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Abstract. A method for thermodynamic characterization of shape-stabilized PCM based on one-

single sample and one-single experiment has been proposed. The simplicity of the experimental 

device is comparable to that of the T-History method. However, instead of simple energy balances 

as in T-History method, a numerical heat transfer model is used to retrieve the whole set of 

parameters/functions characterizing the PCM from temperature measurements at one-single point 

within the PCM. An efficient inversion technique has been proposed for that. Its most striking 

feature is that it allows non-parametric identification of the enthalpy-temperature function in an easy 

way. Such a function is retrieved by solving a problem of moving sources estimation by inversion of 

a linear heat conduction model. 

INTRODUCTION 

Phase change materials (PCM) could play an important role for an effective and economic use of 

thermal energy in the industrial sector, as well as in power generation based on new conversion 

techniques and renewable energy resources. Moreover, PCM integration in lightweight buildings is 

expected to be a useful way to smooth indoor temperature variations and reduce overall heating or 

cooling demand.  

Greatest asset of PCM is their capacity to store or release thermal energy over a narrow range of 

temperature, as well as latent heats ranging typically from 100 to 1000 kJ/kg for PCM undergoing 

solid-liquid transformations. Recently, much work has been done on shape-stabilized PCM 

development. Such materials are generally made of an inert matrix (polymer, wood, concrete, 

graphite etc.) whose porosity is completely or partially filled with a solid-liquid phase change 

material. The inert matrix allows structural stability and retains the PCM when in liquid state. In 

addition, when made of a highly conductive material, it serves to enhance the PCM thermal 

conductivity. 

Characterization of shape-stabilized PCM usually involves measurement of thermal 

conductivities and heat capacities of the solid and liquid phases, as well as transition temperatures 

and latent heat. Moreover, for PCM undergoing melting over a range of temperature, enthalpy-

temperature function is required too. Characterization is thus carried out using different samples and 

experimental devices. For instance, thermal conductivity and thermal diffusivity can be measured, 

respectively, by i.e. the hot plate method and the flash method. Dynamic hot probes methods allow 

simultaneous determination of thermal conductivity and capacity. As for specific heat and latent 

heat, separate and specific DSC (Differential Scanning Calorimetric) tests are usually used. 

Transition temperatures are better determined using DTA (Differential Thermal Analysis) methods 

and enthalpy-temperature function estimation requires DSC tests in isothermal step mode [1, 2].  

Of the number of apparatus/tests required for complete characterization, one notices that the tests 

based on DTA/DSC devices generally require very small samples (some few millilitres), so that they 

become inappropriate for testing heterogeneous materials with large-size representative volumes. 

Such a problem could be partially overcome using the T-History method [3, 4], a cheap and easy 
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way for the determination of latent heats and specific heats. Unfortunately, T-History method is 

unable to reliable estimation of transition temperatures and enthalpy-temperature functions [5, 6]. 

We propose in this paper a new method for characterization of PCM based on one-single sample 

and one-single experimental device. The simplicity of the experimental device is comparable to that 

of the T-History method: a cylinder of PCM which is heated/cooled in a furnace following specific 

temperature patterns (steps, isotherms and ramps). Instead of simple energy balances as in DSC or 

T-History methods, a heat transfer model will be used to retrieve the whole set of 

parameters/functions characterizing the PCM from temperature measurements at one-single point 

within the PCM. A powerful inversion technique has been proposed to do that. Its most interesting 

feature is that it allows identification of enthalpy-temperature functions in an efficient way. They are 

retrieved by solving a problem of time-dependent sources estimation by inversion of a linear heat 

conduction model. Enthalpy-temperature functions, as well as parameters derived from (heat 

capacities, transition temperatures, latent heat), are thus calculated in a simple way. 

Compared with DSC, the proposed method yields complete thermodynamic characterization of 

the PCM on one-single experiment, and it allows testing heterogeneous materials with large-size 

representative volumes. Moreover, testing time is significantly reduced: some few hours instead of 

several days as required for enthalpy-temperature function measurement when using DSC in 

isothermal step mode. 

