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Abstract: This paper presents the results of material tests, experimental tests and statistical analysis 

of the thermal performance of three types of heat accumulators containing an organic 

phase-change material and two materials of a higher thermal conductivity: a copper mesh and 

porous coke recyclate. The aim of the research was to empirically and statistically compare the 

increase in the PCM heat distribution through a copper conductor and coke recyclate. The research 

was conducted in accordance with an incomplete central compositional experimental design and 

using the Statistica software. The studies of the structure and chemical composition of the coke 

recyclate used and the empirical testing of the finished heat accumulators confirmed an 

improvement in the distribution and storage of heat by the accumulator with the phase-change 

material and coke recyclate compared to the pure phase-change material and copper-conductor 

accumulators, as the holding time of a temperature of 20°C was extended by seven minutes and 

nine minutes, respectively. Moreover, the results of the statistical analysis provided answers as to 

which of the assumed input quantities—initial temperature, battery geometry, and heating 

temperature— were statistically significant for each of the three battery types considered. The 

determined approximating functions were verified in terms of the statistical validity of their use for 

all three types of heat accumulators tested. The results obtained are important answers to the 

current problems in the design and modification of phase-change heat accumulators applied in the 

construction industry to reduce the emissivity of structures and increase their energy efficiency. 

Keywords: construction composite; latent heat; short-term heat storage; energy-efficient 

construction 

 

1. Introduction 

The increasing costs of the thermal performance of buildings, together with the 

implementation of the Fit for 55 packages [1] designed to reduce CO2 emission levels in 

EU Member States by at least 55% before the year 2030 and achieve climate neutrality by 

2050, necessitate the implementation of new, innovative solutions for the efficient usage 

and storage of energy generated from renewable sources. 

The solution to these challenges are heat accumulators containing phase-change 

materials that allow for the short- and long-term isothermal storage of thermal energy. 

The effects of phase-change materials (PCMs) on improving the thermal performance of 

components and increasing the perceived thermal comfort in indoor spaces are the 

subject of numerous scientific papers [2–7]. The results of previous scientific work on the 

applications of phase-change materials in construction confirm their capacity for the 

isothermal storage of heat and present such applications as reasonable. 

However, the success of the energy retrofitting of buildings with phase-change heat 

accumulators depends on the form of the accumulator material (packs, pellets, 

micro-granules, or bulk/loose material) and the physical and chemical parameters 
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(melting/freezing point, phase change enthalpy), the location and the thermal conditions 

prevailing on the site (the daily variations of indoor air temperature) of their application 

(access to indirect or direct solar radiation energy). 

The analysis of the functioning of the thermal and energy PV-Trombe wall system 

was presented in [8], where the validity of PCM application in warm climates closer to 

the collector was proved, and in colder climates, closer to the inner part of the wall. In 

addition, the possibilities of using PCM to improve the functioning of the thermal 

chimney have been demonstrated in [9]. In addition, a very considerable barrier to the 

scope of applications of phase-change materials for the storage of heat in their structure is 

their low thermal conductivity in the solid state (within 0.1 to 0.3 W/m K). This results in 

a significant reduction in the heat distribution through conduction within the PCM itself, 

both during melting (extending the charging time of the heat accumulator) and the 

solidification of the PCM (release of the accumulated heat). Therefore, the actual heat 

storage efficiency is much lower than the theoretical one derived from the product of the 

PCM’s mass and its phase transformation enthalpy. 

The problem of increasing the thermal conductivity in solid PCMs is the subject of 

many scientific papers and the key to significantly increasing the efficiency of heat 

storage and distribution. 

An intuitive and common way to increase the thermal conductivity of 

PCM-containing composites is to use metallic materials and alloys in various forms, as 

described in [10]. An example of this is the paper [11], the authors of which used 

microcapsules and steel fibers, or dispersed metal nanoparticles, similarly to in [12]. On 

the other hand, it is worth emphasizing that, taking into consideration the environmental 

aspects, mass and other possible applications of industrial metals, it is reasonable to look 

for other ways to increase the thermal conductivity of PCMs. 

One method to increase the intensity of heat transfer through a PCM is to use metal 

components in various forms in the PCM structure, such as a foamed metal alloy, as in 

[13,14]. The research verified the effect of foamed copper content at 0.43–2.15% on the 

melting time of PCM. The presented results confirmed that the most thermally efficient 

composite was the one with a copper content of 0.86%. On the one hand, it enabled the 

intensification of heat transfer by conduction and, on the other hand, did not have a 

negative effect consisting in a reduction in the heat transfer of liquid PCM by free 

convection of heat. 

Another interesting way of increasing the intensity of heat transfer is to use the 

phenomenon of hypergravity. The state of hypergravity refers to a situation where the 

force of gravity is greater than on the surface of the earth. This state is often achieved by 

maintaining a sufficiently high angular velocity. In the paper [15], it was shown that with 

an increase in gravity, from 1g to 9g, the total melting time of the PCM investigated was 

reduced by 60.24%. 

In addition to the mere fact of applying a substance with a good heat conductivity, 

its orientation is equally important. The paper [16] shows the results of research into the 

variation of the time required forthe RT27 PCM to melt, depending on the angle of the 

orientation of the PCM container and the high thermal conductivity rods within it, 

relative to the vertical. The results proved an increase in the free convection velocity of 

liquid PCM from 0.0072 m/s to 0.0184 m/s with an increasing radial height, resulting in a 

reduction in the PCM specimen’s melting time, from 17 min to 6 min. 

Another way to improve the heat distribution within a PCM, cited in the works 

[17–21], is its application within a double pipe system for convective heat transfer. An 

innovation disclosed in the paper [17] is the use of a nano-liquid (1% aqueous Al2O3 

solution) as a heat transfer medium. With this modification and the application of a 

heating power of 200 W, a Reynolds number of 1700 and a concurrent flow coefficient of 

2.38, the heat transfer was improved by 32% in comparison to pure water. 

