in a predictor 
step in which the temperature is found (from the energy conservation equation and the 
matrices Dh and Fh available) and a corrector step, where the enthalpy is updated (again, from 
the matrices Dh and Fh available). 

• The developed method can be implemented into iteration-free procedures as proposed in [10] 
or [11] by adequately defining the state in which the matrices Dh and Fh are to be found. 

• The dependences of Kc, Kd and F on T add extra calculations to the iterative process. They 
can be updated after some given number of inner iterations, in an outer iteration. 

• If the heat capacities and/or densities of the solid and liquid phases are functions of the 
temperature, they are implicitly handled when finding the matrices Dh and Fh. 
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5. Finite Volume Discretization 
 

In order to obtain a finite volume approximation, we need to integrate equation (1) over a 
control (finite) volume. Performing the volume integration and using Gauss divergence theorem, 
equation (1) becomes: 
 

∫∫∫∫∫∫ +⋅∇=⋅+
∂

∂

VC
H

SCSCVC

dVSdSnTkdSnHVHdV
t

___
 (11) 

 
Where VC is the control volume and SC its surface. So, for a given control volume, the rate of 
change of its total enthalpy will be equal to the net heat transferred to it through its total surface 
(conduction plus convection). 

As conduction is the driven heat transfer mechanism for LHTES [1], we will neglect the 
convective transport (Kc ≈ 0) and the source term SH in the modeling of the system; then the 
energy conservation equation becomes: 
 

FKTHM =+⋅∇=
∂

∂ •

∫∫∫    :   to   :from
__
dSnTkHdV

t
SCVC

 (12) 

 
The enthalpy method has been implemented into a one-node (or lumped mass) discretization 

of the three-dimensional domain. This assumption assumes a linear variation of a given property 
from node to node, and that the average value of this property over the control volume is equal to 
its value at the center-node. This is a coarse approximation but it is fully conservative and easy to 
implement and to interpret in multi-component systems [9]. Fig. 3 shows a typical control 
volume, including the notation used, in which the energy balance is performed. 

 

 
Fig. 3: Elementary three-dimensional finite volume 

 
From equation (12) and according to Fig. 3, the energy balance for volume P is: 
 

ttbbnnsseewwPP qSqSqSqSqSqSHM ++−+−=
•

 (13) 

 
The total heat transferred by conduction through face e is given by: 
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( ) ( ) PEe
PP

eePEeEP
e

ee
ee xxx

kk
kzySTTKTT

x
kS

qS −=⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
+=Δ⋅Δ=−=−=

−

δ
δ

   ;112   ;   ;
1

 (14) 

 
The conductive heat fluxes for the other directions can be obtained in a similar way. ke, the 
equivalent thermal conductivity at the face e, is especially important when dealing with multi-
component systems with different thermal conductivities, as it is the case of our system.  
For this “lumped” discretization, M is a diagonal matrix and K a 7-diagonal matrix with the form: 
 

[ ] zyxMM pp Δ⋅Δ⋅Δ==    and   M  (15.1) 
[ ]tnepwsb KKKKKKK=K  (15.2) 

btsnwep
w

ww
w

e

ee
e KKKKKKK

x
kS

K
x
kS

K +++++=−=−=    etc;   ,   ,
δδ

 (15.3) 

 
The equivalent conductivity of a volume with phase change material is calculated assuming a 
columnar frozen front [1], for which: 
 

( ) effslpeffllpP kfkfk ,, 1−+=  (16) 
 
where eff states for the effective conductivity of the PCM-aluminum matrix. These conductivities 
and other properties in the porous domain are calculated by a volume-average, assuming an 
isotropy porous medium and thermal equilibrium. For the solid phase: 
 

( ) alseffs kkk εε −+= 1,  (17) 
 
where ε is the porosity of the aluminum matrix. The assumption of thermal equilibrium is not 
necessarily correct for the system under study because of the large difference between the PCM 
and aluminum conductivities. A way to deal with this non-thermal equilibrium is to replace ε by 
εeff, which is a function of ε and needs to be found experimentally [16]. 
The final linear equation for volume P to be solved at each iteration is: 
 

pTtNnEePpWwSsBb BTATATATATATATA =++++++  (18) 
 
Equation (18) is equivalent to linear system shown in equation (8). 
 
