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ABSTRACT 

 

Thermal Energy Storage (TES) is an innovative technology that can help mitigate 

environmental problems and make energy consumption in air-conditioning systems more 

efficient. TES also helps to decouple the production and use of cooling. In this work, a 

mathematical model was developed to obtain the thermal loads of the environment based on 

Brazilian standards and to simulate the operation of an air-conditioning system integrated with 

TES. A refrigeration system that provides cooling capacity for the selected environment was 

used to simulate simulates the operation of refrigeration systems to evaluate the coefficient of 

performance of the refrigeration cycle and the refrigeration system, including the TES, during 

the days 23.01.2019 (maximum sum of solar radiation), 17.05.2019 (day with a lower maximum 

temperature) and 20.12.2019 (maximum annual temperature) for the city of Teresina, in the 

Northeast region of Brazil. On each day, the efficiency of the refrigerant R134a was verified. 

Based on the data obtained from the mathematical simulation model, a thermal impact analysis 

was carried out for Brazil. The reduction in energy consumption varies between 9.4% and 

1.3%. 

Keywords: Mathematical model. Air conditioning system. Thermal Energy Storage. Phase 

Change Materials. 

 

  



 
 

RESUMO 

SISTEMA DE AR-CONDICIONADO INTEGRADO COM ARMAZENAMENTO DE ENERGIA 

TÉRMICA PARA EDIFÍCIOS 

 

O Armazenamento de Energia Térmica (TES) é uma tecnologia inovadora que pode ajudar a 

mitigar problemas ambientais e tornar mais eficiente o consumo de energia em sistemas de 

ar-condicionado. O TES também ajuda a dissociar a produção e o consumo nos sistemas de 

refrigeração. Neste trabalho foi desenvolvido um modelo matemático para obter as cargas 

térmicas do ambiente com base nas normas brasileiras e para simular o funcionamento de 

um sistema de ar-condicionado integrado ao TES. É utilizado um sistema de refrigeração 

capaz de fornecer capacidade de refrigeração para o ambiente selecionado. Ele simula o 

funcionamento de sistemas de refrigeração para avaliar o coeficiente de desempenho do ciclo 

de refrigeração e do sistema de refrigeração, incluindo o TES, durante os dias 23.01.2019 (dia 

com a soma máxima de radiação solar), 17.05.2019 (dia com menor temperatura máxima) e 

20.12.2019 (temperatura máxima anual) para a cidade de Teresina, região Nordeste do Brasil. 

Em cada dia é verificada a eficiência do refrigerante R134a. Com base nos dados obtidos no 

modelo de simulação matemática, foi realizada uma análise de impacto térmico. A redução 

no consumo de energia varia entre 9,4% e 1,3% 

Palavras-chave: Modelo matemático. Sistema de ar-condicionado. Reservatório de energia 

térmica. Materiais com mudança de fase. 
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1 INTRODUCTION 

 

Although significant efforts have been made, climate change continues to pose a major 

challenge. It is also crucial to reduce greenhouse gas emissions in the residential sector. In 

2021, households are expected to account for 27.4% of final energy consumption in the 

European Union, with 77.8% of residential energy consumption used for space heating and 

hot water. Consequently, there is a growing interest in developing energy-efficient and 

sustainable solutions for space heating and hot water applications (KUTLU et al., 2023). 

In recent decades, power companies have observed a transition in electricity demand 

patterns. Peak energy demand growth has outpaced overall electricity demand growth, 

resulting in lower load factors. This makes it increasingly difficult for concessionaires to plan 

for the short and long term. The transition in consumption patterns translates into a less 

efficient system, which increases the overall operating costs of the electrical system. 

Furthermore, the aging infrastructure of the current power distribution system with limited 

capacity is also a concern due to increasing energy demand (PALACIOet al., 2014). 

The generation of energy from fossil fuels is currently the primary source of global energy 

(IEA, 2021); global warming was recognized worldwide through the Kyoto Protocol in 1997, 

which resulted in a global commitment to reduce greenhouse gas emissions. It is important to 

note that anthropogenic CO2 is not the only cause of global warming. In December 2015, the 

Paris Agreement introduced measures to limit the global average temperature rise to below 

2°C above pre-industrial levels (REAL-FERNÁNDEZ et al., 2019). 

Society’s energy demands are increasing, while resources dominating most national 

energy systems are limited and predicted to become scarcer and more expensive in the 

coming years (ABEDIN and ROSEN, 2011). Although renewable resources have great energy 

potential, they are not always fully accessible and can be regional, seasonal, and intermittent 

(NKWETTA and HAGHIGHAT, 2014). 

In regions with extreme weather conditions, there are large variations in the supply and 

consumption of energy related to the need for domestic hot water and the application of space 

heating and/or cooling due to the large thermal amplitude and seasonality. Changing energy 

supply and consumption results in peak and off-peak energy usage, leading to the surcharge 

of energy prices offered during peak energy demand compared to peak energy demand 

(NKWETTA and HAGHIGHAT, 2014). 
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In 2017, electrical air conditioning systems represented the consumption of 17% of the 

total electrical energy consumed in Brazilian homes (EPE , 2018); in addition, there is a study 

that indicates that electrical air conditioning systems may account for 85% of the consumption 

of residential electric energy in the peak of summer (LI, LIU and WANG, 2019) and in 

commercial establishments approximately 40% of the electric energy consumed is destined 

for the acclimatization of environments (PROCEL, 2008). An innovative technology that can 

collaborate to mitigate environmental problems and make energy consumption more efficient 

and that has wide applications is thermal energy storage (TES). 

The refrigeration process is one of the biggest energy consumers; the cold storage TES 

is composed of a process in which cold energy is loaded into the material in the medium in the 

charging process and then extracted in the process of discharging this energy when 

necessary. During the TES loading process, the cold is accumulated in the phase change 

material (PCM), and then the available cold is extracted when necessary (VEERAKUMAR and 

SREEKUMAR, 2016). 

The use of thermal energy storage (TES) in industrial and residential installations is 

continuously growing, as is the increase in electrical energy consumption. The use of TES has 

two main points. First, it allows for the rationalization of power supply capacity, as TES can 

reduce demand during peak hours once the cold energy can be produced during the night or 

when the environmental conditions are more favourable. The second important point is the 

balance of consumption in situations with a time lag between supply and consumption 

(ALLOUCHE et al., 2015). Cold can be stored due to internal energy properties or phase 

change of the material stored in the TES. The system can be applied to reduce energy 

consumption; the cold load is generated and stored for peak energy consumption times. 

1.1 - Objectives 

 

The aim objective of this investigation was to develop a mathematical model that can 

obtain the thermal loads of an environment and simulate the operation of an air conditioning 

system integrated with thermal energy storage. 

1.1.1 Specific objectives 

 

• Implement mathematical modelling for energy storage in a material with phase 

change; 

• Implement mathematical model to obtain thermal loads; 
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• Implement a mathematical model for the climatization system; 

• Coupling the models and establishing simulation conditions that enable thermal 

impact analysis for a city in Brazil. 