The paper [22] presents a new metallic/wood-based phase-change material, where 

PCM-coated microcapsules and copper-coated microcapsules were used to increase the 
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heat capacity of porous wood components. The presented test results proved an increase 

in the thermal conductivity of the composite by 362% compared to pure wood, and the 

composite achieved a latent heat level of 92 J/g. 

When assessing the cost-effectiveness of the use of PCMs and their composites for 

the energy retrofitting of buildings, an important aspect is the impact of the materials on 

the thermal comfort parameters of the occupants and the sustainability and 

energy-efficiency analysis of such buildings. This aspect is discussed in the works 

[21–26], hinting at the need to include a multi-faceted assessment of the feasibility of 

building energy retrofit projects. It is therefore reasonable to use materials derived from 

carbon — being a light and non-chemically inert material — as a replacement for metals 

to improve the thermal conductivity of PCMs. 

In [27], the researchers presented an analysis of the energy performance savings and 

CO2 emission levels of a two-story residential building operated in a hot, dry climate, 

where five different configurations of organic and inorganic PCMs were used. The PCM 

was used in the building as a component of clay bricks, as a direct measure to improve 

the heat storage capacity. 

The researchers in [23] presented the results of their work on a composite of PCM 

and carbon foam derived from a thermal insulation foam of polyisocyanurate (PIR). The 

heat storage capacity of the composite was 105.2 J/g. 

A method for increasing the efficiency of heat sinks containing a PCM is discussed in 

[24]. The heat sinks tested featured multi-walled carbon nanotubes and 

polyethyleneimine for improved heat distribution management. The results revealed a 

10% improvement in the heat distribution of the composite compared to the pure PCM. 

In [25], the authors presented the results from a study on the improvement of the 

thermal conductivity in selected PCMs through the application of carbon nanotubes. The 

fabricated composite with 1% PCM by weight provided a 50% improvement in 

conductivity compared to the pure PCM. 

A similar application of carbon nanotubes to improve heat distribution within a 

PCM was shown in the papers [26–32]. Another similar application of a different carbon 

allotrope, graphite, to improve the heat distribution in a PCM is discussed in [4]. Among 

other forms of carbon materials used to improve the thermophysical performance of 

PCMs or components interfaced with PCMs include an artificial carbon-laden aggregate 

[2]. Another important application example of carbon-based materials with PCMs is a 

composite of ionic liquids, carbon fibers and stearic acid coated with 

polydimethylsiloxane (PDMS) films, as is described in [3]. In addition to thermal 

stability, of up to a limit of 200 °C, the composite featured high axial compressive 

strength, with a yield strength of 19 MPa. 

An important summary of the research into the applications of various high thermal 

conductivity materials derived from carbon, such as graphene, carbon nanotubes, 

graphene nano wafers integrated with a durable composite containing a PCM in the form 

of hydrophobic expanded perlite, is presented in [5]. The authors demonstrated a 

significant improvement in the thermal conductivity of individual composites doped 

with carbon at 45%, 30%, and 49%, while suggesting the need to provide small particles 

of carbon material that are small enough to improve the heat transfer of the PCM 

contained in the perlite pores. 

An interesting method for the improvement of PCM thermal conductivity is the use 

of quantum dots containing high concentrations of graphene and derived from acetone 

and divinylbenzene, as presented in [6]. In the paper, the PCM applied was propylene 

glycol PEG (Polyethylene Glycol) in the form of a polymer. The results of the thermal 

conductivity improvement revealed 236% over pure PEG. 

In addition to the aspects of PCM’s physical and chemical properties, the shape and 

geometry of PCMs are no less important for the thermal function of the entire 

heat-accumulating composite. This problem is discussed in paper [33], which presents 

the results of a numerical analysis on the shape and geometry of heat accumulators 
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containing PCMs to improve their heat distribution. Not the least of the topics pertaining 

to the application of free PMCs in interaction with other PCMs is the selection of the 

application form by which the PCM is held at the application site, even when molten. In 

[34], the researchers presented the feasibility of using gypsum in several configurations 

to obtain a thermally stable composite combined with a PCM. The results shown in the 

paper prove that the application of the researched composite in construction engineering 

is reasonable. 

When assessing the cost-effectiveness of the use of PCMs and their composites for 

the energy retrofitting of buildings, an important aspect is the impact of the materials on 

the thermal comfort parameters of the occupants and the sustainability and 

energy-efficiency analysis of such buildings. This aspect is discussed in the works 

[35–39], hinting at the need to include a multi-faceted assessment of the feasibility of 

building energy retrofit projects. It is therefore reasonable to use materials derived from 

carbon — being a light and non-chemically inert material — as a replacement for metals 

to improve the thermal conductivity of PCMs. In [40], the researchers presented an 

analysis of the energy performance savings and CO2 emission levels of a two-story 

residential building operated in a hot, dry climate, where five different configurations of 

organic and inorganic PCMs were used. The PCM was used in the building as a 

component of clay bricks as a direct measure to improve the heat storage capacity. 

To conclude this review of the knowledge of the generation, functioning, and 

application of heat-accumulating PCMs, it is reasonable to conduct empirical research 

and statistical analysis on three types of heat accumulators, one holding a free PCM, one 

featuring a composite of the PCM with a metal framework, and one featuring a 

composite of the PCM with a coke recyclate framework. The studies carried out and 

described thusfar on improving the heat exchange efficiency of phase-change heat 

accumulators mainly concern conventional applications, materials available for purchase 

and often constitute a case study. In this work, the empirical and statistical validity of 

using coke recyclate to improve the heat distribution within the heat accumulator with 

PCM was checked empirically and statistically. An additional aim of the research was a 

comparative analysis of three types of heat accumulators with PCM. An important part 

of the research was the use of one experimental design for all three types of heat 

accumulators, which proved the statistical significance of individual input variables on 

the value of the output variable. A novelty in the context of the research carried out so far 

is the verification of the possibility of using the obtained functions in three types of heat 

accumulators: with pure organic PCM based on paraffin; PCM with recyclate consisting 

mainly of carbon; and PCM with intensively heat-conducting copper. Multi-faceted 

research and analysis that considers the geometry of the heat accumulators, the ways to 

improve thermal conductivity, and the varying conditions and intensities of the 

accumulator’s heating and cooling, will help justify the application of PCMs with 

recycled coke and metal matrices, along with providing predictive analysis of the effects 

of individual input variables on the heat distribution efficiency of the heat accumulators. 

