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1 Introduction and goals 

The application of Phase Change Materials (PCMs) is a hot topic both in scientific publications 

and in the daily press. In the spirit of environmental, energy and cost awareness, we strive to 

use heat that can be produced in an environmentally friendly way and as cheaply as possible. 

One of the most common features of such thermal energy sources is that it is not available when 

it could be effectively utilized. Unrestricted energy sources are typically expensive. To use 

cheap heat, a storage that is able to compensate for the differences between time-varying 

availability and variable usage is usually essential. Using storages is a solution to many 

problems. 

The aim of my research is to investigate the application of phase change materials in the field 

of HVAC engineering. The HVAC applications has a number of special requirements. The 

phase change storage is usually operated in a comfort environment, where there is qualified 

operator. The storage should therefore be risk-free, preferably maintenance-free, and as cheap 

as possible in all these circumstances. Another specialty is that the PCM storage must adapt to 

the requirements of HVAC systems, where part-load operation is typical and the supply flow 

temperature is usually varies as a function of the external temperature. We must therefore use 

materials and system designs that are able to adapt to the capabilities of existing systems. 

It can be deduced from the examination of the scientific literature that although a lot of 

researchers focus on similar topics, there are very few sources that can be used from the HVAC 

point of view. Most of the publications miss out on a number of issues that are important to 

apply the technology in practice. The number of publications presenting practical and proven 

solutions is negligible; based on the literature alone, it would not be possible to construct a 

PCM-based thermal energy storage (TES) which could be used for solving HVAC challenges, 

the available technical solutions are not yet copmetitive. In the course of my research, I 

managed to develop technical solutions that can be economically competitive while meeting all 

technical requirements. 

Most of the articles presenting a PCM-based TES presents a laboratory test where we answers 

are not gives to the conditions required for application in practice. The standard technology is 

water-based TES because it is cheap, proven technology, and the capacity / performance ratio 

is also appropriate. This has to be compared to other heat storage methods, including latent heat 

storage. When using PCMs instead of water, we need to answer questions such as: 

 What is the real heat capacity of the TES within the operating temperature range of the 

system? How it depends on the temperature limits? How to choose the best PCM for a 

defined need? 

 All physical properties of the water are well knows, but the physical properties of a 

PCM is not, or only partly known. How will these missing properties will be available? 

Is the data sheets of the manufacturers provide enough and on the other hand accurate 

information? 

 What happens if the phase change does not fully finishes (for example melting is 

interrupted and the PCM starts to cool down and becomes completely solid)? 

I set up the following hypothesises to find answers to the questions above. 

Hypothesis 1.: In the case of an interrupted phase change, the hysteresis greatly influences the 

process. 

Hypothesis 2.: Phase change materials are the most competitive in a narrow temperature range 

compared to water-based TES, but their actual heat storage capacity is highly dependent on the 

temperature range and material characteristics. 



Hypothesis 3.: Data provided by PCM manufacturers is not enough to accurately design a TES 

for a defined application. 

The energy storage capacity can be increased proportionally by increasing the size and weight 

of the storage, but achieving adequate charging and discharging performance can be 

challenging. Most research sees encapsulated PCMs as the solution, but in industrial 

applications, a number of questions arise 

 is the lifetime of the encapsulated PCM system adequate? 

 damage to the capsule poses a risk to the operation of the system; even if the substance 

itself is non-toxic or aggressive; 

 the price-value of the encapsulated PCM TES system is doubtful. 

Hypothesis 4.: Encapsulation technology is inadequate in a price-value ratio, so there is a need 

for a TES structure that allows for adequate storage performance and is also economically 

feasible. 