6. Results of the Simulation 
 

The most important aspects of the system are the charging and discharging processes. The 
charging process consists of the freezing of the PCM from certain initial temperature to some set 
point temperature. The discharging process occurs when the TEM does not receive power input 
and, in this case, the system will gain heat from the ambient (at a higher temperature) through the 
TEM. The former is especially important in a battery-free system, if the TEM only works when 
energy input from the PV panel is available; then, the system will gain heat overnight mainly 
through the TEM side (all the other walls are highly insulated). 

The charging (freezing of the PCM) and discharging (melting) processes have been simulated 
for a constant TEM temperature, and considering the walls as adiabatic. These cases allow us to 
determine the charging and discharging times, the effectiveness of the aluminum matrix on 
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helping keep the temperature of the water close to the “average” temperature of the PCM, the 
behavior of the temperature read by the sensor and the behavior of the total liquid fraction of the 
PCM. The total liquid fraction is the main indicator of the energy stored by the system, but the 
behavior of the temperature read by the sensor is which determines the effectiveness of the 
system using the stored heat. 

The proposed matrix-based enthalpy formulation has been implemented into a Matlab 6.5 
code, due to its friendly programming environment, its multidimensional array features, plotting 
capabilities, and its robust sparse-matrix inverse solver. The code has been validated with the 
analytical solution (or Neumann similarity solution) of the one-dimensional Stefan problem [13] 
for the case of freezing of n-tetradecane embedded into a porous aluminum matrix with ε = 0.8, 
from an initial temperature of 10 °C, and imposing a wall temperature of 0 °C. The position of the 
frozen front and temperature distribution for different times is shown in Fig. 4.  

 

 
Fig. 4: Analytical and numerical solution of the one-dimensional Stefan problem 

 
The system has been simulated using a non-uniform Cartesian grid with 35x20x23 nodes 

(16100 volumes), symmetric respect to the plane y = 10 cm, and with time intervals ranging from 
2.5 to 10 minutes (the initial conditions impose a large temperature gradient at the beginning of 
the simulation). These grid and time steps were selected after a convergence analysis of the final 
solution was performed. The solution mesh used is shown in Fig. 5. 
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Fig. 5: Solution mesh, 16100 volumes 

 
The matrix-based enthalpy method used has proved to be robust with respect to convergence 

with a small number of iterations. For each pointing time, an average of 9 iterations (between 7 
and 13) was needed in order to satisfy the relative tolerance with respect to the temperature of 10-

6. The number of iterations increases as the frozen front becomes larger. No iterations are needed 
when the phase change process is over. Also, the time-step size needs to be controlled if the 
second-order accuracy of the α = 0.5 scheme is to be conserved. V. Alexiades and A. D. Solomon 
[1] suggest the use of a time step up to 40 times bigger than the time step required for an explicit 
scheme for linear problems. This criterion is not necessarily convenient when dealing with multi-
component systems. For the system under study, a time step bigger than 12 minutes produces 
slightly oscillatory results. 
 
6.1 Charging Process: 
 

The freezing process was simulated during 12 hours (720 minutes), using a constant TEM 
cold side temperature of 0 °C and an initial system temperature of 10 °C, for three values of 
porosity of the aluminum matrix: 0.6, 0.8, and 1.0 (60, 80, and 100% PCM, respectively).  