On the basis of the conducted review on the state of the art and our own prior 

research, the input and output values, which are significant for the efficiency of heat 

exchange, were determined. Then, the incomplete, compositional plan of the experiment 

determines the necessary empirical experiments. The recorded results made it possible to 

obtain cognitive information on the functioning of the new types of phase-change heat 

accumulators and to obtain an approximating function in the form of response planes. 

2. Materials and Method 

The materials and apparatus used in the research were summarized in Tables 1 and 

2. 
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Table 1. Materials. 

Materials Name Company Country 

RT21 phase-change material 

(PCM) 
Rubiterm GmbH Germany 

Recycled carbon sinter - Poland 

Copper mesh, Mostostal MET Poland 

Osakryl OB aqueous dispersion Synthos Poland 

Table 2. Apparatures. 

Apparatures Name Company Country 

Espec climate test chamber ESPEC South Korea 

Thermal imaging camera F7i FLIR U.S.A. 

Heat flux density sensors, type F 

A2020 C 
Ahllborn GmbH Germany 

PT1000 temperature sensors Ahllborn GmbH Germany 

SEM MIRA 3 Tescan Czech Republic 

Data logger Comet MS6D COMET Czech Republic 

2.1. SEM Methodology 

The surface morphology and the imaging of the waste structure were processed 

using a Tescan MIRA3 SEM. The test preparation involved sputtering a layer of gold, 

approximately 30 to 45 nm thick, onto the specimens. This process was carried out in a 

vacuum sputtering machine. The imaging of the specimens was conducted at four 

magnifications powers of 2k, 5k, 20k and 50k times. The electron accelerating voltage 

selected was in the range of 10 kV and 20 kV. 

2.2. Experimental Design; Preparation of Test Specimens 

The subject of this research was a multi-faceted analysis of the thermal performance 

of three types of heat accumulators containing the RT21 PCM. Each of the heat 

accumulators contained, respectively: 

• A composite of polymer matrix and pure RT21 PCM 

• A composite of polymer matrix, coke recyclate, and the RT21 PCM 

• A composite of polymer matrix, copper, RT21 PCM, and a copper conductor 

One aspect of the analysis was to compare the results of the polynomial 

approximations of each of the composites tested according to an identical incomplete 

experimental design. Such an assumption facilitated an important and interesting 

substantive analysis of the impact of the individual input quantities of the experimental 

design, such as the geometric factor of the heat accumulator, the heat accumulator’s 

initial temperature and the heat accumulator’s heating temperature in the three 

application configurations of the same PCM material. This allowed to indicate the level of 

relevance and the range of applicability of the composites and pure RT21 PCM under 

consideration, with an identification of the strengths and weaknesses of using the same 

PCM in different configurations. This paper is a continuation of the research work on the 

new isothermal heat accumulators containing PCM and recycled carbon materials, 

presented by the authors in [41]. Paper [41] is a case study of the research on increasing 

the heat distribution within the packages with organic PCM using carbon recyclateand 

the obtained results proved the legitimacy of using the tested recyclate. The present work 

focuses on the comparative analysis of three heat accumulator plates with PCM, with a 

new coke recyclate, a composite with a copper conductor and pure PCM. The selected 

two PCM composites correspond to the literature review, where one can notice the 
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frequent use of two groups of materials to improve the dynamics of the PCM phase 

change: conductive metal, e.g., copper or aluminum, and carbon materials, e.g., 

graphene, graphite, nanotubes. 

The empirical research was planned and completed according to an incomplete 

compositional orthogonal experiment design, assuming threeinput quantities and one 

output quantity. The use of an incomplete experiment design reduced the number of 

experiments required, from 125 to 17, which significantly shortened the experimental 

testing duration. The experimental design and its subsequent statistical analysis were 

performed using Statistica, version15. 

The results presented in papers [4,7,23–26,41–44] allowed for the selection of three 

input quantities, which contributed to the heat distribution efficiency in the PCMs and 

composites: the geometric factor (-); the PCM specimen’s initial temperature (°C); and the 

PCM specimen’s heating temperature (°C). In turn, 'Heat distribution efficiency' was 

assumed as the output quantity for the experimental design. The geometric coefficient of 

these tests was defined as the ratio of the lateral area of the sample to its volume. The 

choice of the input quantities is the result of preliminary research and a review of the 

state of the art. The geometry of the PCM heat accumulator and the temperature range 

prevailing in the place of its application will affect the effectiveness of its phase change. A 

graphical diagram of the experimental design is shown in Figure 1. 

 

Figure 1. Graphical diagram of the experimental design. 

Each of these quantities was independent of each other, and measurable and 

determinable in a reproducible manner, which met the criteria of feasibility, 

informativeness and efficiency, according to the work [45]. Table 3 is a summary of the 

variation intervals of the input quantities considered in this work. 

Table 3. Input quantities of the experimental design and their variation intervals. 

Input Quantity 
Input Quantity Variation 

Range 
Input Variable Interval 

Geometric factor (-) FGmin < FG < FG.max (1, 1.25) 

Initial temperature (°C) T0.min < T0 < T0.max (5, 18) 

Heating temperature (°C) TH.min < TH < TH.max (25, 60) 

The solution to the correlation between the input variables and the output variable 

determined from the empirical experimental results logged during the 17 tests required 

by the incomplete compositional experimental design was a response function. 