 

A simple model enables long term simulations of ice storages, where the performance of the 

ice storage (�̇�𝑖𝑐𝑒) can be calculated as 

 �̇�𝑖𝑐𝑒 = (UA)𝑖𝑐𝑒 ∙ ∆T𝑙𝑛,𝑖𝑐𝑒, (1) 

where ∆T𝑙𝑛,𝑖𝑐𝑒 is the logarithmic temperature difference between the heat transfer fluid and the 

storage medium. (UA)𝑖𝑐𝑒 can be calculated with the following equation: 

 (UA)𝑖𝑐𝑒 = 𝐿1 + 𝐿2 ∙ (1 − 𝜉) + 𝐿3 ∙ (1 − 𝜉)2 + 𝐿4 ∙ (1 − 𝜉)3 + 𝐿5 ∙ (1 − 𝜉)4 + 𝐿6 ∙ (1 − 𝜉)5, (2) 

where 𝜉 is the liquid fraction of the storage, L1-L6 are coefficient to determine the (UA)𝑖𝑐𝑒 and 

the performance of the ice storage. These coefficients are defined by the manufacturers of the 

ice storages with measurements and curve fitting algorithms (Figure 1). Hiba! A hivatkozási 

forrás nem található. presents an example for the coefficients for ice-on-coil storage. 

 
Figure 1. UA of the investigated ice storage 

The main difference between ice and a regular PCM is that the ice melts and solidifies at the 

same temperature. There is no temperature range of phase change; the PCM's UA curve would 

be different because it has a hysteresis. 



Hypothesis 5.: it is possible to create a UA curve for a PCM-based LTES but it will depend not 

only on the state of phase change but also on the PCM temperature. 

My main goal is to prove applicability in HVAC practice. After answering most of the open 

questions, I am looking for the legitimacy and location of the PCM-based TES in the world. In 

the case of heating systems, it is difficult to compete with water buffer storages, however, in 

the case of cooling systems, water buffer storages are of little use, so in my research I focused 

on this segment. PCM-based TES technology has a significant advantage over water buffer 

storage, PCM storages can be up to 90% smaller in size than water storage. 

Hypothesis 6.: Significant energy savings can be achieved in cooling systems by using properly 

designed PCM-based TES. 

In the rest of the dissertation I want to prove my hypotheses. It is not my aim or competence to 

study the chemical processes of phase change, in my dissertation I try to describe the 

phenomenon purely for HVAC purposes. 

 

 



2 Research methods 

The most important thermophysical property of PCMs is the thermal hysteresis. In the case of 

water-ice phase change change, the phase change takes place at a well-defined temperature 

(0 °C), and the melting and solidification temperatures are the same (Fig. 2/a). In contrast to 

water, thermal hysteresis is observed in phase change materials. Through the example of solid-

liquid phase change it means that the melting and solidification temperatures are not the same 

(Fig. 2/b). In addition, for most materials, the phase change does not occur at a discrete 

temperature, but takes place in a certain temperature range (Fig. 2/c). Hysteresis also 

complicates practical application and modeling because usually PCMs have to work in a narrow 

temperature difference. The wide hysteresis does not fit within the full operating range of the 

existing HVAC system, allowing the PCM to store less energy. The phenomenon of 

supercooling further widens the hysteresis range (Fig. 2/d). 

  
Figure 2. a) water-ice phase transition, b) ideal hysteresis, c) real hysteresis, d) PCM supercooling 

In practice, complete phase change cycle does not necessarily take place. To describe the 

interrupted phase change, several inconsistent models are used in the literature, which describe 

the phenomenon with significant neglect and therefore with insufficient accuracy. 

Researchers use different methods of modelling the hysteresis and the two-phase state. Fig. 2. 

presents an interrupted phase change. The material is heated from temperature point T0 to point 

Tx, where heating and melting are interrupted, and cooling is started. There are two different 

scenarios which materials may follow: 

 the “Transition scenario” (TS), suggested by Bony and Citherlet, is a transition to the 

cooling curve using a slope equivalent to the solid or liquid specific heat; in this case, 

the end point is at point T1; 

 the “Stay scenario" (SS), in which Chandrasekharan et al. have suggested staying on the 

heating curve to reach point T2. 