1.2 - Outline of the Master thesis  

This Master thesis is divided into the following five chapters:  

• Chapter 1 states the motivation and background for this work as well as the 

objectives; 

• Chapter 2 contains a review of the literature and describes relevant scientific works 

that have a direct relation with the theme of this master thesis; 

• Chapter 3 describes the methods used in this master thesis; 

• Chapter 4 presents the results of this investigation;  

• Chapter 5 provides conclusions. 

The contributions of the master's thesis are linked to the papers listed in Annex I. 
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2 LITERATURE REVIEW 

 

Thermal energy storage (TES) is one of the most applied methods for accumulating 

thermal energy and shifting electricity consumption from peak load moments. The advantages 

of TES systems over chemical-based technologies are the installation and maintenance costs 

and the reduction of environmental impacts. TES allows the storage of extra thermal energy 

to be used for future consumption, with this being possible to balance demand and 

consumption between day and night, for example (AJAROSTAGHI et al., 2019). 

The advantage of using TES in an HVAC system is that it increases the system's overall 

efficiency, improves reliability, and can generate savings in running costs and less pollution of 

the environment. Photovoltaic energy systems with great efficiency are mature and applied 

industrial and use a large part of the sun's thermal energy during the day. However, they do 

not have enough backup to continue their operation during low or no solar radiation (SARBU 

and SEBARCHIEVICI, 2018). 

Thermal energy storage could be defined as the temporary holding of thermal energy for 

later utilization (ABEDIN and ROSEN, 2011). The energy demands vary daily, weekly, and in 

seasons; these demands can be minimized with the TES systems once it is possible to store 

energy by cooling, heating, melting, solidifying, or vaporizing a Phase Change Material (PCM) 

and the thermal energy becomes available when the process is reversed. TES can become a 

conventional system more efficiently, particularly by bridging the period between when energy 

is harvested and when it is needed (SOCACIU, 2012). The main types of TES are: 

• Sensible TES: they are composed of materials that store energy by changing the 

environment's temperature; temperature variation and the quantity of the material 

are the main factors that determine the amount of energy storage capacity. Those 

systems can be filled with water, stones, sand, soil, etc. 

• Latent TES: They are composed of materials that change the amount of energy 

stored through a phase from one state to another (e.g., solid to liquid), PCM. Those 

systems can be filled with water/ice, paraffin, etc. 

This characteristic is determined by the material stored. TES could be used to balance 

the supply and demand of energy in your system, becoming more effective and cheaper by 

bridging the period between when energy is harvested and when it is needed. Storage capacity 

with small temperature variations and irrelevant volume changes are the main characteristics 
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of PCMs. Those features allow them to be implemented in buildings for thermal management 

(AKEIBER et al., 2016). 

The complete cycle of a TES involves at least three phases: charging, storage, and 

discharging of thermal energy. During an operating cycle, one or more steps occur 

simultaneously; sometimes, the same step can occur more than once during one cycle. 

Latent TES is one of the most efficient ways of accumulating energy (SOCACIU, 2012) 

since the accumulation is performed during the material's phase change (melting, evaporating, 

crystallization). Due to the specific heat of the material used in the TES, the difference in 

enthalpy during the phase change and the change in latent heat is generally greater than the 

change in sensitive heat for a given material in each size system. The latent heat storage 

method offers a greater amount of storage with a smaller temperature difference between the 

loading and unloading phases of the system when compared to the sensitive heat (DUTRA, 

DUARTE and PAULINO, 2020). 

2.1 - Phase Change Material (PCM) 

 

Thermal energy can be stored as sensible heat, latent heat, or chemical reactions. Phase 

change materials (PCMs) are included in the second storage mechanism as they harness 

latent heat from the freezing and melting processes (PARDIÑAS et al., 2017). PCM can 

undergo three types of phase change: solid-solid, solid-liquid, and liquid-gas. Solid-to-solid 

transition generally occurs at high transition temperatures, far beyond practical applications. 

Liquid-gas transitions are not considered for most applications due to the large volume 

variation associated with their phase transition. Solid-liquid transitions, however, have many 

applications as they have high latent heat capacities, making them viable for various 

applications (XIA et al., 2014). Phase change materials can be divided into three groups: 

• Organic PCM: organic phase change materials are, in general, chemically stable, 

do not suffer from supercooling, are non-corrosive, are non-toxic, and have a high 

latent heat of fusion (BAETENS, JELLE and GUSTAVSEN, 2010). They cover a 

range of melting points between 0°C and 200°C. Most of them are unstable at high 

temperatures because of their high levels of carbon and hydrogen. The densities 

of organic PCMs are commonly lower than 1 g/cm³ and usually have smaller heats 

of fusion per volume than inorganic PCMs (XIA et al., 2014). 

• Inorganic PCM: inorganic PCMs often have mass melting enthalpies similar to 

organic PCMs but higher by volume due to their high densities, good thermal 
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conductivity, sharp melting points, and non-flammability. However, most are 

corrosive to most metals, undergo supercooling, and undergo phase 

decomposition. 

• Eutectic PCM: eutectic PCM is a mixture of various solids in such proportions that 

the melting point is as low as possible, usually has sharp melting points, and the 

density is slightly higher than that of organic compounds (BAETENS, JELLE and 

GUSTAVSEN, 2010). 

The vast majority of latent TES are composed of PCMs with thermal energy storage in 

the material's phase change, commonly from solid to liquid; the amount of energy stored is 

based on the latent heat of fusion of the material PCM (SOCACIU, 2012). Some thermo-

physical, kinetic, and chemical properties of a material are desirable for use as a PCM, which 

is listed below (VEERAKUMAR and SREEKUMAR, 2016). 

• The melting temperature of the PCM should be in the range of operating 

temperature; 

• High Latent heat of fusion; 

• High thermal conductivity; 

• High density; 

• Low volume change during phase change; 

• Less corrosive to the construction materials; 

• Low degradation; 

• Chemically stable;  

• Non-toxic and non-flammable; 

• Easily available; 

• Cost-effective. 

2.2 - Refrigeration cycle with TES 

 

Evaluating recent studies of the application of TES with air conditioning systems, it can 

be noted that the choice of PCM must be made considering the material's ability to store the 

cold energy and discharge it when necessary. That choice must be guided according to the 

location where the system will be installed, such as thermal amplitude. Different researchers 

were developed to evaluate PCM with a focus on its application in air conditioning systems to 

enhance performance and save energy, making consumption more linear once the usage of 

TES dissolves the peak time during the day. 
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AL-ABIDI et al., 2013 investigate the application of TES composed of a triplex tube heat 

exchanger with a PCM in the middle of the tube, as shown in Figure 1. The experiment 

evaluated the effects of mass flow rates and heating methods on PCM melting process. It 

investigated three techniques (heating the inside tube, heating the outside tube, and heating 

both sides). They analysed the gradients of PCM temperature in the radial, angular, and axial 

directions PCM temperature. Three heating methods investigated PCM melting in the TES 

middle tube; in the first case, PCM melting was not completed within the required time, 

whereas in the second and third cases, complete PCM melting was achieved within less than 

the required time. As the flow rate increased, the average temperature of the PCM increased, 

and a shorter time was required for the PCM to melt. A variation in the temperature was 

observed in the radial and angular directions, whereas no significant variation in the axial 

direction was observed. (AL-ABIDI, MAT, et al., 2013) 