Repetition of one of the experiments is a requirement of the incomplete experimental 

design to determine the error rate and coefficient of determination and is imposed by the 

Statistica program. The authors of the manuscript, wanting to increase the credibility of 

the conducted experiments, decided to repeat the selected experiment and include its 

result in the overall analysis. The response function was in the form of an approximating 
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polynomial and was determined by determining the values of the variable factors. The 

relevant calculations were run in Statistica 15, according to Equation (1). 

z = b0 + b1x1 +⋯+ bk …xk + b12xk…x1x2 + b13x1x3 +⋯+ bk−1xk−1 + b11x1
2

+⋯+ bkxk
2 (1) 

The initial step in the execution of the experimental design was to make all of the 

input quantities independent of their physical interpretations. This was achieved by a 

process of normalizing all of the input values to an interval <−α, α>. The value of α, 

representing the length of the stellar arm for the incomplete central compositional 3/1/16 

design, was α = 1.215, according to [45]. The stellar arm length was determined with 

Equation (2). 

α = αort = √0.5 √2i−p(2i−p + 2i + n0) − 2
i−p (2) 

The input quantities were normalized with Equation (3). 

x̆k =
2α(xk − xk.min)

xk.max − xk.min
− α (3) 

where: x̆k - normal variable; xk– real variable; xk.min  - minimum value of the 

variable;xk.max - maximum value of the variable;α - the length of the interstellar ray. 

The step following the completion of the required experimental tests was a reverse 

action, the aim of which was to return to the actual physical values of the input variables. 

This step was conducted with Equation (4). 

xk = (
x̌k + α

2α
) ∙ (xk.max − xk.min) + xk.min (4) 

where: xk - denormalized variable;xk.min- minimum value of the variable; x̆k- normal 

variable;xk.max - maximum value of the variable;α - the length of the interstellar ray. 

The layout of the experimental design was a set of tested input variables, for which 

the output y values were calculated according to Equation (5). 

{x1/u, x2/u…xk/u, xi/u} (5) 

The next step of the analysis was to verify the adequacy of the generated model. This 

was conducted for substantive verification: the assumption of the correct form of the 

approximating equation; the possible omission of a quantity relevant to the object 

function; and the correctness of the adopted range of input variables. The summary of the 

experiments required by the incomplete experimental design is shown in Table 4, and are 

similar to those in [41]. In turn, a correlation analysis of the reciprocal effects of the input 

variables against each other was performed for nine cases. 

Table 4. List of the required experiments per the experimental design shown in [41] from Statistica 

software. 

Number 

Experiment 

Heating Temperature 

(°C) 
Geometric Factor (-) 

Initial Temperature 

(°C) 

1 25.00 1.00 5.00 

2 25.00 1.00 18.00 

3 25.00 1.25 5.00 

4 25.00 1.25 18.00 

5 60.00 1.00 5.00 

6 60.00 1.00 18.00 

7 60.00 1.25 5.00 

8 60.00 1.25 18.00 

9 18.82 1.04 13.00 
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10 66.16 1.04 13.00 

11 42.50 0.87 13.00 

12 42.50 1.21 13.00 

13 42.50 1.04 4.20 

14 42.50 1.04 21.80 

15 42.50 1.04 13.00 

16 42.50 1.04 13.00 

17 42.50 1.04 13.00 

2.2.1. Test Step 

The required experiments were performed using the Espec climate chamber with 

controlled temperature and humidity. The research was carried out according to the 

requirements of the input parameters of the experimental design. The experiments 

defined in the preset experimental design were performed in parallel for the three types 

of heat accumulators considered, which varied in geometry: the specimens of pure PCM; 

the specimens of PCM with coke recyclate; and the specimens with PCM and a copper 

conductor. All of the experiments performed were preceded by a process to stabilize the 

temperature of the test specimens and the air temperature and humidity inside the 

climate test chamber. This was followed by heating the test specimens for 1.5 h, with 

subsequent cooling for 12 h at the temperatures predefined in the experimental design. 

The temperature and heat flux density were logged throughout the experiments. A 

diagram of the layout of the test specimens and photographs of the test setup used are 

shown in Figure 2. 

 

Figure 2. (a) Layout of the test specimens and data logger during testing; 1—data logger; 2—test 

chamber interior; 3—specimens of pure PCM; 4—specimens of PCM with coke recyclate; 

5—specimens with PCM and a copper/polymer matrix; (b) Espec climate test chamber. 

2.2.2. Preparation of Test Specimens 

Each of the three types of heat accumulators tested was made with dimensions that 

conformed to the geometric factors assumed. To ensure that the heat accumulators 

remain airtight, even after the PCM has melted, they were sealed with a polymer coating 

of chain acrylates and vinyl acetate. The coating was made of a 40% aqueous polymer 
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dispersion, under the trade name Osakryl OB, and manufactured by Synthos. The choice 

of this dispersion to constructa sealed polymer matrix was driven by the lower glass 

transition temperature of the PCM used, which was around 11 °C. 

The PCM was applied to the reference specimens in its liquid state after the polymer 

matrix was produced. In contrast, the preparation of the test specimens with copper 

began with the fabrication of a copper mesh framework with a mesh diameter of 2mm, 

coating it with a polymer film, followed by the application of liquid PCM. The last group 

of composites contained the coke recyclate and was cut from a recycled lump to produce 

the test specimens. An important property of the recyclate was its porosity; itdetermined 

the potential amount of PCM in the composite. The porosity value of the obtained 

recyclate was determined by comparing the density before and after grinding several 

randomly selected samples. The pore size was determined organoleptically and by SEM. 

The tests confirmed the porosity of the recyclate to be in the range of 66–70%. A 

photograph of the dissected lump of coke recyclate is shown in Figure 3. 

 

Figure 3. Coke recyclate used for the test specimens. 