 
Figure 3. Interrupted melting 

The presented models and their results contradict each other, so the aim of my study is to 

compare the two models and, if necessary, create a new model. 

The temperature-enthalpy data pairs underlying the studies were determined using DSC 

(differential scanning calorimeter, the most common thermal analytical technique) 

measurements. The relevant material properties of the tested substances are given in Table 1. 

Table 1. properties of the investigated materials 

Property P53 C.oil20 

Melting temperature (°C) 53,5 20 

Heat of fusion (kJ/kg) 196,2 107,6 

Solid state specific heat (kJ/kg K) 4,1 1,8 

Liquid state specific heat (kJ/kg K) 3,1 2,1 

HVAC systems typically operate with a fixed temperature ranges (for example, a comfort 

cooling system usually has a temperature range of 7/12 °C, 10/15 °C or 15/20 °C, a heat pump 

system has a temperature level of 45/35 °C or 35/27 °C). A trend of decreasing heating 

temperatures (heat pumps, surface heating) can be observed. 

Different heat storage tasks require different phase change materials. The datasheets of 

manufacturers and suppliers, as well as the literature, usually give incomplete information on 

the thermal properties of phase change materials, because the the behavior of the PCM is usually 

not be determined in the hysteresis range (between the end temperature of melting and 

freezing), the actual capacity of the heat storage cannot be determined accurately in a defined 

temperature range. I determined the thermal properties of different materials by measurements. 

The tested materials include organic, inorganic and bio materials. To measure each property, I 

used the following tools and principles: 

 Phase change temperature range, heat of fusion, specific heat: DSC. 

 Density: mass and volume measurement. 

 Hazard factor or limitation of usage: for all materials I examined the hygroscopicity, the 

presence of volatile components (I left the samples in contact with air for 2 weeks, 

measured the weight of the sample before and after), and I filtered out corrosive, toxic 

or flammable substances according to the manufacturers' safety data sheets. The degree 

of subcooling was determined by DSC measurements. 

 Price: based on quotes from manufacturers/suppliers for 1 ton of material (all prices are 

valid for the year 2020.). 

The basic equation of the heat transfer of the heat exchange is explained in Figure 5 and 

described by Equation 3. 



 
Figure 4. inside of the designed TES 

To determine the UA curve for a PCM-based LTES, the first step is to simplify the storage's 

geometry and identify the “elementary unit”, which serves as the basis of the model. 

 
Figure 5. Heat excahnge explanation 

 �̇�ℎ𝑡𝑓 ∙ 𝑐ℎ𝑡𝑓 ∙ 𝑇ℎ𝑡𝑓 − �̇�ℎ𝑡𝑓 ∙ 𝑐ℎ𝑡𝑓 ∙ (𝑇ℎ𝑡𝑓 +
𝜕𝑇ℎ𝑡𝑓

𝜕𝑥
∙ ∆𝑥) = 𝑈 ∙ 𝐷𝑝𝑖𝑝𝑒 ∙ π ∙ ∆x ∙ ∆𝑇𝑙𝑛, (3) 

where �̇�ℎ𝑡𝑓, 𝑐 ℎ𝑡𝑓, 𝑇ℎ𝑡𝑓 are the mass flow, specific heat and temperature of the heat transfer 

fluid (htf) respectively; 𝑥 is the longitudinal coordinate; 𝑈 is the overall heat transfer 

coefficient; 𝐷𝑝𝑖𝑝𝑒 is the diameter of the heat exchanger’s pipes; 𝜏 represents time. 

Assumptions: 

 there is no heat or mass transfer between the elementary units and the environment, 

 inside the elementary unit, the temperature of the PCM and the htf is homogeneous, 

 continuity applies for the htf, 

 there are no heat sources inside the elementary units, 

 thermal energy stored by the construction materials of the storage is negligible. 