EXPERIMENTAL DEVICE AND HEAT TRANSFER MODELING  

Experimental device. A test cylinder composed of a stainless steel tube filled with PCM will be 

considered in this paper. Others interesting experimental configurations have been tested in [7]. Let 

R  and L  denote, respectively, the inner diameter of the tube and its length. Dimensions of the test 

cylinder are assumed to verify RL >> , so that heat transfer in the length direction can be neglected. 

The cylinder is introduced in a furnace for heating/cooling under controlled thermal boundary 

conditions. The thermal response ),( trT  ( Rr <≤0 ) of the PCM at 0=r  is recorded using a 

thermocouple. Another thermocouple is located at the interface between the PCM and the steel 

( Rr = ). Signals ),0()( tTtym ≡  and ),()( tRTtT ≡∞  (boundary condition) will be used later for PCM 

characterisation.  

Modeling assumptions. Main assumptions employed for PCM melting/solidification modelling 

are: a) the PCM can be seen as a continuous medium at the macroscopic scale; b) convective heat 

exchanges within the PCM are negligible; c) the thermal properties (heat capacity and thermal 

conductivity) of the PCM are constant within each phase but heat capacity could be discontinuous 

between the solid and liquid; d) phase change undergoes at constant pressure; e) for multi-

component phase change materials undergoing transformation over a range of temperatures, no 

segregation during solidification is also assumed. The validity of these assumptions for shape-

stabilized PCM has been analyzed in [8, 9, 10]. 

Heat transfer equations. According to the hypothesis above, energy conservation equation can 

be written as: 
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),( trH  and ),( trT  are, respectively, the volumetric enthalpy and the temperature at r  and time t . 

Enthalpy and temperature are related by: 
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ρ  and xc  represent, respectively, the density and the specific heat of the PCM in liquid ( lx = ) or 

solid state ( sx = ). fL  is the PCM latent heat and k  represents its thermal conductivity. For PCM 

undergoing melting/solidification at a single temperature, the liquid fraction is given by: 

)( fTTf −= H , where H  represents the Heaviside function and fT  is the melting point. For 

melting/solidification taking place over a range of temperatures, DSC measurements are usually 

required to determine the relationship existing between the liquid fraction and the temperature. 

From Eq. 1 and Eq. 2, the equation governing the thermal behaviour of the PCM can be written 

as follows [11]: 
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and ) /( ss ck ρα = , sl ccc   ) ( ρρρ −=∆ . It can be noticed that Eq. 3 is a constant-parameters heat 

conduction problem with a temperature-dependent source which groups all the specific terms 

related to phase change phenomena. Moreover, one notices that: 
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According to the experimental device, PCM boundary conditions are: 
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where h  represents the inverse of the thermal resistance at the interface between the steel and the 

PCM. As for initial conditions, we assume: oTrTr =∀ )0,( , . 

The spatial discretisation of Eq. 3 and Eq. 6 leads to a finite dimensional formulation of the 

general form: 
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)(tT  )1( ×n  is the vector of temperatures at the nodes of discretisation grid and );( Ttψ  )1( ×n  is the 

vector of sources.  Matrix A  )( nn×  describes heat exchanges among nodes within the PCM and 

matrix B  )1( ×n  ensures the thermal link between the PCM and its environment. Both A  and B  are 

constant matrices whose elements depend of k , sc ρ  and h  values. Temperature at 0=r  

( ),0()( tTty ≡ ) can be written as: )()( tty CT= , where C  )1( n×  is an appropriate zeros/one matrix. 