Figure 1 - Schematic diagrams of experimental apparatus 

 
Source: AL-ABIDI et al., 2013 

FASL et al., 2014 developed and implemented a model using the MATLAB/Simulink 

framework where a hybrid system (conventional system and HVAC&R with an active TES unit) 

with an appropriate thermal control to increase the efficiency of an HVAC system as shown in 

Figure 2. The results indicated that the space achieved the desired temperature 62% faster 

for the hybrid system and with a COP 11.1% higher than the conventional system. (FASL, BRISCOE, 

et al., 2014) 
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Figure 2 - Hybrid thermal system schema 

 
Source: FASL et al., 2014 

CHAIYAT, 2015 studied the concept of using PCM to improve the air conditioning 

system's efficiency. In his study, the selected PCM was RT-20, which was packed in balls, as 

presented in Figure 3, to evaluate the air conditioning system's thermal performance, reducing 

the air temperature at the evaporating coil's entrance. To reduce the temperature, he made a 

bed of balls 40 cm thick, and the mathematical model was developed and verified with testing 

results. The results were compared to the mathematical model, which agreed quite well with 

the experimental results; the model was applied for the economic analysis, where he 

concluded the air conditioning system with PCM could save 9.10% of electrical power costs, 

and the payback period was around 4.15 years. (CHAIYAT, 2015) 

ZHAO and TAN, 2015 proposed integrating a shell-and-tube TES with a conventional air 

conditioning system to increase the performance, the TES functions as a heat sink to the air-

conditioner during the daytime cooling period. At night, the heat stored in the PCM will be 

discharged using relatively cool outdoor air. The shell-and-tube TES uses two different media 

(water and air) as heat transfer fluid (HTF). For the HTF, water was used for the charging loop, 

while air was used for the discharging loop, as shown in Figure 4. This study developed a 

numerical model for TES unit, considering the effects of natural convection in the melting 

process of the PCM. 
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Figure 3 - Prototype of the air conditioning integrating system 

 
Source: CHAIYAT, 2015 

The numerical study evaluated the effects of HTF inlet temperature, flow rate, and 

conductive fin height on the TES system performance. In the heat charging process of the 

proposed TES, higher HTF inlet temperature, mass flow rate, and fin height provide a higher 

TES charging rate and shorter total charging time. Numerical modelling was used to find the 

optimum fin height to balance PCM thermal storage system’s performance and cost. The 

effectiveness of this proposed TES system is generally higher than 0.5. The proposed case 

for replacing the conventional cooling tower using the proposed TES system for a water-cooled 

air-conditioner shows a COP value increase of about 25.6%. 

Figure 4 - Schematic diagram of air conditioning integrated with TES 

 
Source: ZHAO and TAN, 2015 

SAID and HASSAN, 2018 presented a study of implementing a new technique that uses 

a TES integrated with a conventional air conditioning system to increase its cooling 

performance. His technique is based on integrating TES plates to cool fresh air at the air 

conditioning unit's condenser, as shown in Figure 5. The PCM inside the plates stores cold 
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during the night-time and charging period and uses its cold during the daytime to refresh the 

air at the inlet of the air conditioning unit's condenser during the discharge period. He proposed 

a theoretical transient model for the PCM with an air heat exchanger, and the results of this 

mathematical model were validated with experimental data. The work evaluated the effects of 

plate configurations, inlet air flow rate, temperature of the inlet air in the process of charge and 

discharge of the TES, and the air conditioning system's performance. The study concludes 

that for the same cross-section area of the plates, the melting time, cooling time, solidification 

time, and outlet air temperature are decreased with decreasing plate width and increasing 

length. Increasing the velocity and temperature of the air inlet to the PCM plates increase the 

outlet air temperature. The coefficient of performance of the air conditioning unit, the useful 

cooling power of the phase change material plates, and saved power decrease the cooling 

time. His work shows the best performance enhancement is 14%, depending on the 

characteristics (width, length) of your system. 

Figure 5 – Model of air conditioning with TES 

 

Source: SAID and HASSAN, 2018 

LI et al., 2018 to improve TES system performance, proposed a multiple-PCM-based 

TES unit for use in conventional air conditioning systems, as shown Figure 6. Three PCMs 

(PCM-1, PCM-2, and PCM-3) with phase change temperatures of 5.3 °C, 6.5 °C and 10 °C, 

respectively, were used. They studied the application of three PCMs with different phase 

change temperatures. Water was used as HTF. They proposed a model developed in ANSYS 

FLUENT to investigate the charging process, and to validate the model, an experimental 

system was constructed. The simulation indicates that an increase of approximately 32.22% 
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of cold energy occurs in the multiple-PCM system compared to a system with a single PCM, 

while the charging time of TES becomes shorter. 

Figure 6 - Schematic diagram of the experimental apparatus 

 

Source: LI et al., 2018 

AJAROSTAGHI et al., 2019 developed a numerical model for a three-dimensional study 

using ANSYS Fluent to verify the efficiency of a system with a tube and shell, as shown in 

Figure 7. An internal coil was dipped into ice as PCM evaluated the influence of dynamic 

parameters: inlet temperature and refrigerant flow rate. In addition, geometrical parameters, 

such as coil pitch, diameter, and height, are analysed in the PCM melting process. Results 

indicate, for all geometric parameters analysed, that increasing the HTF inlet temperature 

leads to a reduction of the melting time in order of 23 – 33%, while increasing the mass flow 

rate decreases the melting time in order of 2%. Regarding the geometrical influence, the coil 

diameter exhibits the most significant effect on the melting rate. 

Figure 7 - Schematic of shell and coil tube TES with relevant geometrical parameters 

  

Source: AJAROSTAGHI et al., 2019 
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SAID and HASSAN, 2019 studied a TES coupled with an air conditioning system, as 

shown in Figure 8. The TES charges at night, and the accumulated energy is used during the 

day. The performance was evaluated during the charging and discharging of the TES in 

different inlet ambient air temperatures and velocities. The developed mathematical model was 

solved using ANSYS Fluent software. The results demonstrate that during the discharging 

process, the outlet air temperature from the PCM plates is reduced by increasing the inlet air 

temperature and velocity. The rate of PCM melting increases with increasing the ambient 

temperature; decreasing the PCM plate width has the advantage of reducing the solidification 

time, but it reduces the saving power by about 10.5%. 