Fig. 6 shows the temperature distribution for a porosity value of 0.8. It can be appreciated in 
Fig. 6 the fast distribution of the cold side temperature of the TEM over the PCM container (side 
walls). This fast distribution is more notorious when the effective conductivity of the porous-
PCM medium is smaller. The addition of the aluminum matrix (which corresponds physically to, 
for example, aluminum wool) basically increases the conductivity of the PCM medium. This 
increase helps to reduce the temperature difference between the water and the PCM; but it also 
causes a higher heat flux to the system (it reduces the internal thermal resistance of the system). 
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Fig. 6: Temperature distribution, ε = 0.8 – charging process 

 
Fig. 7 shows the liquid fraction distribution and the frozen front. The frozen front can be 

interpreted as the surface where the liquid fraction is equal to one. So, the frozen front is a 
surface, which involves the PCM in mushy phase (liquid fraction between 0 and 1). It is clear that 
the development of the frozen front occurs around the aluminum containers, due to their higher 
conductivity. After 540 minutes (9 hours), only a “tongue type” volume of PCM is still liquid. 
This type of “complex” frozen front is very difficult to handle by moving-grid techniques, hence 
the convenience of an enthalpy-based formulation. 

The frozen front clearly follows the shape of the aluminum containers. If the convective heat 
transfer were considered, the frozen front will be smoother. The best way to quantify the 
convective effects is to fully model the transport phenomena in the system (i. e. to solve the 
macroscopic velocity, pressure and temperature distribution) by using, for example, the enthalpy-
porosity method [5]. But, because of the enhanced heat transfer (due to the aluminum containers 
and the porous-aluminum matrix), we reduce significantly the macroscopic time scale of the 
process (inversely proportional to the effective conductance of the domain); hence, the influence 
of the convective transport. 

Fig. 8 shows the different behavior of the temperature read by the sensor and the total liquid 
fraction of the PCM over time for different porosities of the aluminum matrix. The water 
temperatures, for the different configurations, are close to one another and to the freezing 
temperature during the solidification process (around 5.86 °C). It is clear that the system using a 
porosity of 0.6 (60% PCM, 40% aluminum) gets frozen faster than the others. In the real system 
the TEM controller will not allow the water temperature reach 0 °C. After 12 hours of freezing, 
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the configuration with ε = 0.8 has passed 2 °C, while the configuration with ε = 1.0 still has liquid 
PCM. 
 

 
Fig. 7: Liquid fraction distribution and frozen front, ε = 0.8 – charging process 
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Fig. 8: System temperatures and total liquid fraction as a function of time - charging process 

 
 
6.2 Discharging Process 
 

The discharging, or melting, process was also simulated during 12 hours (720 minutes), 
assuming a constant TEM “cold’ side temperature of 10 °C and an initial temperature of 2 °C. 
This process corresponds to the case in which the TEM does not receive energy input (current and 
voltage), then, does not pump heat from the system; instead, the system receives heat from the 
environment through the TEM due to a higher ambient temperature.  
 

 
Fig. 9: Temperature distribution, ε = 0.8 – discharging process 

 
Fig. 9 shows similar results to those obtained in the charging process: the “fast” distribution 

of the hot side temperature through the aluminum containers, the higher temperature of the water 
with respect to the PCM temperature; but, in this case, it is the solid zone which remains between 
the containers. 

Fig. 10 clearly shows the development of the melting front towards the aluminum containers. 
In this case, the frozen front involves the solid PCM. The frozen front shown (for both the 
charging and discharging processes) follows a step-wise behavior, which can be better 
appreciated in Fig. 10, liquid fraction at 60 minutes. This behavior is typical of the enthalpy 
method. The interface location is not involved in the computation. This simplicity is an advantage 
of this method. For multidimensional problems, the method developed by Shyy et al [14] presents 
a front-capture algorithm using marker points, adequate for a good description of the frozen front. 
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Fig. 10: Liquid fraction distribution and frozen front, ε = 0.8 – discharging process 

 