INVERSE METHOD FOR ENTHALPY-TEMPERATURE FUNCTION ESTIMATION 

Problem statement. For  )(THH ≡  estimation purposes, the temperature of the air within the 

furnace is controlled so that it evolves from the isotherm solidusair,min TT <  ( liquidusair,max TT > ) to the 

Advances in Science and Technology Vol. 74 245



 

isotherm liquidusair,max TT >  ( solidusair,min TT < ) with a constant heating (cooling) rate β . The thermal 

evolution of the PCM is governed by Eq. 3 and Eq. 6. Information available is )(tT∞   (measured by 

the thermocouple located at the interface steel/PCM) and ),0()( tTtym ≡  (measured by the 

thermocouple located at 0=r  within the PCM), as well as values for parameters k  and h  

(previously identified/measured). The unknowns of the problem are the thermal field within the 

PCM, ),( trT  ( Rr <<0 ), and the source terms ),( trψ  which group all specific phenomena related to 

phase change. From Eq. 5, it can be easily demonstrated that volumetric enthalpy is: 
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Consequently, if we are able to estimate ),( trT  and ),( trψ  ( Rr <<0 ), ),( trH  becomes known 

and the enthalpy-temperature function we are looking for results from representation of ),( trH  

against ),( trT . 

Hence, let us consider the problem of estimating the thermal field ),( trT  and the source terms 

),( trψ  in Eq. 3 from ),0()( tTtym ≡  measured data and known boundary conditions )(tT∞ . This is an 

ill-posed inverse problem in the sense of Hadamard, because the solution may be not unique or not 

continuous with respect to the given data. To overcome such a difficulty a large variety of 

techniques have been proposed. Tikonov, Alifanov, and others from the Russian school [12, 13] 

proposed to cast the ill-posed inverse problem into an optimisation problem with a regularised 

objective function. Hence, the problem we have can be mathematically formulated as a problem of 

finding ),( trψ  that minimises the quadratic criterion: 
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where 0>µ  is a Tikhonov regularization parameter and )(rβ  a continuous function for weighting. 

After spatial discretisation, Eq. 9 becomes: 
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where )(tψ  is, as in Eq. 7, the vector of dimension )1( ×n  which results from numerical 

approximation of ),( trψ . As for )( nn×R , it is the positive definite matrix which comes from 

spatial dicretisation of )( rrβµπ . 

Taken into account the linear nature of Eq. 3 and Eq. 6, superposition principle allows writing: 

)()()( 21 tytyty += , where )(1 ty  and )(2 ty  represent the output from the model (Eq. 3-6) when 

0),( =trψ  and when 0)( =∞ tT  respectively. Hence, the criterion J  can be rewritten as a function of 

)()()( 1 tytyte m −=  by replacing )(ty  by )(2 ty  and )(tym  by )(te  in Eq. 10. To avoid a cumbersome 

notation, )()( 2 tyty ←  and )()( tetym ←  is assumed in the following.  

Problem solution. Applying Lagrange's theory and rules from calculus of variations, it can be 

proven [14] that the minimum of J  is achieved when the following three problems are satisfied 

simultaneously: 

 

(a) Direct problem: )( +)(=)/( ttdttd ψBATT        (11) 
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(b) Adjoint  problem: )('-)('+)(')/( tyttdttd mCCTCλAλ =−      (12) 

(c) Stationary condition: (t)')( 1
λBRψ

−−=t         (13) 

 

with oT=)0(T  and 0λ =)( ft . )(tT  ( n×1 ) and )(tλ  ( n×1 ) are respectively the PCM thermal state 

vector and the so called co-state vector. 'M  ( CBAM ,,= ) is the M  transposed matrix. 

Introducing the stationary condition (Eq. 13) in the direct problem (Eq. 11) yields to the 

following two-point boundary-value problem: 
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This problem can be easily solved using the “sweep method” [14, 15], which assumes that )(tλ  

and )(tT  satisfy an affine relation like )()()( ttt vTSλ += ∞  for some as yet unknown matrix function 

∞S  and vector function )(tv . The solution of the inverse problem is then given by [14]: 
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with oT=)0(T  and 0v =)( ft . The matrix ∞K  is called Kalman gain. It is given by ∞SBRK ' = )( 1-t , 

where ∞S  is the unique solution of the Ricatti equation: 

 

CCSBBRSASSA0 '+'-+' = 1-
∞∞∞∞ .        (16) 

 

One notices that the sources we are looking for are the outputs of a linear and stationary state 

model whose input is the temperature measured within the PCM at 0=r . Step-by-step, solving Eq. 