Figure 8 - Model of the PCM unit with air conditioning 

 

Source: SAID and HASSAN, 2019 

ALJEHANI, NITSCHE and AL-HALLAJ, 2020 present in his theoretical study a detailed 

numerical analysis to describe the heat transfer transient in a TES with a Phase Change 

Composite material (PCC), composed of 78% low-temperature paraffin, namely n-

Tetradecane (C14H30) and 22% expanded graphite, exchanging heat with the refrigerant fluid 

of the refrigeration system. Figure 9 presents the proposal made for a hybrid refrigeration 

system, where the TES system works in parallel to the refrigeration system. Ethylene Glycol 

(EG) loop #1 mediates heat exchange between incoming hot air and the PCC during the 

discharging time during peak demand times, and Ethylene Glycol (EG) loop #2 mediates heat 

exchange between the refrigerant and the PCC during charging time night. Results were 

validated using experimental data; the variations between the experimental and theoretical 

model were approximately (4 – 9%) and attributed to the heat loss in the actual experiment, 

which demonstrated acceptable agreement and an accurate representation. 
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Figure 9 - Schematic block flow diagram 

 

Source: ALJEHANI, NITSCHE and AL-HALLAJ, 2020 

NIE et al., 2020 developed work to enhance the performance of air conditioning systems 

with TES, as shown in Figure 10. They were looking for strategies to overcome the heat 

transfer limitations of the air and PCM, for that were considered two methods: extending heat 

transfer surfaces, adding fins in the PCM and airside, and adding heat transfer enhancement 

materials in the PCM. Fins at the surfaces are more effective than adding thermal conductive 

material particles in the PCM. The fins method results in enhanced of performance in the 

charging and discharging process. The air side fins were more effective than the PCM side 

fins. The results also showed that an increase in PCM thermal conductivity could enhance the 

heat transfer on the PCM side. 

Figure 10 - Schematic diagram of experimental TES device 

 

Source: NIE, DU et al., 2020 
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The aforementioned and other studies related to the application of thermal energy 

storage for air conditioning systems are found in Table 1. It presents the papers available in 

the literature that integrated air conditioning and phase change materials. The information 

included in the table includes reference, PCM type, heat transfer fluid if the study is theoretical 

or experimental, and location. Furthermore, it is important to highlight that approximately 60% 

of the studies presented in Table 1 used paraffin as PCM (paraffin, paraffin wax, and RT). 

 



30 

Table 1 – Studies on TES focused on air conditioning system 

Authors PCM 
PCM’s Melting 

Temperature (°C) HTF 
Theoretical or 
Experimental 

Study 
Location 

FANG, LIU and WU, 2009 Water 0 - Experimental - 

METTAWEE, EID and AMIN, 

2012 
Coconut Oil 22-24 

20 % ethylene glycol 

by volume and water 
Experimental Egypt 

AL-ABIDI et al., 2013 RT82 77-85 Water Experimental - 

FASL et al., 2014 Water 0 R404A Theoretical - 

MORENO et al., 2014 S10 10 Water Experimental 
Lleida 

(Spain) 

REAL et al., 2014 
S10 

S27 

10 

27 
- Experimental 

Madrid, 

(Spain) 

CHAIYAT, 2015 RT20 20–22 - Experimental Thailand 

OSTERMAN et al., 2015 RT22HC 22 Air Experimental 
Ljubljana, 

(Slovenia) 
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Authors PCM 
PCM’s Melting 

Temperature (°C) HTF 
Theoretical or 
Experimental 

Study 
Location 

ZHAO and TAN, 2015 RT22 19–23 Water and air Experimental 
Laramie 

(USA) 

QV et al., 2015 RT5HC 5–6 Water Experimental 
Shanghai 

(China) 

XIAO and ZHANG, 2015 

Paraffin 

Paraffin composite 7 wt. % EG 

Paraffin composite 10 wt. % EG 

60-62 Water Experimental - 

RAHDAR, EMAMZADEH and 

ATAEI, 2016 
RT3HC 3 - - Ahwaz (Iran) 

ALJEHANI et al., 2018 
78% (C14H30) + 22% expanded 

graphite 
4–6 Ethylene glycol Experimental - 

LI et al., 2018 HS-W1/HS- W2/Paraffin C15 4.2-5.3 / 6- 6.5 / 10 Water Experimental - 

SAID and HASSAN, 2018 SP24E 24-25 Water Experimental - 

AJAROSTAGHI et al., 2019  Ice 0 Ethylene glycol Theoretical - 



32 

Authors PCM 
PCM’s Melting 

Temperature (°C) HTF 
Theoretical or 
Experimental 

Study 
Location 

SAID and HASSAN, 2019 24 E/26 E/29 Eu 
24–25 / 26–27 / 

29–31 
- Experimental - 

ZHENG et al., 2019 - 04/out - Experimental 
Chengdu 

(China) 

NIE et al., 20200 RT18HC 17–19 Air Experimental - 

ALJEHANI, NITSCHE and AL-

HALLAJ, 2020 

78% (C14H30) +22% expanded 

graphite 
4–6 Ethylene glycol Theoretical - 

LOEM et al., 2020 RT18HC 18 - Experimental - 

LIN et al., 2021 Paraffin wax 48 Water Experimental - 
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3 METHODOLOGY 

Figure 11 presents an example of a cooling system. Beyond the refrigeration system with 

basic components (Evaporator, Compressor, Condenser, and Expansion Device), the TES to 

store cold is presented. One of the main advantages of using a mathematical model is the fact 

that it can be used to simulate different conditions with low costs since the expenses in the 

simulations are generally smaller than those involved in the experimental tests, and the results 

are generated, for the most part, in a shorter time (DUARTE et al., 2019). 

Figure 11 - Air conditioning system coupled with TES 

 

Source: Author 

The cooling system is designed to match the thermal load of the environment where 

thermal comfort is desired. The air conditioning system, during the periods when the 

environmental and economic conditions are favourable for operation, the charging period, and 

the cold, is produced and stored in the Phase Change Material (PCM) of the TES. For charging, 

the secondary flow must pass through the EVAPORATOR, PUMP, and COLD TES, so valves 

V.01, V.03, V.06, V.08, V.10, and V.07 must be open, and all others closed. During direct 

operation of the air conditioner, the secondary flow must pass through the EVAPORATOR, 

PUMP, and FAN COIL, so valves V.01, V.03, V.04, V.05, V.09, and V.07 must be open and all 

others closed. During the discharge of the stored cold in the TES at peak times of electricity, 

the secondary flow must pass through the COLD TES, PUMP, and FAN COIL, so valves V.02, 

V.03, V.04, V.05, and V.08 must be open and all others closed. The mathematical model that 
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was applied to simulate different scenarios and operating conditions and produce reliable 

output data is presented in Figure 12, Figure 13, and Figure 14. 

3.1 - Compressor 

 

The compressor is modelled with the mass flow of refrigerant at a constant rotation 

speed, and the consumed electrical power is given by the mathematical model of the 

compressor. The mass flow rate of the refrigerant (𝑚̇#$%) through the compressor is given by 

Eq. 1 (DUARTE et al., 2019). 

𝑚̇#$% =	𝜌&	. 𝑁	. 𝑉'()*	. 𝜂+ 	 Eq. 1 

Where (𝜌&) is the density of the refrigerant fluid in at the compressor inlet, (N) is the 

compressor rotation speed, (𝑉'()*) is the compressor displacement volume in, and (𝜂+) is the 

compressor volumetric efficiency. 

The volumetric efficiency was determined according to Eq. 2, applied by for screw 

compressors, and the pressure ratio (r) is given by Eq. 3. In this case, "a" was assumed to be 

0.95 and "b" 0.0125, as in (KOSMADAKIS et al., 2020). 

