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Executive Summary 

The building sector contributes immensely to the total energy consumption, particularly 

for its space conditioning and demotic hot. Evidence from a variety of research suggests 

that the built environment contributes substantially to global energy consumption and to 

the production of greenhouse gases that impact climate change: buildings use about 40% 

of the world-wide total energy and contribute up to 35% of Greenhouse Gases (GHG). 

These facts highlight the importance of targeting building energy use as a key to decrease 

the energy consumption and GHG emission simultaneously.  The contribution of building 

energy use to the climate change has been acknowledged by the Intergovernmental Panel 

on Climate Change (IPCC), and it has called for the reduction of energy use in buildings.  

Given the current concerns about declining conventional energy resources and climate, it 

is evident that there is a growing requirement to incorporate a sustainable design into low 

energy buildings capable of managing and maintaining the required indoor environment 

while minimizing environmental impact. In order to ensure that such buildings become 

more energy efficient is to utilize  the renewable, ambient and waste energy resources. The 

main difficulty of the use of renewable energy is that most renewable energy sources are 

intermittent, providing time-dependent energy densities. In addition, the building energy 

consumption is, in most cases, also intermittent, depending on the building use and 

occupant’s activities and behavior. 

 

At the same time, in most developed countries, new buildings are being built at rate of 1% 

and old buildings stock is retrofitted at the rate of 2.2% annually which means that by 

2030 almost 50% of the existing would be retrofitted. Taking this information into 

account, shifting a significant portion of the whole required energy for to off-peak periods 

would have significant economic effects on both energy supply and demand. This shifting 

technique is accomplished by storing energy during off-peak periods to be later utilized 

during peak periods. 

This report summarizes the work of the IEA-ECES Annex 23 “Energy Storage in 

Buildings of the Future”. This is an official publication of the IEA-ECES with a focus on 

the integration of building with distributed and central thermal storage technologies 

(TES). This report has been written as an authoritative technical reference book covering 

all aspects of modeling, simulation, validation and measurements. 

 

The first two chapters provide an overview of the common storage technologies, available 

materials, and concepts for such application.  Chapter three presents the thermal properties 

of phase change materials, measurement techniques, their classification, and their main 

benefits and barriers.  

 

Chapters four and five give an overview of active and passive application of low and 

medium energy storage technologies in building. The fourth chapter introduces the active 

and passive thermal energy storage technologies in buildings. Passive thermal energy 

storage can be used to provide low temperature cooling and heating, whereas active 

storage systems can be used for low and medium temperature ranges depending on the 
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type of medium used. Energy can be stored in packed or fluidized beds, or in water tank as 

domestic hot water tanks. Chapter five deals with chemisorptions heat storage materials 

and its application in buildings.  

 

Chapters six and seven cover the theoretical and model development for PCM and 

physicsorption heat storage. Chapter six provides an overview of the heat transfer 

mechanisms involved in modeling phase change materials for both active and passive 

systems. It also gives an overview of the existing simulation tools. The heat transfer 

mechanism and mathematical modeling of physicsorption heat storage is described in 

Chapter 7. The mathematical procedures are shown through some examples. 

 

Chapter eight describes in detail the validation of the numerical models developed in the 

frame of this Annex. The models were validated at three different levels: intermodal 

comparison, validation with the experimental data collected in the laboratory and with the 

field measured data.  

 

Chapters nine, ten and eleven applied the knowledge gained through this Annex and 

developed tools to design laboratory and field experimental set-ups. They then carried out 

comprehensive measurements and used the measured data for further validation of 

simulation tools. Chapter nine reports on the integration of PCM within building envelope. 

Chapter 10 deals with the integration of PCM in the mechanical ventilation system, while 

chapter eleven provides information for the application in the domestic hot water tank. 

The benefits and limitations are also reported. 

 

Chapter twelve summarizes the lesson learned from this international research 

collaboration through applying, monitoring and evaluating numerous demonstration 

projects which were designed and built in a number of countries and climates. They 

applied different technologies and studied their potential benefits as well as the limitations. 

This allows architects and engineers to select the correct technology for a specific problem 

based on the expected benefits that have been determined by detailed measurements and 

analysis in experimental set-ups. 

 

There are still a number of issues with the application of this technology. Chapter 13 

addresses these issues and suggests some topics for future research.  

 

 

This publication is prepared and organized in mind to be used as a reference practical 

book for researchers, designers, architects, and building managers who are interested in 

learning about the integration of energy storage technologies with buildings and how this 

can work with current technology and practices. It is hoped that this publication will be 

helpful in the design and construction of Buildings of the Future. 

 

FARIBORZ HAGHIGHAT, Ph.D., P. Eng. 