15 involves: a) calculation of the time-invariant matrices ∞S  and ∞K ; b) calculation of )(tv  and 

)(tT  by time-integration of the Eq. 15; and c) calculation of (t)ψ . Knowing (t)T  (step b) and (t)ψ  

(step c), the time evolution of the enthalpy vector )(tH  ( 1×n ) can be obtained by: 
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It must be noticed that the unknowns of the problem (temperatures, sources and enthalpies) are 

estimated for all times and positions. Consequently, the enthalpy-temperature function we are 

looking for results from either representation of )(tH  against (t)T  or representation of any of the 

elements of )(tH , i.e. )(tH i  ( ni �1= ), against the corresponding element of (t)T , )(tTi . Notice that 

successful inversions must lead to ji,∀  )()( jjii THTH =  when ji TT = .  

Numerical tests. Some numerical analyses have been carried out in order to establish the limits 

of the inverse method proposed above and to identify the parameters that have a significant effect on 

the quality of the results. Model give by Eqs. 3-6 has been used for emulate experiments. )(tT∞  is 
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assumed to be increased at constant rate β . PCM melting takes place over a range of temperature 

fT∆ . Dimensionless parameters associated to the problem are: 
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Table 1. Dimensionless parameters (columns 2 to 6), Tikonov regularization parameter (column 6) 

and root mean square error in the dimensionless enthalpy-temperature function. 

 Bi  Ste  γ  *β  fθ∆  µ  rms  

Case000 0.190 0.1976 0.0431 0.04968 0.0208 3.5 x 10
-12

 0.1423 

Case001 0.570 0.1976 0.0431 0.04968 0.0208 3.5 x 10
-14

 0.3385 

Case002 0.114 0.1976 0.0431 0.04968 0.0208 9.5 x 10
-12

 0.0432 

Case003 0.190 0.5270 0.0431 0.04968 0.0208 3.0 x 10
-12

 0.0453 

Case004 0.190 0.1216 0.0431 0.04968 0.0208 4.0 x 10
-12

 0.2538 

Case005 0.190 0.1976 0.0000 0.04968 0.0208 3.0 x 10
-12

 0.1274 

Case006 0.190 0.1976 0.0862 0.04968 0.0208 3.5 x 10
-12

 0.1573 

Case007 0.190 0.1976 0.0431 0.04968 0.0104 1.5 x 10
-12

 0.4248 

Case008 0.190 0.1976 0.0431 0.04968 0.0625 1.0 x 10
-14

 0.0201 

Case009 0.190 0.1976 0.0431 0.29808 0.0208 2.0 x 10
-15

 0.1968 

Case010 0.190 0.1976 0.0431 0.01656 0.0208 2.6 x 10
-12

 0.1159 

  

  

Figure 1.  Estimated enthalpy-temperature function (symbols) and theoretical enthalpy-temperature 

function (line): Case008 (left), Case007 (right). 

 

As shown in Table 1, different values of these parameters have been considered. For each testing 

case in this table, an experiment has been simulated. The algorithm described in the previous 

section has been applied for estimating the PCM enthalpy-temperature function from noise-

corrupted ),0()( tTtym =  and )(τ∞T  data. The amplitude of the added noise (white noise) is C°± 05.0  

(close to the noise in the experimental device). Values of the Tikhonov regularization parameter µ  

are provided in Table 1. The quality of the estimated enthalpy-temperature function is evaluated as 

the root mean squared ( rms ) of the differences between the estimated function and the theoretical 

one. Results achieved are reported in Table 1. It can be seen that the quality of the results strongly 

depends on the Biot number ( Bi ) and on the sharpness of melting ( fT∆ ). Increasing either the Biot 

number or the melting sharpness leads to a degradation of the estimated enthalpy-temperature 

function. Biot numbers lower than ~0.3 and spread melting over a temperature interval wider than 
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0.5°C are recommended. Worst (case007) and best (case008) reconstructions of the enthalpy-

temperature function are represented in Fig. 1. 