𝜂+ = 𝑎 − 𝑏	. 𝑟	 Eq. 2 

𝑟 =
𝑃,
𝑃-

 Eq. 3 

In the above equation, (r) is the pressure ratio, where (𝑃&) is the compressor inlet 

pressure and (𝑃,) is the compressor outlet pressure. The consumed electrical power of the 

compressor (𝑊'()*̇ ) is given by Eq. 4: 

𝑊̇*./" = 𝑚̇$#0	. (𝑖, −	𝑖-)	 Eq. 4 

(𝑖&) is the specific enthalpy of the refrigerant at the compressor inlet, and (𝑖,) is the 

specific enthalpy of the refrigerant at the condenser inlet. The compressor process was 

considered adiabatic, with an efficiency of 0.85. 
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Figure 12 - Scheme of the input and output variables of the model without storage 

 
Source: Author 
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Figure 13 - Scheme of the input and output variables of the model with storage 

 
Source: Author 
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Figure 14 - Scheme of the input and output variables of the air conditioning model 

 
Source: Author 



38 

3.2 - Air Condenser 

 

The condenser heat transfer rate (𝑄̇'(-.) in the air condenser is given by Eq. 6: 

𝑄̇*.12 = 𝑚$#0̇ 	. (𝑖, −	𝑖3) = 𝑈𝐴𝑐𝑜𝑛𝑑	. (𝑇$#0 − 𝑇!4$)	 Eq. 5 

𝑄̇*.12 = 𝑚!5$̇ 	. 𝐶"!"# . ∆𝑇!4$ Eq. 6 

Where (𝑖3) is the refrigerant-specific enthalpy at the expansion device inlet given in, (𝑇#$%) 

is the refrigerant fluid temperature at condenser in, (𝑇45#) is the air temperature at condenser, 

(𝑚!5$̇ ) mass flow rate of the air through condenser, (𝐶"!"#) is the specific heat of air, and 

(∆𝑇!4$) is the difference between the air temperature in the condenser and the 

environment. 

The condenser global heat transfer coefficient (𝑈𝐴6(-.) is the global heat transfer 

coefficient in the air condenser determined by Eq. 7. 

𝑈𝐴6(-. = O
1

ℎQ'(-. 	. π. 𝐷55	6(-. . 𝐿'(-. 	
+
𝑙𝑛 V𝐷(5	6(-. 𝐷55	6(-.W X	

2	. 𝜋	. 	𝑘' . 𝐿'(-.
+

1
ℎQ45# 	. π. 𝐷55	6(-. . 𝐿'(-.

Z

8&

	 Eq. 7 

Where (ℎQ'(-.) is the average convective coefficient of the refrigerant in the condenser, 

(𝐷55	6(-.) is the inner diameter of the refrigerant tube in the condenser, (𝐿'(-.) is the length of 

the condenser tube, (𝐷(5	6(-.) is the outer diameter of the refrigerant tube in the condenser, 

(	𝑘') is the thermal conductivity of the material of the refrigerant tube in the condenser and 

(ℎQ45#) is the average air convection coefficient in the condenser. 

The refrigerant average convective coefficient is determined according to the proposed 

by GNIELINSKI (1976) in single-phase flow and proposed by SHAH (2016) in two-phase flow. 

The correlation applied to find the air convective coefficient is proposed by (ZUKAUSKAS, 

1972). 

3.3 - Expansion device 

 

The mathematical model of the expansion valve wants to identify the mass flow rate, 

which is determined by Eq. 8 (EAMES, MILAZZO and MAIDMENT, 2014): 
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𝑚̇$#0 = 𝐴67	𝐶67	G2	𝜌3(	𝑃3 − 𝑃8)	 Eq. 8 

Where (𝐴9:) is the expansion valve cross-section area, (𝜌3) is the refrigerant density at 

the expansion device inlet, (𝑃3) is the refrigerant pressure at the expansion device inlet, and 

(𝐶9:) is the flow coefficient of the expansion valve, which is calculated by Eq. 9 (CHEN et al., 

2013): 

𝐶67 = 0.02005	G𝜌3 + 	0.634	𝑣8	 Eq. 9 

(𝑣;) is the refrigerant-specific volume at the expansion evaporator inlet. 

3.4 - Evaporator 

 

The coaxial evaporator is composed of two concentric tubes, with the refrigerant fluid 

flowing through the inner tube and the water flowing in the opposite direction (counterflow) 

through the annular region. The cooling capacity of the evaporator (𝑄$<̇ ) is obtained by the 

energy balance for the steady-state condition and given by Eq. 10 for the refrigerant side and 

Eq. 11 for the waterside. 

𝑄̇#9 = 𝑚̇$#0	. (𝑖- −	𝑖8)	 Eq. 10 

𝑄̇#9 = 𝑚̇:;#9 . 𝐶𝑝: . (𝑇:4 − 𝑇:.)	 Eq. 11 

𝑄̇#9 = 𝑈𝐴#9	. ∆𝑇: Eq. 12 

Where (𝑖;) is the refrigerant-specific enthalpy at the evaporator inlet, (𝑚̇=;$<) is the water 

mass flow rate at the evaporator, (𝐶𝑝=) is the water-specific heat, (𝑇=5) is the water 

temperature at the evaporator inlet, (𝑇=() is the water temperature at the evaporator outlet, 

(𝑈𝐴#9) is the evaporator cooling capacity, and (∆𝑇:) is the difference between inlet and 

outlet water temperature. 

The evaporator cooling capacity was calculated using the logarithmic mean temperature 

difference method, as shown in Eq. 13, according to (INCROPERA et al., 2011). 

𝑈𝐴#9 = Q
1

ℎ##9	. 𝜋	. 𝐷44	#9	. 𝐿#9
+
ln(𝐷.4	#9 𝐷44	#9⁄ )
2	. 𝜋	. 	𝑘* 	. 𝐿#9

+
1

ℎ#:;#9	. 𝜋	. 𝐷4.	#9	. 𝐿#9
X
=-

	 Eq. 13 
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Where (ℎQ$<) is the average convective coefficient of the refrigerant in the evaporator, 

(𝐷55	$<) is the inner diameter of the refrigerant tube in the evaporator, (𝐿$<) is the length of the 

evaporator tube, (𝐷(5	$<) is the outer diameter of the refrigerant tube in the evaporator, (ℎQ=;$<) 

is the average convective coefficient of the water in the evaporator, (𝐷5(	$<) is the inner diameter 

tube of the water tube. 

The average convective coefficient of the refrigerant was determined by a numerical 

integration method with a constant enthalpy step, as presented by (ZHANG et al., 2014). 

Furthermore, this method uses the correlations proposed by GNIELINSKI (1976) in single-

phase flow and SHAH (2017) in two-phase flow. 

3.5 - Convergence of Heat Exchangers 

 

To evaluate the convergence, the effectiveness method will be applied for heat 

exchangers using Eq. 14 and Eq. 15. 