The outlet temperature of the htf of one elementary unit: 

 𝑇ℎ𝑡𝑓,𝑛 = 𝑇ℎ𝑡𝑓,𝑛−1 − (𝑇ℎ𝑡𝑓,𝑛−1 − 𝑇𝑃𝐶𝑀,𝑛−1) ∙ (1 − 𝑒−x∙𝑁𝑇𝑈), (4) 

where 𝑛 is the elementary unit number in space, 𝑇𝑃𝐶𝑀 is the temperature of the PCM; 𝑁𝑇𝑈 is 

the number of transfer units. 

The thermal performance of the heat transfer fluid (�̇�ℎ𝑡𝑓) within an elementary unit: 

 �̇�ℎ𝑡𝑓,𝑛 = �̇�ℎ𝑡𝑓 ∙ 𝑐ℎ𝑡𝑓 ∙ (𝑇ℎ𝑡𝑓,𝑛 − 𝑇ℎ𝑡𝑓,𝑛−1). (5) 

Thermal performance of the TES (�̇�𝑇𝐸𝑆): 

 �̇�𝑇𝐸𝑆,𝑛 = U ∙ A ∙ (𝑇ℎ𝑡𝑓 − 𝑇𝑃𝐶𝑀) =
𝑚𝑃𝐶𝑀∙𝑐𝑃𝐶𝑀∙(𝑇𝑃𝐶𝑀,𝑛−1−𝑇𝑃𝐶𝑀,𝑛)

𝜏
. (6) 



I present a simple method to simulate the TES system, where the thermal performance can be 

calculated from the function of the mass flow and the inlet temperature of the heat transfer fluid, 

and the state (temperature and phase) of the PCM. 

 �̇�(𝜏) = 𝑓(�̇�ℎ𝑡𝑓 , 𝑇ℎ𝑡𝑓,𝑛−1, 𝑇𝑃𝐶𝑀, 𝜉𝑃𝐶𝑀). (7) 

Measurements were made on 2 different storages to validate the results. 

 

The first TES is located in the Stokes laboratory of the Department of Building Service and 

Process Engineering of the Budapest University of Technology and Economics, its geometry is 

shown in Figure 6 and its photograph in Figure 8, its parameters are shown in Table 2 and the 

properties of the used P53 paraffin is shown in Table 3. Hereinafter referred to as Storage „A”. 

The second was installed on a telecommunication base station, its geometry is shown in Figure 

7, its photograph is shown in Figure 9, its parameters are given in Table 2 and it contains the 

CrodaTherm 21 phase change material shown in Table 3. It consists of two parallel pipe coils 

of the same geometry which are in direct contact through the ribs of the heat exchanger. Both 

pipe coils must be tested simultaneously to ensure that they do not cause defects due to their 

interaction. Hereinafter referred to as Storage „B”. 

 

I used the same mathematical model for both storages as presented above, however the 

boundary conditions of each elementary unit differs according to the different geometry. 

For validation measurements, Storage „A” operated in a heating system and Storage „B” in a 

cooling system, containing different PCMs. 

 
Figure 6. Storage „A” heat exchanger 

 
Figure 7. Storage „B” heat exchanger 

 
Figure 8. Storage „A” 

 
Figure 9. Storage „B” 

 