EXPERIMENTAL TEST 

PCM decription. A graphite/salt composite, as those developed and studied in [16, 17, 18], has 

been used in this paper for illustrating the appropriateness of our developments. It has been 

elaborated by uni-axial cold compression of a mixture of ENG (Expanded Natural Graphite) 

particles and salt powders. The salt is the binary system NaNO3/KNO3 (50%mol, laboratory 

graded), whit melting point at 223°C. The sample prepared for testing is a cylinder of 76mm in 

diameter and 200mm in length. Porosity, volumetric fraction of graphite and volumetric fraction of 

salt are, respectively, 20%, 10% and 70%. Graphite amount is 15% by weigth.  

Experiment. The graphite/salt composite is introduced in a stainless steel tube. Top and bottom 

sides of the cylinder are insulated with an insulation material that can resist temperatures over 1000 

°C. The cylinder is thus introduced in a furnace for heating/cooling under controlled thermal 

boundary conditions. A thermocouple (type K) is placed at the interface between the tube and the 

PCM, and another one within the PCM at 0=r  (on the symmetry axis) and 130mm from the top. 

Thermocouples are protected by a 1.6mm inconel sheath, which is a good compromise between 

intrusiveness and mechanical strength.  

 

 
Figure 2. Data from the experiment. 

 

During the experiment, two main periods with regard to the evolution of the temperature of the 

air within the furnace can be distinguished (Fig. 2, air): a) a step period where the PCM remains in 

solid state, which will serve for preliminary estimation of parameters h  and k ; b) a isotherm-ramp-

isotherm period where PCM melting takes place, which will be used for enthalpy-temperature 

function estimation. Wall line and mmr 0=  line in Fig. 2 show, respectively, the temperature 

measured at the interface steel/PCM and within the PCM (at 0=r ). To favour homogenisation of 

air temperature within the furnace, the fan of the furnace is continuously working. 

 

Table 2. Graphite/salt material characterization using standard methods. 

 Method Value 

Specific heat of the solid phase [ 1 1. .J kg K− − ] DSC 1570 

Specific heat of the liquid phase [ 1 1. .J kg K− − ] DSC 1718  

Latent heat [ 1.J kg − ] DSC 75142  

Melting point [ C° DSC 221.2]

Thermal conductivity [ 1 1. .W m K− − ] Hot plate  23.3 

Density [ 3.kg m− ] Densimetry & weighting 1209 
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At the end of the test campaign (that is after cycling), thermal and thermodynamic properties of 

the PCM have been measured using standard techniques. This includes: a) specific heat of the PCM 

at liquid and solid states; b) melting temperature and latent heat; c) radial thermal conductivity (in a 

plane normal to the compression axis); and d) density of the composite in solid state. Results 

achieved are summarized in Table 2. More detailed information can be found in [8]. 

Preliminary estimations. Data corresponding to the period during which the PCM stays in solid 

state (isotherm-step period), have been used to identify the thermal properties of the PCM and the 

thermal resistance associated to the interface steel/PCM. Information available is )(tT∞  and 

),0()( tTtym ≡ . The problem of k , sc ρ and h  identification is stated in a classical way. That means 

looking for k , sc ρ  and h  values minimizing the cost function: 
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where ),0()( tTty ≡  represents the output from model defined by Eq. 3 and Eq. 6, with 

trtr , ,0),( ∀=ψ . The solution of this minimisation problem can be found by standard algorithms of 

optimisation. In this application, a Gauss-Newton algorithm has been applied. Results achieved are: 

)..( 1858354 13 −−= KmJcsρ , )..( 2.23 11 −−= KmWk  and )..( 75 12 −−= KmWh . A high coherence is 

observed between heat capacity and thermal conductivity values obtained by standard measurement 

methods (see Table 2) and those identified by model fitting.  

Estimation of the enthalpy-temperature function. The method described previously (Eqs. 15-

17) has been applied for estimating the enthalpy-temperature function from available data 

),0()( tTtym ≡  and )(tT∞ . Thermal parameters k , sc ρ and h  have been already identified. Tikhonov 

regularization parameter has been fixed at 1210−=µ . Weighting function is rr ∀=  ,1)(β . 