𝜁? =
𝑄̇

𝑄̇)4@
 Eq. 14 

𝜁A = 𝑓 [𝑁𝑇𝑈,
𝐶)5-
𝐶)4@

] Eq. 15 

(𝜁) is the heat leakage coefficient, (𝑄̇) is the heat transfer rate, (𝑄̇)4@) is the maximum 

heat transfer, (NTU) is the number of transfer units, and (C) is the heat capacity at constant 

pressure. 

3.6 - Energetic Efficiency Metric 

 

The measured coefficient of performance of the refrigeration system (𝐶𝑂𝑃")	is obtained 

from the following Eq. 16, and the coefficient of performance of the system, refrigeration, and 

cold-water system (𝐶𝑂𝑃!), is given by Eq. 17, where (𝑊Ḃ ) is the cold water pump power. 

𝐶𝑂𝑃> =	
𝑄̇#9

𝑊̇*./"
	 Eq. 16 

𝐶𝑂𝑃? =	
𝑄̇#9

𝑊̇*./" +𝑊@̇
 Eq. 17 
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3.7 - Latent Thermal Energy Storage 

 

The amount of stored energy can be determined by Eq. 18 (AKEIBER et al., 2016): 

𝑄 =	𝑚B'C	_𝐶*D	(𝑇) − 𝑇5) + 𝑎)	∆𝐻 + 𝐶*E	d𝑇% − 𝑇)ef Eq. 18 

Where (am) is the PCM fraction melted, (CpS) is the specific heat capacity of PCM in solid 

state, (CpL) is the specific heat capacity of PCM in liquid state, (ΔH) is the difference of latent 

heat in liquid and solid state, (𝑚B'C) of mass of PCM, (Q) is the amount of energy stored in 

PCM, (Tf) is the PCM final temperature, (Ti) is the PCM initial temperature, (Tm) is the PCM 

melting temperature and (ΔT) is the temperature difference. 

3.8 - Thermal Load 

 

The thermal load calculation has been developed based on the ABNT NBR 15220 and 

ABNT NBR 16401 standards and has already been presented (FERREIRA et al., 2022). Eq. 

19 presents the calculation of the wall area (𝐴=4), which is determined by the room width (W), 

room length (Le), and room height (H) of the surrounding wall. Eq. 20 shows the calculation of 

the ceiling area (𝐴'), and Eq. 21 shows the floor area (𝐴F). 

𝐴:! = 2	. (W + Le)	. H Eq. 19 

𝐴* = W. Le Eq. 20 

𝐴A = W. Le Eq. 21 

The heat transfer rate by conduction (𝑄̇6GH) is obtained from Eq. 22. Climatic data 

referring to the external air temperature (𝑇45#,$@H) were obtained from the INMET website. 

𝑄̇'() = (𝑈:!	. 𝐴:! + 𝑈A 	. 𝐴A + 𝑈* 	. 𝐴*)	. ^𝑇!4$,#C) − 𝑇!4$,41)_ Eq. 22 

Where (𝑈=4) is the heat transfer rate by the walls, (𝑈F) is the heat transfer rate by the 

floor, (𝑈') is the heat transfer rate by the ceiling, and (𝑇45#,5-H) is the internal air temperature. 

The calculation of the heat generated by people (𝑄̇per) is obtained by Eq. 23, where (𝑁𝑝) is the 

number of people and (F) the energy generated per person. 

𝑄̇per = 𝑁𝑝	. 𝐹 Eq. 23 
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Eq. 24 gives the heat generated by lighting (𝑄̇J5K), where (𝐼𝑙𝑢) is the thermal load 

generated by lighting. 

𝑄̇E4F = 𝐼𝑙𝑢. (𝑊. 𝐿𝑒) Eq. 24 

The thermal load imputed by the sun (𝑄̇LM-) is obtained by Eq. 25. The hourly solar 

radiation in the roof (𝐹L_6) was obtained from the INMET website. 

𝑄̇%G1 = ^𝐹%_' . 𝐴* + 𝐹%_". 𝐴:!_. 𝐼	. [𝑡𝑖𝑚𝑒 − 𝜑] Eq. 25 

Where (𝐹L_*) is the wall solar factor, (I) is the hourly solar radiation, (time) is the actual 

time, and (𝜑) is the thermal delay. 

Eq. 26 presents the calculation of the thermal load due to the air renewal rate (𝑄̇4##). The 

air-specific mass (𝜌45#) and the air enthalpy of the external (𝑖4#,$@H) and internal (𝑖4#,5-H) 

environment are obtained from CoolProp. 

𝑄̇!$$ = 𝜌!4$ 	. ^𝐹"	. 𝑁𝑝 + 𝐹!	. 𝐴:!_	. ^𝑖!4$,#C) − 𝑖!4$,41)_ Eq. 26 

Where (𝐹*) is the air renewal factor per person and (𝐹4) is the air renewal factor per area. 

Finally, the hourly thermal load rate (𝑄̇$) is obtained by Eq. 27 

𝑄̇# = 𝑄̇per + 𝑄̇E4F + 𝑄̇%G1 + 𝑄̇!$$ + 𝑄̇'() + 𝑄̇ele Eq. 27 

Where (𝑄̇ele) is the heat transfer rate by equipment. The general input data for the 

calculation of the thermal load are shown in Table 3. 

3.9 - Work to be developed 

 

The model considers a time step of 2 minutes between the simulations carried out, for 

each step of the simulation the calculation of the thermal load of the environment was carried 

out, with the information of the thermal load the temperature of the environment is calculated, 

if this temperature is higher than the limit defined as comfort temperature, a simulation of the 

air conditioning system is carried out to reduce the temperature and keep it within the defined 

parameters. 

Given the aforementioned information, the work that follows from here will be focused on 

carrying out the implementation of the mathematical model of the equations presented to 
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determine the thermal load of an office environment with the dimensions according to Table 
2. The environment will be considered for simulation in Teresina (NE) in Brazil. 

The simulation of the mathematical model of the refrigeration system was carried out in 

the Python programming language using thermodynamic data from the CoolProp library, for 

which the data shown in Table 3, Table 4, and Table 5 were used. The simulation of the 

refrigeration system is carried out taking into account the appropriate moment for the storage 

of the generated cold by the TES (TES charge) according to Figure 13, the simulation of the 

refrigeration system with direct consumption of the cold by the environment according to 

Figure 12, the moment when the environment is acclimatized by the cold stored in the TES 

(TES discharge). 

Table 2 – Surrounding input data 

Input data Value 

Room width (W) 8,0 m 

Room Length (L) 6,0 m 

Room height (H) 2,8 m 

Number of computers 19 

Number of additional monitors for computers 19 

Number of large printers 2 

Number of coffee machines 1 

Number of people (N) 22 

Source: Author 

For the simulation of the air conditioning system, the city of Teresina, located in the state 

of Piauí (PI) in the northeast of Brazil, was chosen. The climate data for Teresina was obtained 

from the website of the Brazilian National Institute of Meteorology (INMET) for the year 2019. 