 
Fig. 11: System temperatures and total liquid fraction as a function of time - discharging process 
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Fig. 11 shows the variation of the sensor temperature and the total liquid fraction over time 
for the three configurations under study. These temperature distributions also show a value close 
to the melting point temperature during the melting process (fl < 1). After the PCM is completely 
melted, its temperature increases very quickly. The configurations with porosities equal to 0.8 
(80% PCM) and 1.0 (100% PCM) keep the water temperature bellow 8 °C during the 12-hour 
period. But, it can be appreciated that the temperature of the 100% PCM configuration is higher 
than the configuration with 80% PCM. This is mainly due to the heat transferred from the TEM to 
the water container through the upper aluminum wall. The porous aluminum matrix helped keep a 
smaller temperature difference between the water and PCM. An ideal system will keep the 
temperature of the water container fixed to the PCM temperature; this is almost achieved with the 
ε = 0.8 configuration. From these results and the ones obtained from the freezing process, having 
a porosity of the aluminum matrix equal to 80% helps to improve the performance of the system. 
A lower porosity (more aluminum) will reduce the thermal resistance of the system, reducing its 
effective energy storage capacity; while a higher porosity (more PCM), despite its higher energy 
storage capacity, will not help keeping the water container at the desired temperature. 

The total liquid fraction over time shows an approximated linear behavior, for both, the 
charging and discharging processes. But, for higher differences between the initial and TEM 
temperatures or lower effective conductivity of the PCM-porous medium, this behavior is more 
exponential-like. We can expect a similar behavior for different configurations of the system and 
in general, for almost any LHTES. The sensor temperature and total liquid fraction distributions 
suggest that a lumped parameter representation of the system could be used. 

Batteries are often the weakest part of solar systems. The system under study may replace the 
battery usually needed in order to provide a constant energy flux to the TEM due to the 
randomness of the solar supply. The TEM can pump heat from the PCM until the set point 
temperature is reached, while energy from the PV panels is available. At night, the TEM will not 
receive energy and the PCM will start melting. If the energy stored by the PCM is enough for 
keeping the vaccines in the required temperature range overnight, the battery will indeed not be 
required. Modeling and testing the complete system under real solar radiation and ambient 
temperature conditions will establish effectiveness of the system. 

The heat gained during the discharging process can be reduced by integrating a thermal diode 
(thermosyphon) between the TEM and the PCM container. This thermal diode will allow the 
energy exchange between the TEM and the PCM container while the first one remains at a lower 
temperature. If the TEM does not receive energy, the higher temperature of the TEM hot side will 
increase the temperature of the condenser side of the thermosyphon, stopping the condensation to 
occur, and thus causes the operation of the thermosyphon to cease, limiting the heat transfer to the 
system [4].   

One limitation of the model is that the change of volume of the PCM, due to the difference 
between the solid and liquid phase densities, has not been modeled. The shrinking related to the 
freezing process is an important aspect to be considered when filling the system with the PCM. 
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8. Conclusions 
 

Porous latent heat thermal energy storage for thermoelectric cooling has been simulated using 
a matrix-based enthalpy formulation in a three-dimensional finite volume discretization, having 
the temperature as unknown, in an implicit time advance scheme. The method utilized is a 
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“natural” formulation of the phase change problem, since it solves the basic energy conservation 
equation using the state enthalpy – temperature relation. The method can be applied for almost 
any type of discretization and phase change, it is especially helpful when dealing with multi-
component systems, and it has proved to be robust with respect to convergence with a small 
number of iterations. 

Simulations of the charging and discharging processes, for constant TEM “cold” side 
temperature, under three different porosity configurations of the aluminum matrix were 
performed (0.6, 0.8, and 1.0). It has been found that a value of porosity close to 0.8 (80% PCM, 
20% aluminum) improves the performance of the system. A lower porosity (more aluminum) will 
reduce the thermal resistance of the system, reducing its effective energy storage capacity; while 
a higher porosity (more PCM), despite its higher energy storage capacity, will not help keeping 
the water container at the desired temperature. 

Further work will include the experimental investigation of the system, and simulating the 
system in a dynamic model, which will include the time-dependent solar energy and ambient 
temperature as inputs, the PV controller, and the sensor temperature as the control variable of the 
TEM controller. 
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