Table 2. The properties of the Storages 

Thermal property Storage „A” Storage „B” Unit 

Number of pipe rows 8 40 number 

Number of parallel pipes if a row 12 14 number 

Number of fins 150 200 number 

Distance between 2 fins 6 5 mm 

Width 412 610 mm 

Length 540 1294 mm 

Height 1114 1532 mm 

Insulation thickness 50 50 mm 

Volume 0,25 1,14 m3 

Empty weight 62 264 kg 

Weight of PCM 98,5 508 kg 

Total weight 160,5 772 kg 

Table 1. Properties of the used PCMs 

Physical properties P53 paraffin CrodaTherm 21 Unit 

Heat of fusion 196,2 ± 0,1% 190 ± 0,1% kJ/kg 

Ts
m – Start temperature of melting 50,5 ± 0,1% 19,5 ± 0,1% °C 

Tl
m - End temperature of melting 56,5 ± 0,1% 21,4 ± 0,1% °C 

Ts
s - Start temperature of solidification 49,5 ± 0,1% 18,5 ± 0,1% °C 

Tl
s - End temperature of solidification 55,7 ± 0,1% 20,3 ± 0,1% °C 

Solid density 802 ± 5 891 ± 5 kg/m3 

Liquid density 743 ± 5 850 ± 5 kg/m3 

Solid specific heat 4,1 ± 0,1% 2,3 ± 0,1% kJ/(kg·K) 

Liquid specific heat 3,1 ± 0,1% 1,9 ± 0,1% kJ/(kg·K) 

Solid heat transfer coefficient 0.7 ± 1% 0,18 ± 1% W/(m K) 

Liquid heat transfer coefficient 0.7 ± 1% 0,15 ± 1% W/(m K) 

 

Storage “B” has been installed to a telecommunication site, next to the room which contains 

the electrical equipment. 

The main element of the system is the PCM-based TES: it has a specially designed two-circuit 

finned-tube heat exchanger to separate the primary (external) and secondary (internal) circuits 

(Hiba! A hivatkozási forrás nem található..). 

The primary circuit supplies the cooling energy and freezes the PCM in free-cooling mode. Due 

to frost protection, the primary circuit had to be filled with a 30-70% propylene glycol-water 

mixture. A pump circulates the liquid between the storage tank and the external liquid-air heat 

exchanger (LAHX) equipped with a fan to increase the heat exchange. 

The secondary circuit performs the melting of the PCM, transferring the cooling energy from 

the storage to the electrical equipment. The heat to be extracted is absorbed in the interior by 

liquid-air heat exchanger also equipped with a fan. In summer operation, the PCM can be frozen 

via this circuit with the help of the existing split air conditioner (AC). In this operation mode, 

the AC cools the air, and the internal LAHX is able to re-freeze the PCM in the storage with 

the cold air coming directly from the AC. 

The system is able to store and withdraw energy from the storage simultaneously by operating 

the external and internal circuit at the same time, as there is metal connection between the 

external and internal heat exchangers direct heat exchange is also happening while the PCM 

charges. 



The charging and discharging is controlled by the control unit in the function of the measured 

PT1, PT2, PT3, PT4, PT5 and PT6 temperatures (Fig. 10). 

 

Figure 10. Schematics of the Storage “B” in the telecommunication base station 



3 Summary of the researches and PhD thesis 

Thesis 1 [S1, S2, S3]: 

It is not sufficient to know the heat of fusion for sizing phase change material-based thermal 

energy storages in HVAC systems. Charging and discharging a storage requires a temperature 

difference between the heat storage medium and the heat transfer fluid, which difference 

depends on the construction of the storage tank. In practice, thermal energy storages increases 

the temperature difference of the normal operation because of the following factors: 

1. the phase change of the materials also requires a temperature difference; 

2. phase change materials usually has a hysteresis. 

 

These characteristics limit the applicability of thermal energy storages defining a Δt 

temperature difference which depends on the used material and the construction of the 

storage. A thermal energy storage solution can be characterized by the direction indicator 

Δh/ ΔTstorage, which can be formed as the quotient of the Δh stored heat quantity and the 

ΔTstorage temperature difference, which can be determined for the charging and 

discharging of the thermal energy storage in the HVAC system. 

If the HVAC thermal energy storage task allows a wide ΔTstorage temperature difference, heat 

storage with a phase change material loses its advantages over water-based heat storages. This 

limits the opportunities of using phase change materials in HVAC systems. 