Professor 

Operating Agent 
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Background 

The International Energy Agency (IEA) sponsors research and development project in a 

number of areas related to energy. It was established in 1974 within the framework of the 

Organization for Economic Co-operation and Development (OECD) in order to 

implement an international energy programme for which overall control is maintained by 

an Executive Committee who not only monitors existing projects but also identifies new 

areas where collaborative effort may be beneficial. To date, the following projects have 

been initiated by the executive committee on Energy Conservation through Energy 

Storage (Ongoing projects are identified by * and by # planned): 

 

Annex 1:  Large Scale Thermal Storage Systems Evaluation 

Annex 2:  Lake Storage Demonstration Plant in Mannheim 

Annex 3:  Aquifer Storage Demonstration Plant in Lausanne Dorigny 

Annex 4:  Short Term Water Heat Storage Systems 

Annex 5:  Full Scale Latent Heat Storage Installations 

Annex 6: Environmental and Chemical Aspects of Thermal Energy Storage in 

Aquifers and Research and Development of Water Treatment Methods 

Annex 7:  Innovative and Cost Effective Seasonal Cold Storage Applications 

Annex 8:  Implementing Underground Thermal Energy Storage Systems 

Annex 9:  Electrical Energy Storage Technologies for Utility Network 

Optimization 

Annex 10:  Phase Change Materials and Chemical Reactions for Thermal Energy 

Storage 

Annex 11:  ------------------------ 

Annex 12:  High-Temperature Underground Thermal Energy Storage (HT UTES) 

Annex 13:  Design, Construction and Maintenance of UTES Wells and Boreholes 

Annex 14:  Cooling with TES in all Climates 

Annex 15:  ------------------------ 

Annex 16:       ------------------------ 

Annex 17: Advanced Thermal Energy Storage Techniques – Feasibility Studies 

and Demonstration Projects 

Annex 18:  Transportation of Thermal Energy Utilizing Thermal Energy Storage 

Technology 

Annex 19:  Optimised Industrial Process Heat and Power Generation with 

Thermal Energy Storage 

Annex 20:  Sustainable Cooling with Thermal Energy Storage 

Annex 21:  Thermal Response Test for Underground Thermal Energy Storages 

Annex 22:  ------------------------ 

Annex 23:  Applying Energy Storage in Ultra-low Energy Buildings 

Annex 24:  Material Development for Improved Thermal Energy Storage Systems 

Annex 25:  Surplus Heat Management using Advanced TES for CO2 Mitigation* 

Annex 27:  Electric Energy Storage: Future Energy Storage Demand* 



VI 

 

Annex 28:  Quality Management in Design, Construction and Operation of Borehole 

Thermal Energy Storage Systems# 

Annex 29:  Integration of Renewable Energies by Distributed Energy Storage Systems# 

Annex 30:  Material Research and Development for Improved TES Systems# 

Annex 31:  Energy Storage with Net-Zero Energy Buildings and Districts: 

Optimization and Automation# 

 

The mission of the ECES (Energy Conservation through Energy Storage) programme is to 

facilitate and accelerate the introduction of energy conservation, as well as 

environmentally sustainable commercial technologies, by substantially reducing the 

emission of Carbon Dioxide (CO2) emissions through innovative research and eco-

friendly energy storage systems. The objectives of collaborative work within the ECES 

R&D program are directly derived from the on-going energy and environmental 

challenges facing IEA countries in the area of growing peak demand, energy market and 

research on integrated energy storage systems. ECES focuses on the implantation and 

optimal integration of new storage technologies for an efficient use of energy and 

renewable energy sources. More specifically, ECES R&D addresses major challenges and 

takes advantage of opportunities in the following areas: 

 exploitation of innovation and information technology 

 impact of energy storage measures on the reduction of CO2 emission 

 integration of storage measures and tools to use renewable energy resources 
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Chapter One 

1 Introduction 

 

It has been estimated that 40% of the global energy consumption is used in the building sector of 

developed countries to provide heating, ventilating and air conditioning (HVAC) and domestic 

hot water. In addition, global warming associated with this energy consumption is one of the 

most worrying problems facing the world today. The IPCC (Intergovernmental Panel on Climate 

Change) predicts a 6°C increase in the average earth temperature by the year 2050. In view of 

this, it is imperative that more efficient ways are found to reduce energy consumption in the 

building sector and, at the same time, reduce greenhouse gas emissions.  At the same time, it is 

reported every day over 2 million people immigrant to cities.  It is expected the world population 

to reach over 9 billion by 2050 (Population Reference Bureau, 2005). This information indicates 

that more mega cities packed with densely high-rise buildings will be built to accommodate this 

population. The highly packed built urban environment influences the heat dissipation (Urban 