After the required shapes of the coke recyclate were cut out, the cuts were exposed 

to injection soaking with the liquid PCM at 60 °C for 12 h. After soaking with the PCM, 

following by cooling to 17–18 °C, the test specimens were coated with a polymer film, 

identically to the previous two specimen types. The finished test specimens were heated 

several times to test them for leaks before the actual experimental testing began. Figure 4 

shows the photographs of the test specimens during their fabrication and in the finished 

state. 
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Figure 4. (a) Copper frameworks of the test specimens; (b) Cut shapes of the coke recyclate; (c) 

Finished test specimens with copper, PCM and the polymer matrix; (d) Finished test specimens 

with PCM and the polymer matrix. 

The output variable, which expressed the efficiency of the heat storage and 

distribution within the phase-variable heat accumulators investigated, was the 'heat 

distribution efficiency' used in scientific papers [7,41,42,44]. The heat distribution 

efficiency was a comparison between the actual quantity of heat required to fully charge 

a heat accumulator (by melting all of the PCM contained in the composite) to the quantity 

of heat estimated by calculation. The heat distribution efficiency, according to 

[7,41,42,44], was determined using Equation (6). 

φD =
QA.E
QA.T

 (6) 

with: φ D— heat distribution efficiency; QA.E— empirically tested absorbed heat quantity; 

QA.T— theoretical absorbed heat quantity. 

This quantity was important to the thermal performance of the composites 

containing organic PCMs, which allowed for the assessment of the extent of incomplete 

PCM melting in the heat accumulators. Incomplete PCM melting is one of the primary 

limitations to the large-scale use of phase-change heat accumulators and the values of 

0.1–0.3 W/m K for the thermal conductivity factors of organic PCMs. A graphical 

representation of incomplete PCM melting is shown in Figure 5. 

 

Figure 5. Graphical diagram of heating homogeneous heat accumulators containing organic PCMs. 
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The actual and predicted quantities of absorbed heat for the test specimens 

themselves were determined using the splines described in papers [41,42]. They allowed 

the PCM to be considered separately before, during, and after the phase transition 

temperature crossing. The theoretical values and empirically tested absorbed heat 

quantities were determined with Equations (7) and (8). 

QA.E =

{
 
 
 
 

 
 
 
 

if  TP < Tl → AO ∫ qrdt

t=O

t=1

if  TP = Tl → mL ∫ ∆HE.r dt

t=n

t=O

if  TP > Tl → AO ∫ qrdt

t=O

t=1

 (7) 

with: Tl — phase transition temperature; Tp — test specimen temperature; AO — PCM test 

specimen external surface area; qr — heat flux density penetrating the PCM test 

specimen; mL — mass of the molten PCM; ΔHE.r — melting/solidification heat of the PCM. 

QA.T =

{
 
 
 
 

 
 
 
 
if  TP < Tl → ms ∙ Cw.S ∫ ∆TT dt

t=O

t=1

if  TP = Tl → mL ∫ ∆HT dt

t=n

t=O

if  TP > Tl → ms ∙ Cw.L ∫ ∆TT dt

t=O

t=1

 (8) 

with: Tl — phase transition temperature; Tp — test specimen temperature; ms — mass of 

the solid PCM; Cw.S — specific heat of the solid PCM; Cw.L — specific heat of the liquid 

PCM; ΔTT — theoretical temperature rise of the PCM test specimens; mL — mass of the 

molten PCM; ΔHT — melting/solidification heat of the PCM. 

The absorbed heat values based on the empirical results and the splines, described 

with Equations (7) and (8), and predicted within the phase change range, were calculated 

using the least trapezoid method. 

2.3. Properties of the Recyclate Used 

The recyclate used in this work was solid, grey-black in color and with a porous 

texture, as shown in Figure. 3. It was a product from the processing of cokes. The nature 

of the material used depended on the quality parameters of the coke. The main 

parameters included moisture content, volatile content, sulphur, M10, M40, CSR (Coke 

Strength after Reaction), and CRI (Coke Reactivity Index). The chlorine and phosphorus 

levels were also determined. The average values of the physical and chemical 

specifications of cokes are listed in Table 5. 

Humidity was a parameter that influenced the productivity process of a blast 

furnace. It was assumed that the humidity should be in the range of 3% and 4%. It is very 

low level in coke increases the dusting during certain processing operations, such as coke 

sorting, handing and unloading, forcing expensive dust removal [46–48]. An undesirable 

component of coke is ash, as it increases the quantity of slag produced. It also reduces the 

calorific value of coke and increases its reactivity. The European market requires the ash 

content of coke to be within 9–11% [46–49]. Sulphur is a harmful ingredient of coke, 

which reduces the quality and has an environmental impact. It also causes processing 

plant equipment to corrode more quickly and contaminates catalytic converters. The total 

sulphur content of cokes made from Polish coals is typically 0.7–1.1%. In addition, coke 
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contains 0.9–1.1% of volatiles and up to 0.06% of phosphorus [47]. The CRI of coke, an 

indicator of the reactivity of the coke relative to carbon dioxide (CO2), is important 

because of the corresponding gas permeability of the material. The CRI should not be 

higher than 31% (for the European market) or 28% (the U.S. market). The CSR should be 

above 60%. The M10 abrasion index should be within 5–7% and the M40 strength index 

should be between 65% and 87%, according to the European customers’ standards 

[47,48]. Structural and textural analyzes and chemical composition are important in terms 

of basic research. They confirm its carbonate character and are important from the point 

of view of the content of elements that may be harmful to the environment. 

Table 5. Average values of the physical and chemical specifications of cokes [46,47,50]. 