Thesis 2 [S2, S4]: 

In the case of an interrupted phase change the material returns from the interruption 

point Px(Tx,hx) to the initial state (P0) by following 2 lines in the temperature enthalpy 

plane. The intersection of the 2 lines is located the diagonal obtained by connecting the 

points Ps
m és Pl

s (figure). 

The interrupted melting (figure/a) happens through the points Px
m - Px

c - Ps,x
c - Ps

s - P0, the 

interrupted freezing (figure/b ) happens through the points Px
s - Px

c – Pl,x
c – Pl

m - P0. The 

characteristic of the interrupted phase change is a smaller rectangle defined by the corner points 

Px
m - Px

c - Ps,x
c - Ps

m in the case of interrupted solidification and corner points Px
s - Px

c – Pl,x
c – 

Pl
s, located within the rectangle modeling the total hysteresis,  

 

   

The corner points of the rectangle can be characterized by the following proportions in 

the case of interrupted melting 

 𝒚𝒙
𝒎 =

(𝑻𝒙
𝒎−𝑻𝒔

𝒎)

(𝑻𝒍
𝒎−𝑻𝒔

𝒎)
=

(𝑻𝒙
𝒄 −𝑻𝒔

𝒎)

(𝑻𝒍
𝒔−𝑻𝒔

𝒎)
=

(𝑻𝒔,𝒙
𝒄 −𝑻𝒔

𝒎)

(𝑻𝒔
𝒔−𝑻𝒔

𝒎)
, (T2.1) 



and in case of interrupted freezing: 

 𝒚𝒙
𝒔 =

(𝑻𝒍
𝒔−𝑻𝒙

𝒔 )

(𝑻𝒍
𝒔−𝑻𝒔

𝒔)
=

(𝑻𝒍
𝒔−𝑻𝒙

𝒄 )

(𝑻𝒍
𝒔−𝑻𝒔

𝒎)
=

(𝑻𝒍
𝒔−𝑻𝒍,𝒙

𝒄 )

(𝑻𝒍
𝒔−𝑻𝒍

𝒎)
. (T2.2) 

 

According to the thesis, during the interrupted phase change, the corner points of the rectangle 

describing the interrupted phase change within the rectangle modeling the hysteresis divide the 

solid and liquid lines of the rectangle in the same proportion as dividing the melting and 

solidification lines and the diagonal. 

The methods used in the literature describe the interrupted phase change for different material 

types from 0.8 to 0.95, maximum 0.97, while the Diagonal-model I propose describes the 

behavior of all the materials I studied with an R2 value above 0.982. 

Thesis 3 [S3, S4]: 

According to the Diagonal-model presented in Thesis 2, for a phase change material with 

hysteresis, a hysteresis range can be defined, which is defined by (Ts
s, hs

s), (Ts 
m, hs 

m), 

(Tl 
m, hl 

m), (Tl 
s, hl 

s) points on the T-h plane. The phase change cycles happen between the T1–

T2 temperature limits. 

3.1.  If no more than one temperature limit falls within the hysteresis range, the resulting phase 

change is clearly determined by the temperatures; the change in enthalpy is only a 

function of temperature: 

∆ℎ = 𝑓(𝑇1; 𝑇2). (T3.1) 

 When   T1 ≤ Ts
s és  Ts

m <T2 <  Tl 
m     

or  Ts
s ≤ T1 < Tl 

s és  Tf 
m <T2 

a partial phase change occurs during the cycle; every phase change cycles occur the same 

way. 

3.2.  If both temperature limit falls within the hysteresis range, the resulting phase change is 

not clearly determined by the temperatures; the change in enthalpy the temperatures and 

the initial state defines the process: 

∆ℎ = 𝑓(𝑇1; 𝑇2;  ℎ1). (T3.2 ) 

Depending on the initial state of the material the change in enthalpy can happen in two different 

ways, depending on whether the phase change intersects the Tl 
s–Ts 

m Diagonal, which was 

defined by Thesis 2. 