It was determined that the environment should be air-conditioned during business hours from 

08:00 to 18:00, with the room temperature maintained between 20.0°C and 25.0°C during this 

period. The air conditioning system coupled to the TES charged during the night shift and then 

discharged the TES during the afternoon shift. 
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An evaluation of the meteorological data available for the city for the year 2019 was 

carried out on select days for analysis. This analysis focused on global radiation and air 

temperature. After evaluating these main meteorological data, the day of 23.01.2019 was 

selected because it has the highest radiation. The day of 20.12.2019 was selected because it 

has the highest temperature. In addition, the day of 17.05.2019 was chosen because it has the 

lowest maximum temperature recorded. 
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Table 3 – General input data 

Description Input Data Reference 

Heat transfer rate by the walls (𝑈:!) 2.58 W/(m²K) ABNT, 2005. NBR15220-3 

Heat transfer rate by the floor (𝑈F) 1.59 W/(m²K) ABNT, 2005. NBR15220-3 

Heat transfer rate by the ceiling (𝑈') 1.92 W/(m²K) ABNT, 2005. NBR15220-3 

Absorbency for wall with white paint 
(αW) 0,2 ABNT, 2005. NBR15220-2 

Absorbency for galvanized steel sheet 
roof (αc) 0,25 ABNT, 2005. NBR15220-2 

Thermal capacitance of the internal 
environment (Cin) 2,250.0 kJ/K  

Thermal delay (𝜑) 3 h ABNT, 2005. NBR15220-3 

Roof solar factor (FS_C) 0,065 ABNT, 2005. NBR15220-3 

Wall solar factor (FS_P) 0,035 ABNT, 2005. NBR15220-3 

Air renewal factor per person (Fp) 3,8 (m³/s)/person ABNT, 2008. NBR16401-1 

Air renewal factor per area (Fa) 0,5 (m³/s)/m² ABNT, 2008. NBR16401-1 

Thermal load generated by lighting per 
square meter of building (Ilu) 16 W/m² ABNT, 2008. NBR16401-1 

Thermal load generated in a computer 55 W ABNT, 2008. NBR16401-1 

Thermal load generated in a small 
printer 130 W ABNT, 2008. NBR16401-1 

Thermal load generated in a large 
printer 550 W ABNT, 2008. NBR16401-1 

Additional monitor 55 W ABNT, 2008. NBR16401- 

Coffee machine 1500 W ABNT, 2008. NBR16401- 

Energy generated per person (F) 130 W ABNT, 2008. NBR16401-1 

Source: Author 
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Table 4 – TES input data 

Input data Value 

PCM Paraffin wax 

Specific heat capacity of PCM in solid state (𝐶*L	) 2.01 kJ/(kg . K) 

Specific heat capacity of PCM in liquid state (𝐶*E	) 4.18 kJ/(kg . K) 

Mass of PCM (𝑚B'C) 250 kg 

Difference of latent heat in liquid and solid state (∆𝐻) 333.6 kJ/kg) 

PCM melting temperature (𝑇)) 278.15 K 

PCM final temperature (𝑇%) 277.15 K 

Secondary fluid Ethylene glycol 6.5% 

Pipe diameter 2” – SCH80 

Length (between the evaporator and fan coil) 30 m 

Length (between evaporator and TES) 10 m 

Length (between TES and fan coil) 35 m 

Water pipe roughness 0.0023 mm 

Ethylene Glycol 6.5% inlet temperature in the TES for charging 271.15 K 

Ethylene Glycol 6.5% outlet temperature in the TES for charging 276.15 K 

Ethylene Glycol 6.5% inlet temperature in the TES for 
discharging 280.15 K 

Ethylene Glycol 6.5% outlet temperature in the TES for charging 285.15 K 

Source: Author 
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Table 5 – Refrigeration cycle input data 

Input data Value 

Fluid R134a 

Subcooling 5.0 K 

Superheating 7.0 K 

Compressor manufacturer EMBRACO 

Compressor model SE6089GS-O 

Compressor stroke 197.1 x 10-6 m³/rev 

Compressor speed 2900 rev/min 

Compressor isentropic efficiency (𝜂5L) 0.85 

Water pump efficiency (𝜂*) 0.85 

The outer diameter of the refrigerant tube in the condenser 
(𝐷$5	6(-.) 9.52 x 10-3 m 

The inner diameter of the refrigerant tube in the condenser 
(𝐷55	6(-.) 7.67 x 10-3 m 

Length of the condenser tube (𝐿'(-.) 50.0 m 

Air condenser face area 3.05 m², 

Air condenser maximum speed correction factor 2.0 

Air condenser airflow 1.500 m³/h 

Expansion device cross-section area (𝐴<) 2.0 x 10-6 m² 

Water flow rate at the evaporator 0.012 L/s 

Water inlet temperature in the evaporator (𝑇=5) 285.15 K 

Water outlet temperature in the evaporator (𝑇=() 280.15 K 

Outer diameter of the refrigerant tube in the evaporator (𝐷$5	$<) 19.05 x 10-3 m 

Inner diameter of the refrigerant tube in the evaporator (𝐷55	$<) 17.47 x 10-3 m 

Outer diameter of the water tube in the evaporator (𝐷($	$<) 22.22 x 10-3 m 
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Input data Value 

Inner diameter of the water tube in the evaporator (𝐷5$	$<) 20.64 x 10-3 m 

Length of the evaporator tube (𝐿$<) 25.0 m 

Thermal conductivity of the material (copper) (	𝑘') 396 W/(m.K) 

Refrigerant pipe roughness 0.0015 x 10-3 mm 

Source: Author 
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Figure 15 – Total daily global solar radiation 

 

Source: Author 
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Figure 16 - Air Temperature - Dry Bulb - Daily Maximum 

 

Source: Author 
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4 RESULTS 

 

The simulated results are described in this section. The thermal performance of the air 

conditioning system was numerically simulated during a selected day in the climatic conditions 

of Teresina - PI. 

The day analysed was the 23.01.2019, which has the highest radiation rate. The solar 

radiation of this day is shown in Figure 17, and the effect of radiation can be noted in the 

internal temperature. Figure 18 shows the external and internal temperatures (with and without 

TES) of the simulated environment. Approximately three hours after the radiation rate started, 

the heat gain of the environment increased. At the beginning of the business hour, it decreases 

because the air conditioning system starts to work. In the operation of the air conditioning 

system without the use of the TES, the temperature varies between the set limits, from 20°C 

to 25°C, throughout the entire operating cycle of the system since the air conditioning system 

is coupled to the TES, the temperature at the beginning of the TES discharge period is 

maintained since the simulation has determined that all the thermal load generated from 13:00 

onwards should be deducted from the energy stored in the TES until all of it is consumed. 