Specification and Symbol Average Values 

Moisture content, Wt(%) 3–4 

Ash content, Ad(%) 8.5–10 

Volatile content, Vd (%) 0.60–1.2 

Sulphur content, Sd(%) 0.5–0.7 

Phosphorus content, P (%) 0.062–0.012 

Chlorine content, Cla (%) 0.036–0.062 

Abrasion index, M10 6.2–7.0 

Coke strength index, M40 82-–78 

CSR 62–57 

CRI 28–30 

3. Results 

3.1. Analysis of the Coke Recyclate Composition 

The research completely [41] demonstrated that the material applied in the work 

was a highly carbonated recyclate stock. In addition to a high carbon content of 99.2% 

(w/w), the chemical composition revealed 0.7% (w/w) of sulphur and 0.1% (w/w) of 

copper. The results were compared to the tests conducted on coke products in Polish 

coking plants. The carbon and sulphur content determined was shown to be higher than 

in the research conducted [50]. The carbon content ranged between 86.85% and 91.4% 

(w/w), while the sulphur content was between 0.36% and 0.66% (w/w). 

The levels of trace elements found in the coal coking products were analyzed on 

selected materials from Polish coking plants [51–53]. The elements (determined in g/t of 

coke) were found at these levels: 0.01 for Hg, As, and Cd; 0.1 for Ni and Cu; 0.25 for Pb; 

and up to 0.4 for Zn [51,52]. The emission factors for the elements determined in g/t of 

coke were: 0.01 to 0.03 for Hg; 0.08 to 0.2 for As; 0.02 to 0.04 for Cd; 0.2 to 0.3 for Ni; and 

0.6 to 1.7 for Pb [51,54,55]. The range of analysis was expanded further with the results 

for the selected trace elements, as shown in Table 6. The lowest values, ranging between 

several and over 100 ppb, were determined for Cd and Hg. The highest values, above 100 

ppm and 200 ppm, were for the Mn and Sr levels, respectively. Ni, V and Zn were present 

in concentrations of the order of tens of ppm. Be, Se and Tl were present at concentrations 

ranging between a fraction of a ppm and more than 1 ppm, while Co was determined at a 

few ppm [51]. The chemical composition of the coke depended on the nature of the coal 

from which it was made. 
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Table 6. Levels of selected trace elements in coke [51]. 

Trace 

Element 

(ppb) 

Coking Plants 

“Przyjaźń” “Victoria” “Dębieńsko” “Carbo – Koks” 

As 2.8 × 104 2.9 × 103 7.5 × 102 2.1 × 103 

Be 7.7 × 102 1.3 × 103 - 8.3 × 102 

Cd 4.5 × 101 - - 5.6 × 104 

Co 6.2 × 103 8.5 × 103 - 5.5 × 103 

Hg 2.1 × 101 1.9 × 101 7 9 

Mn 6.8 × 104 1.2 × 105 7.4 × 104 5.5 × 104 

Ni 1.6 × 104 2.6 × 104 1.4 × 104 1.3 × 104 

Se 1.0 × 103 6.0 × 102 3.9 × 102 7.9 × 102 

Sr 1.4 × 105 9.2 × 104 2.3 × 105 1.2 × 105 

Tl 2.8 × 102 1.7 × 102 1.5 × 102 2.9 × 102 

V 3.7 × 104 5.9 × 104 4.5 × 104 3.8 × 104 

Zn 3.0 × 104 5.4 × 104 2.2 × 104 3.3 × 104 

The manufacturing process of coke affects its structural and textural character. 

Using SEM techniques, the surface topography of the investigated material was obtained, 

the nature of the microstructural surface was identified, and the three-dimensional 

distribution of the individual components was observed. The microstructural surfaces of 

the coke recyclate was analyzed in three areas (Figure 6). Images of the resulting 

microphotographs, recorded at magnification of 100, 50, 10 and 5 µm (Figure 7), revealed 

a massive microstructured nature of the surface. The topography of the recyclate surface 

showed a burr-like, uneven character of the fracture, locally corresponding to conchoidal 

fracture (Figure 7c,d). Previous observations of the test material revealed a local presence 

of oval-shaped porous voids, up to 100 µm in diameter, which were empty. 

 

Figure 6. Fragments of the coal recyclate under analysis SEM image. 
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(a) 

 

(b) 

 

(c) 

 

(d) 

Figure 7. Massive nature of the microstructural surface. SEM imaging at magnification of (a) 100 

µm; (b) 50 µm; (c) 10 µm; (d) 5 µm. 
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3.2. Empirical Test Results 

The logged temperature values of the three heat accumulators exposed to the test 

conditions in parallel provided qualitative information on their heating and cooling 

intensities during the tests. An example of a chart for the temperature distributions from 

the test specimens in one of the experiments is shown in Figure 8. 

 

Figure 8. Temperature distribution chart of the heat accumulator test specimens operating in 

parallel in the climate test chamber. 

The temperature distribution of the test specimens of the phase-change heat 

accumulators, as shown in Figure 8, presented a similar temperature distribution for the 

pure PCM heat accumulator and the PCM/coke recyclate heat accumulator. In contrast, 

the temperature distribution of the copper conductor heat accumulator was closer to the 

air temperature values logged inside the climate test chamber during the test runs. 

The results demonstrated a more efficient distribution of absorbed heat by the 

PCM/coke recyclate composite than the PCM/copper conductor composite, where the 

heating and cooling of the outer surface of the heat battery was found to occur with a 

delay, with the peak PCM temperatures of the heating step reaching 36 °C and 44 °C, 

respectively. A similar trend of improving the PCM heat transfer in the considered and 

higher temperature ranges was observed in [40], where attention was also paid to the 

thermal reliability of the phase transition and chemical inertness to many PCM groups, 

even at temperatures of the order of 800 K. The results obtained in the work also confirm 

the results of works [24,25], where PCM composites modified with polymer conductors 

and nanotubes were characterized by an increase in the heat exchange intensity, by 10% 

and 50%, respectively. The qualitative results of the temperature distribution imaged 

with the FLIR camera, and shown in Figure 9, confirmed the phenomena. 
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(a) 

 

(b) (c) 

Figure 9. (a) Photographs of the test specimens of the three types of heat accumulators; (b) FLIR 

image with the heating of the three types of heat accumulators tested; (c) FLIR image with the 

cooling of the three types of heat accumulators tested. 