1. If the intersection is not made, the fluid ratio y does not change; the enthalpy is 

defined as the function of the specific heat as follows: c(y)=y∙cl + (1-y) ∙cs. 

2. If the intersection is made, the fluid ratio y changes and partial phase change occurs. 

If the temperature returns to the initial value (T2 → T1) after the temperature change T1 

→ T2, the liquid ratio y and the enthalpy h will not necessarily return to the initial values 

y1, h1. This explains the phenomenon that in the case of small amplitude temperature 

change cycles within the hysteresis range, the liquid ratio y of the material can seem to 

pick up values over a wide range, apparently randomly. The phenomenon that takes place 

can be described by the Diagonal-model. 

 



Thesis 4 [S4]: 

Thermal properties published by the manufacturers of commercially available phase change 

materials are insufficient, in many cases misleading for designing of a phase change material-

based thermal energy storage. 

The publication of the following material properties is essential for designing a phase 

change material-based thermal energy storage: 

 the corner point of the hysteresis: Ts 
m, Tl 

m, Tl 
s és Ts 

s; 

 clear value of the latent heat of fusion, without the sensible heat, clearly defined 

for the melting os freezing, or the average of both, 

 specific heat in solid and liquid form, 

 density in solid and liquid form. 

Thesis 5 [S3, S4, S5, S7]: 

Measuring all the parameters described in Thesis 4. For more than 40 different phase change 

materials which are suitable for typical HVAC systems, the best materials for the specific 

systems are: 

 Fan-coil cooling systems (7/12 °C): Pentadecane (organic paraffin). 

 Indirect free-cooling storage (15/22 °C): CrodaTherm 21 (organic vegetable oil-

based material). 

 Surface heating system (35/30 °C): Na2CO3 10H2O (inorganic salt hydrate). 

 Heating (55/45 °C) and domestic hot water systems (maximum 45 °C): Paraffin 51 

(organic paraffin). 

Thesis 6 [S5, S7]: 

As an analogy to the modeling of the surface heat transfer coefficient used in the design 

process of ice thermal energy storages, I prepared a calculation method that can also be 

applied to phase change materials. During the procedure the surface heat transfer coefficient 

 (𝑘 ∙ 𝐴)𝑃𝐶𝑀 =
�̇�𝑃𝐶𝑀

∆T𝑙𝑛,𝑃𝐶𝑀
 (T5.1) 

Has to be defined based on the geometry of the storage and the thermal properties of the used 

phase change material. 

The diagram showing the surface heat transfer coefficient as a function of temperature can be 

described with 4 simple straight sections. The figure below shows the points and sections 

required for a general description. T1 and T2 are the temperatures at the beginning and ending 

of the melting process. The parameters of the figure can be determined on the basis of the model 

explained in detail in my dissertation. 



 

Interpretation of the 4 parts for melting: 

 Part 1: heating without phase change, melting not started yet. 

 Part 2: the surface heat transfer coefficient significantly decreases in a narrow area, 

as a molten ring starts to form on the heat transfer surface. Section 3 starts when the 

formation of this molten ring is finished. 

 Part 3: phase transition is dominant, the increase in the surface heat transfer 

coefficient is due to the micro flows caused by the Buoyancy effect. 

 Part 4: phase transition has finished. 

The function of the surface heat transfer coefficient can be calculated for any geometry and 

phase change material, and offers a simple modeling opportunity for design engineers. 

Based on the model describing the phase change, the phase change has three stages. The 

surface heat transfer coefficient curve has 4 sections, where merging Section 2-3. 

corresponds to the middle stage of phase transition. 

Thesis 7 [S3, S6, S7]: 

I developed a procedure to maximize the electricity savings potential with a phase change 

material-based latent thermal energy storage integrated in the cooling system. Savings can be 

achieved by reducing the operation of the cooling equipment in peak time, and charging the 

storage with cooling energy generated by more efficient operation and/or using free-cooling at 

night. 