 

 

Figure 3. Enthalpy – temperature function (left) and apparent thermal capacity (right). 

 

Figure 3 includes the estimated enthalpy-temperature function ( )(ˆ TH ), as well as the 

corresponding apparent thermal capacity ( dTTHd /)(ˆ ).  It can be seen that end of melting is 

observed at 223°C, a value which is in good agreement with KNO3/NaNO3 (50%mol) melting point 

found in the literature (see [10] and references within). Probably due to salts impurities, a 

progressive as well as moderate melting is observed between 214 to 220.5°C.  

In figure 4 (left) are represented the temperature measured at r = 0 (symbols) and the simulations 

performed using previously identified enthalpy-temperature function (continuous lines). The 

corresponding residuals (measurements – simulations) are shown in figure 4 (right). They look like 
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a white noise with ± 0.02°C of amplitude. No significant bias is hence expected in the estimated 

enthalpy-temperature function. 

 

 

Figure 4. Measurements and simulations, on the left, and Residuals on the right. 

  

Table 3 includes the values of the PCM thermodynamic properties obtained from the estimated 

enthalpy-temperature function (or alternatively from the “apparent thermal capacity – temperature” 

function) in figure 3. One notices they are in very good agreement with measurements in Table 2. 

Apparent latent heat in J/kg has been calculated assuming apparent density in liquid state equal to 

1128 kg/m
3
. Such a value comes from specific heat in Table 2 (second line, third column) and heat 

capacity of the liquid phase in Table 3. 

 

Table 3. Identified graphite/salt composite properties. 
 PCM heating 

Heat capacity – solid state [J.m
-3

.K
-1

] 1.8 x 10
6
 

Heat capacity – liquid state [J.m
-3

.K
-1

] 2.0 x 10
6
 

Latent heat [J.m
-3

] 8.127 x 10
8
 

Latent heat [J.kg
-1

] 72031

SUMMARY 

A new method for characterization of shape-stabilized PCM based on one-single sample and 

one-single experimental device has been proposed. The simplicity of the experimental device is 

comparable to that of the T-History method: a cylinder of PCM which is heated/cooled in a furnace 

following specific temperature patterns (steps, isotherms and ramps). Instead of simple energy 

balances as in T-History method, a heat transfer model is used to retrieve the whole set of 

parameters/functions characterizing the PCM from temperature measurements at one-single point 

within the PCM. A powerful inversion technique has been proposed for that. Its main advantage is 

that it allows non-parametric identification of enthalpy-temperature functions. They are retrieved by 

solving a problem of time-dependent, moving sources estimation by inversion of a constant-

parameters heat conduction model. It is shown that unknown sources are the output of a linear and 

invariant state model whose inputs are measured temperatures within the PCM. Enthalpy-

temperature functions, as well as parameters derived from (heat capacities, transition temperatures, 

latent heat), are thus calculated in a simple way. 

Numerical tests carried out show that the quality of the results achieved strongly depend on the 

Biot number and on the sharpness of melting. Increasing either the Biot number or the melting 

sharpness leads to a degradation of the estimated enthalpy-temperature function. Biot numbers 

lower than ~0.3 and spread melting over a temperature interval wider than 0.5°C are recommended. 
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An experimental test for characterization of graphite/salt composites has been carried out to 

illustrate the appropriateness of our developments. Estimated values for PCM parameters (thermal 

conductivity, heat capacities, and latent heat and transition temperatures) are in good agreement 

with measurements coming from standard experimental techniques.    

Main advantages of the proposed method with regard to DSC techniques are that it yields 

complete thermodynamic characterization of the PCM on one-single experiment, and that it allows 

testing heterogeneous materials with large-size representative volumes. Moreover, testing time is 

significantly reduced: some few hours instead of several days as required for enthalpy-temperature 

function measurement when using DSC in isothermal step mode. 
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