The FLIR camera images shown in Figure 9 confirmed the faster heating and cooling 

of the PCM/copper conductor heat accumulator (the test specimen in the middle), 

compared to both the pure PCM heat accumulator and the PCM/coke recyclate heat 

accumulator. This could partially be due to a very non-uniform distribution of absorbed 

heat in the test specimen of the PCM/copper conductor heat accumulator. This could 

result in the overheating of the liquid PCM, well above its melting point, at the outer 

edges of the heat accumulator, while the heat distribution towards the center of the heat 

accumulator, still holding the unmolten PCM, would be too slow. Furthermore, during 

the production of the polymer coating for the PCM/copper conductor heat accumulator, 

copper passivation was evident when the glass transition of the aqueous polymer 

dispersion took more than three hours. 

3.3. Results of the Statistical Analysis 

The empirical test results obtained allowed us to generate a database of results 

required for the statistical analysis. The heat distribution factor value for the experiments 

required by the experimental design was calculated according to the work [41] and 

Equations (6)–(8) (see above). A summary of the heat distribution factor values 

determined for all three heat accumulators tested is shown in Table 7. 

Table 7. Summary of input and output quantities for three different types of phase-change heat 

accumulators, according to the experimental design. 

Number 

Experiment 

Heating 

Temperature 

(°C) 

Geometric 

Factor (-) 

Initial 

Temperature 

(°C) 

Factor of Heat 

Distribution 

PCM(-) 

Factor of Heat 

Distribution 

PCM + Recyclate 

(-) 

Factor of Heat 

Distribution 

PCM + Copper 

(-) 

1 25.00 1.00 5.00 1.79 1.89 1.39 

2 25.00 1.00 18.00 1.47 1.32 1.26 

3 25.00 1.25 5.00 2.09 1.37 1.49 

4 25.00 1.25 18.00 1.72 1.20 1.26 

5 60.00 1.00 5.00 3.07 2.23 2.55 

6 60.00 1.00 18.00 2.63 1.88 2.48 

7 60.00 1.25 5.00 3.59 2.13 2.09 

8 60.00 1.25 18.00 2.81 1.40 1.99 

9 18.82 1.04 13.00 1.05 1.07 1.03 

10 66.16 1.04 13.00 3.49 2.21 2.51 



Energies 2023, 16, 1409 17 of 27 
 

 

11 42.50 0.87 13.00 1.29 2.86 2.43 

12 42.50 1.21 13.00 2.47 1.77 1.85 

13 42.50 1.04 4.20 2.51 1.97 2.12 

14 42.50 1.04 21.80 2.73 1.27 1.52 

15 42.50 1.04 13.00 2.60 1.60 2.98 

16 42.50 1.04 13.00 2.53 1.60 3.00 

17 42.50 1.04 13.00 2.59 1.59 3.02 

The foregoing values of the heat distribution factors were assigned to successive 

experimental designs for the three heat accumulator types in order to determine the 

impact of the individual input quantities on the output quantity value in the form of the 

response planes of the assumed approximation function. 

3.3.1. Pure PCM Heat Accumulator 

The results of the statistical analysis for the reference heat accumulators with pure 

PCM proved, as shown in Figure 10a, that only three input quantities were statistically 

significant. Once the statistically insignificant input variables were included and 

correlated, as shown in the Pareto chart in Figure 10b, the ultimately significant input 

quantities were the heating temperature, the geometrical factor, and the geometrical 

factor correlation. For the separate, statistically significant input components, the results 

of the analysis are shown in Figure 11, with the response planes in Figure 12. 

 

(a) 

 

(b) 

Figure 10. (a) Pareto chart for all input quantities of interest and their correlation to the output 

quantity value; (b) Pareto chart for the statistically significant input quantities, applicable to the 

pure PCM heat accumulator. 

 

Figure 11. Results of the analysis of the effect of statistically significant input quantities on the 

response function value, applicable to the pure PCM heat accumulator. 
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Figure 12. Response planes of the assumed polynomial approximation, presenting the impact of 

input quantities on the output quantity, applicable to the pure PCM heat accumulator. 

3.3.2. PCM/Coke Recyclate Heat Accumulator 

The results of the statistical analysis for the PCM/coke recyclate heat accumulators 

proved, as shown in Figure 13a, that the statistically significant input quantities were the 

heating temperature, the geometrical factor, the geometrical factor correlation, and the 

initial temperature of the test specimens. Then, as with the other heat accumulators, 

statistically insignificant input variables and their correlations were included in the error 
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component. For the separated, statistically significant input components, the results are 

presented as follows: the Pareto chart in Figure 13b; the analysis in Figure 14; and the 

response plane in Figure 15. 

 

(a) 

 

(b) 

Figure 13. (a) Pareto chart for all input quantities of interest and their correlation to the output 

quantity value; (b) Pareto chart for the statistically significant input quantities, applicable to the 

PCM/coke recyclate heat accumulator. 

 

Figure 14. Results of the analysis of the effect of statistically significant input quantities on the 

response function value, applicable to the PCM/coke recyclate heat accumulator. 
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Figure 15. Response planes of the assumed polynomial approximation, presenting the impact of 

input quantities on the output quantity, applicable to the PCM/coke recyclate heat accumulator. 

3.3.3. PCM/Copper Conductor Heat Accumulator 

The results of the statistical analysis for the PCM/copper conductor heat 

accumulators proved, as shown in Figure 16a, that the statistically significant input 

quantities were the heating temperature, the heating temperature correlation, and the 

initial temperature of the test specimens. In the next step, the statistically insignificant 

input variables and their correlations were included in the error component. For the 

separated, statistically significant input components, the results are presented as follows: 

the Pareto chart in Figure 16b; the analysis in Figure 17; and the response plane in Figure 

18. 
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(a) 

 

(b) 

Figure 16. (a) Pareto chart for all input quantities of interest and their correlation to the output 

quantity value; (b) Pareto chart for the statistically significant input quantities, applicable to the 

PCM/copper conductor heat accumulator. 