Figure 17 - Radiation – 23.01.2019 

 

Source: Author 
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Figure 18 - Internal and external temperature – 23.01.2019 

 

Source: Author 

The three following figures show the behaviour of the PCM during charging, storage, and 

discharging. During charging, from 01:00 to 04:00, an increase in stored energy can be seen 

in Figure 21. At the start of the charging process, the material temperature drops, Figure 20, 

as does the start of the solidification process. Although the solidification process starts quickly 

during loading, only 2.6% of the mass of 250.0 kg of PCM solidifies, as shown in Figure 19. 
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Figure 19 - PCM solid fraction – 23.01.2019 

 

Source: Author 

Figure 20 - PCM temperature – 23.01.2019 

 

Source: Author 
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Figure 21 - PCM stored heat – 23.01.2019 

 

Source: Author 

The efficiency of the operation of the air conditioning system on 23.01.2019 can be seen 

in Figure 22 and Figure 23, where the COPR values are shown. The air conditioning system 
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the air conditioner is the same. 
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Figure 22 - System without TES - COP – 23.01.2019 

 

Source: Author 

Figure 23 - System with TES - COP – 23.01.2019 

 

Source: Author 

Although the air conditioning system has done the work of producing cooling during the 

loading period and is still running for part of the business hours, from 08:00 to 13:00, the pump 

has been working during the entire TES unloading period, the air conditioning system coupled 

with TES has a total energy consumption at the end of the day that is lower than the system 

0,0
0,2
0,4
0,6
0,8
1,0
1,2
1,4
1,6
1,8
2,0
2,2
2,4
2,6
2,8

0:02
1:02

2:02
3:02

4:02
5:02

6:02
7:02

8:02
9:02

10:02
11:02

12:02
13:02

14:02
15:02

16:02
17:02

18:02
19:02

20:02
21:02

22:02
23:00

CO
P R

COPR

Cooling System COP (Without TES) - 23.01.2019

0,0
0,2
0,4
0,6
0,8
1,0
1,2
1,4
1,6
1,8
2,0
2,2
2,4
2,6
2,8

0:02
1:02

2:02
3:02

4:02
5:02

6:02
7:02

8:02
9:02

10:02
11:02

12:02
13:02

14:02
15:02

16:02
17:02

18:02
19:02

20:02
21:02

22:02
23:00

CO
P R

COPR

Cooling System COP (With TES)



56 

that is not coupled, as shown in Figure 24. We can see that the energy consumed by the pump 

in the air-conditioning system with TES is higher than in the system without TES because the 

pump remains in operation during the TES discharge period, so we have that the pump, in 

addition to working during the system charging period, also remains in operation during the 

working hours. For 23/01/2019, an air conditioner with TES saves 3.4% in electricity 

consumption. 

Figure 24 – Power Consumption – 23.01.2019 

 

Source: Author 
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Figure 25 - Internal and external temperature – 20.12.2019 

 

Source: Author 

Figure 26 - PCM stored heat – 20.12.2019 

 

Source: Author 
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of the TES was melted before the end of the discharge period and at the Figure 28 the 

temperature of the PCM starts to increase until it reaches the external temperature, once the 

TES is discharged the flow no longer flows through the TES. 

Figure 27 - PCM solid fraction – 20.12.2019 

 

Source: Author 

Figure 28 - PCM temperature – 20.12.2019 

 

Source: Author 
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The efficiency of the operation of the air conditioning system operation in 20.12.2019 can 

be seen in Figure 29 and Figure 30, where the COPR values are shown. The air conditioning 

system coupled with the TES has COPR average of 54.6% higher during the charging period, 

from 01:00 to 04:00 than during the discharging, from 13:00 to 18:00, for the system without 

TES. The higher COPR value observed during the charging period of the TES is 2.63, and the 

average during this period is 2.55. During business hours, the COPR of the air conditioning 

system with TES reappears when the system starts working at the end of the afternoon. 

The COPG was considered in this simulation; during the charging period, the highest 

value of this was 1.98, and the average was 1.94, which is 45.8% higher than the average for 

the system without TES during the discharging period, which had the highest value of 1.83. 

Figure 29 – System without TES - COP – 20.12.2019 

 

Source: Author 
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Figure 30 – System with TES - COP – 20.12.2019 

 

Source: Author 

For 20.12.2019, an air conditioner with TES saves 10.6% in electricity consumption, as 

shown in Figure 31. 

Figure 31 – Power Consumption – 20.12.2019 

 

Source: Author 
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The lowest maximum temperature was recorded on 17.05.2019. Figure 32 shows the 

external and internal temperatures of the simulated environment. For this day, the number of 

cycles of the air conditioning system was higher than on 20.12.2019, when the external 

temperatures and radiation rates were lower, as shown in Figure 33, and the thermal load of 

the simulated environment was also lower. 

As a result of the lower external temperatures, the efficiency of the operation of the air 

conditioning system on 17.05.2019 was better than the other days presented, as can be seen 

in Figure 34 and Figure 35, where the COPR values are shown. The maximum COPR 

presented during the charging period was 2.65, and the maximum value during the day was 

2.7, and it was achieved during the business hour, where the COPR values are shown. On this 

lower temperature day, the charging time was reduced by one hour when compared to 

23.01.2019 and 20.12.2019; because of this shorter charging period, the stored heat was not 

sufficient to supply the entire discharge time, then the COPR reappeared at the end of the 

business hour, showing that the air conditioning system must work again. 

Figure 32 – Temperature – 17.05.2019 

 

Source: Author 
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Figure 33 – Radiation – 17.05.2019 

 

Source: Author 

Figure 34 - System without TES - COP – 17.05.2019 

 

Source: Author 
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Figure 35 - System with TES - COP – 17.05.2019 

 

Source: Author 

As a result of the short charging period, the solid fraction of the PCM is smaller, and the 

amount of heat was insufficient until the end of the discharge period, as shown in Figure 36. 

The amount of heat stored was less than the thermal load during the discharge period, as 

shown in Figure 37. The discharge time was sufficient to melt the PCM mass, as shown in 

Figure 38. 
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Figure 36 – PCM solid fraction – 17.05.2019 

 

Source: Author 

 

Figure 37 – PCM stored heat – 17.05.2019 

 

Source: Author 
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Figure 38 – PCM temperature – 17.05.2019 

 

Source: Author 

For 17.05.2019, an air conditioner with TES saves 1.3% in power consumption, as shown 

in Figure 39. 

Figure 39 – Power Consumption – 17.05.2019 

 

Source: Author 
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Considering the results presented above, we have that the highest COPR value during 

the TES charging period was 2.65, observed on 17.05.2019, and the lowest was 2.55, 

observed on 23.01.2019. Therefore, we do not have a large variation during the year. The 

highest COPR value during the TES discharge was 2.58 on 17.05.2019, and the lowest value 

was 2.07 on 23.12.2019. During the TES discharge period, the COPR values show a greater 

variation than during the charging period. Considering the energy consumption reduction 

values presented, the air conditioning system coupled to the TES showed an average 

reduction of 4.8% in electrical energy consumption for air conditioning.  
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5 CONCLUSIONS 

 

This master's thesis presents a mathematical model of the air conditioning system 

integrated with thermal energy storage using phase change material. The developed 

mathematical model was able to determine the thermal loads and the temperature of the 

simulated environment, and with that information, it was possible to simulate the air 

conditioning system working to control the internal temperature during business hours. 

An air-cooled chiller operating in Teresina – PI / Brazil is used to meet the thermal load. 

Three days of the year were chosen: the day with the maximum sum of solar radiation and the 

day with the minimum and maximum air temperature. 

The simulation results show that the air conditioning system with TES saves 9.4% of 

energy on the hottest day, 3.8% on the day of the highest incidence of solar radiation, and 

1.3% on the day of the lowest maximum temperature.  
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