Target function of the energy consumption of the one-day cooling storage cycle: 

 𝑴𝑰𝑵 (∑ (𝑬𝑯,𝒊)
𝒅𝒂𝒚
𝒊=𝟏 ) = 𝑴𝑰𝑵 (∑ (𝑭𝑻𝒏,𝒊 ∙

𝑸𝑯,𝒊

𝑬𝑬𝑹𝑻𝒏,𝒊(𝑸𝑯,𝒊)
+ 𝑭𝑻𝒕,𝒊 ∙

𝑸𝑯,𝒊+𝑸𝑻,𝒊

𝑬𝑬𝑹𝑻𝒕,𝒊(𝑸𝑯,𝒊+𝑸𝑻,𝒊)
+ 𝑭𝑻𝒌𝒔,𝒊 ∙

𝑸𝑯,𝒊−𝑸𝑻,𝒊

𝑬𝑬𝑹𝑻𝒌𝒔,𝒊(𝑸𝑯,𝒊−𝑸𝑻,𝒊)
)

𝒅𝒂𝒚
𝒊=𝟏 ), (T6.1) 

where 

 𝐸𝐻,𝑖 electricity consumption for cooling. 

 𝑄𝐻,𝑖 cooling needs. 

 𝑄𝑇,𝑖 cooling energy charged to the thermal energy storage. 

 𝐹𝑇𝑛,𝑖, 𝐹𝑇𝑡,𝑖 és 𝐹𝑇𝑘𝑠,𝑖 auxiliary matrix of the periods ‘without storage’, ‘storage charging’ 

and ‘storage discharging’ respectively within the investigated period. The value equals 

to 1 when the actual operation happens and 0 if other operation happens. 

 EER values can be determined as a function of external temperature and partial load of 

the cooling system. Using EER decision can be made when to charge the storage on the 

most efficient way and when to discharge when the alternative source would be the less 

efficient during the day. 

 



4 Practical usage of the results 

There is currently not enough information in the literature for a design engineer to design a 

suitable phase change material-based thermal energy storage tank. The biggest challenges arise 

in the mathematical modeling of the behavior of the liquid-solid two-phase state, in the method 

of selecting the ideal phase change material, in finding the heat storage structure, and in the 

operation of the thermal energy storage in a HVAC system. These are the 4 research areas in 

connection with which I formulated hypotheses in my dissertation. After summarizing and 

evaluating the results of the literature, my studies focused on the behavior of phase change 

materials, and in particular on the description of interrupted phase change; on the other hand, I 

focused on modeling a specific storage geometry and giving a general method on designing and 

evaluating phase change material-based thermal energy storages. 

In the course of the work, I performed the measurement and evaluation of the total phase change 

of 40 different materials that meet the HVAC needs and are therefore potentially applicable in 

practice. I performed further measurements on the interrupted phase change of several different 

materials, starting from different initial states. Using the experience of my previous TDK work 

on the topic, I was able to create a storage design in which not only the capacity but also the 

thermal performance can be controlled easily, even within the interrupted phase change range. 

To model the construction, I created a computational model, which I used for the sizing of the 

phase change storage in the Stokes laboratory of the Department of Building Service and 

Process Engineering, BUTE, and was also suitable for the modeling of the processes in time. I 

verified the accuracy of the model by measurements on this thermal energy storage. Based on 

the results of the experimental storage, within the framework of a project, the already proven 

storage construction was installed in a telecommunication base station operating with 

continuous cooling needs. With the solution, an annual cooling associated electricity saving of 

57.6% was achieved in 2019 (Figure 11). Due to the narrow temperature range of the system, 

this task would not have been possible in a reasonable size of a conventional water buffer tank. 

 

 

Figure 11. Yearly cooling associated electricity consumption of the telecommuncation base station in 2019. 

I believe that I have succeeded in achieving the objectives of my dissertation: I have verified 

my hypotheses and created new models that can support the work of design engineers. 
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