 

Figure 17. Results of the analysis of the effect of statistically significant input quantities on the 

response function value, applicable to the PCM/copper conductor heat accumulator. 
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Figure 18. Results of the analysis of the effect of statistically significant input quantities on the 

response function value, applicable to the PCM/copper conductor heat accumulator. 

One of the statistical analysis deliverables was the derivation of the formulas of 

polynomial functions approximating the individual statistically significant input 

quantities to the heat distribution factor values. They represented one of the utilitarian 

objectives of this work and allowed us to predict the thermal performance of the other 

heat accumulators, the input quantities of which would fall within the adopted input 

quantity domain of the approximation function. A summary of the approximation 

function formulas determined in Statistica for the individual heat accumulators is shown 

in Table 8. 
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Table 8. List of the obtained approximating functions of the heat batteries examined. 

Function Formula 

Pure PCM heat  

accumulator 

ϕD = f (TH, FG)  22.9486 + 0.04082·TH + 41.4758·FG−17.9880·FG2 

ϕD = f (TH, T0) −22.9486 + 0.0408 ·TH + 23.8154 

ϕD = f (T0, FG) −22.9486 + 41.4758·FG− 17.9880·FG2 + 1.7350 

PCM/carbon recyclate 

heat accumulator 

ϕD = f (TH, FG) 
24.176+0.030·TH-1.575·10-3·TH2−40.290·FG+17.429

· FG 2-0.438 

ϕD = f (TH, T0) 24.176+0.030·TH+1.575·10-3·TH2−0.036·T0−23.189 

ϕD = f (T0, FG) 24.176−40.290·T0+17.429·T02−0.356· FG−0.993 

PCM/copper conductor 

heat accumulator 

ϕD = f (TH, FG) z=−1.3490 + 0.156 ·TH− 0.0015·TH 2− 0.1579 

ϕD = f (TH, T0); z=−1.3490 + 0.1560·TH− 0.0015·TH2−0.0010 ·T02 

ϕD = f (T0, FG) z=−1.3490 − 0.0010· T02 + 3.9114 

4. Conclusions 

The empirical and statistical results presented in this paper proved the validity of 

using coke recyclate as the conductive framework in phase-change heat accumulators. 

The empirical results showed that the heat accumulator with PCM and coke recyclate 

extended the heat storage time and maintained the external surface temperature at 20°C 

by 7 min longer compared to an identically shaped battery with pure PCM, and by 9 min 

compared to an identically shaped battery with PCM and the copper conductor. In 

addition, it was noted that 65 min after the start of cooling the test specimens, the 

temperature of the PCM/coke recyclate heat accumulator reached lower values than that 

of the pure PCM heat accumulator; the reason for this was that the latter heat 

accumulator became unable to release the heat stored within. 

These conclusions were further confirmed by a qualitative analysis of the 

performance of the heat accumulator specimens produced with the thermal imaging 

(FLIR F7i) camera, where it was made apparent that the application of a copper mesh as 

the conductive reinforcement of a PCM heat accumulator resulted in rapid melting and 

subsequent superheating of the liquid phase of the PCM, which limited the effective 

penetration of heat into the solid phase of the PCM. 

The recyclate used in this work is a material with great application potential to 

increase the heat transfer intensity. The chemical composition analyses indicated that its 

highly carbonate nature was favorable to heat distribution. The observations of the 

structure of the recyclate used indicated a microstructural nature of its surface. This 

feature was also a favorable aspect of the material analyzed. The recyclate is also 

beneficial from an ecological and cost efficiency perspective. 

The results of the statistical analysis proved—with an assumed significance level of 

p=0.05 and satisfactory values for the error and determination coefficients of each heat 

accumulator tested—that the variability of the input quantities was statistically 

significant for the value of the calculated heat distribution coefficient. Accordingly, the 

following were statistically significant: (i) for the pure PCM heat accumulators—heating 

temperature, shape factor and shape factor correlation; (ii) for the PCM/coke recyclate 

heat accumulators—heating temperature, geometric factor, geometric factor correlation 

and initial temperature of the specimens; and (iii) for the PCM/copper conductor heat 

accumulators—heating temperature, heating temperature correlation and the initial 

temperature of the specimens. 

The results of this research and analyses provide important information on the 

thermal function and design of phase-change heat accumulators, as well as an analysis of 

the effective improvement of heat distribution within the structure of such accumulators. 

The authors see the need for further research on improving the heat distribution within 

PCM heat accumulators. Improving heat distribution using conductive materials may 

not be sufficient in some cases. This problem is intended to be solved by convective heat 
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transfer using nanoliquids of organic and inorganic PCM mixtures in the form of salt 

hydrates. The content presented here fits in with the problems of energy-efficient, 

low-emission building engineering and the recycling of materials in the construction 

industry. 
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List of Designations 

Symbol Name Unit 

α The length of the interstellar ray (-) 

ϕD Efficiency of heat distribution (-) 

AO external surface of the PCM sample (m2) 

b* 
Coefficient informing about the contribution of a given 

variable to the prediction 
(-) 

Cw.L specific heat of the liquid PCM (J/g K) 

Cw.S specific heat of the solid PCM (J/g K) 

df Degrees of freedom (-) 

F Statistic value (-) 

f1, f2 Degrees of freedom (-) 

Gf Geometric factor (-) 

HT melting/solidification heat of the PCM. (J/g) 

MS Pure mistake (-) 

p Significance level (-) 

R2 Coefficient of determination (-) 

qr heat flux density passing through the PCM sample (W/m2) 

SS Variance (-) 

THeat Heating temperature (°C) 

TInitial Initial temperature (°C) 

PCM Phase change materials (-) 

SEM Scanning electron microscopy (-) 

EDS due X energy dispersion microscope (-) 

CSR Coke Strength after Reaction (-) 

CRI Coke Reactivity Index (-) 
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