Heat Island) and pollution (Urban Pollution Island) due to the reduction of airflow, city 

ventilation (Haghighat and Mirzaie, 2011). Impact of Urban Heat Island (UHI) and Urban 

Pollution Island (UPI) on mortality rate and heat related diseases are extensively addressed in the 

literature (Hayhoe et al., 2010 and Kinney et al., 2008). Hajat et al., (2002) reported an increase 

of 3.34% in death for every 1oC temperature increase above 21.5 oC. This implies that cities are 

expecting more fatalities during heat waves, and preparing urban-wide programs to confront 

with beforehand prognosis solutions (Ng, 2009). 

 

Buildings of sustainable cities, i.e. low energy consumption buildings must meet strict 

requirements for the economical and efficient use of energy. One way of achieving this goal is to 

replace conventional energy systems with renewable and waste energy resources. Although a 

large number of studies have been carried out on this topic, the main difficulty (especially in the 

case of wind energy and solar energy) is that they tend to fluctuate and hence the energy derived 

is both variable and unpredictable, as indeed is the energy consumption requirement in the 

buildings themselves.  

In regions with extreme weather conditions, a lot of variations in energy demand and 

consumption are related to domestic hot water demand, space heating and cooling applications 

which turn to change drastically during the day and night periods as well as seasonal. Changing 

energy demand and consumption results in peak and off-peak energy usage, leading to variation 

in energy prices offered by majority of the utility companies with higher electricity rates being 

imposed during peak-power demand (reflecting the cost of electricity provided during peak 

periods) compared to off-peak power demand. During peak energy demand periods, the cost of 

generating, distributing and maintaining electricity by the utility companies is higher compared 

to non-peak periods. This cost is likely to increase due to emerging techniques such as electronic 

thermostat with timer, electric gadgets and electric cars. 

 

 Also, recent reports on climate change and the required reduction in CO2 emissions recommend 

significant increases in energy efficiency of building with the use of renewable energy sources. 



 

The main drawback of renewable energy sources is the variability and intermittence in their 

availability. The mismatch between the energy supply and energy consumed and the need to 

store excess energy that would otherwise be wasted as well as shifting peak power demand calls 

for the need for energy storage in different application areas (hot water, space heating, air-

conditioning and waste heat utilization). Thermal Energy Storage (TES) systems enable greater 

and more efficient use of these fluctuating energy sources by matching the energy supply with 

the demand. This would greatly help to achieve a substantial reduction in fossil-based energy 

utilization and subsequent reduction in UHI and UPI phenomena, fatalities, and would help in 

the design of sustainable cities.  Two common methods of storing thermal energy are; sensible 

and latent heat storage. While majority of practical applications make use of sensible heat 

storage methods, latent heat storage provides much higher storage density, with very little 

temperature variation during the charging and discharging processes and thus proving to be more 

efficient in storing thermal energy.  

 

TES technology allows energy to be stored during periods of low demand and to provide it when 

the demand is high. In view of this, TES is considered as being one of the most promising 

technologies to reduce peak demand or shift energy loads from high (peak hours) consumption 

periods to low (off-peak hours) consumption periods. This technology is well adapted for use 

with intermittent renewable energy sources because it stores energy when it is at its most 

abundant and distributes it in time of need. 

  

In order to make ultra-low energy buildings sustainable, it is necessary to integrate energy 

storage into its design. Many past applications consisted of merely removing conventional 

thermal loads rather than integrating them with the HVAC system and building envelopes as a 

whole. From this point of view, results of previous low energy installations, distributed 

generation trials and results from other Annexes and IAs such as Annex 37 of the ECBCS IA 

(Low Exergy Systems for Heating and Cooling) need to be evaluated. Although the ECES IA has 

placed energy storage systems in either earth or groundwater (with and without heat pumps and 

storing waste and naturally occurring energy sources), it is still not clear how these can best be 

integrated into ultra-low energy buildings capable of being replicated generally in a variety of 

climates and technical capabilities. 
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Chapter Two 

 

2 The Fundamental of Energy Storage Methods 

 

The two main categories of energy storage are thermal and electrical. This chapter briefly 

explores these energy storage technologies. 

 

2.1 Thermal Energy Storage (TES) 

As previously mentioned, the energy demand in buildings comes mainly from the need to supply 

power for heating, ventilating and air conditioning (HVAC) systems and hot water tanks. The 

occasion upon which these demands are required vary considerably and can depend upon the 

time of day or night and the season, particularly in regions with extreme weather conditions. Any 

change in energy demand results in peak and off-peak energy usage, leading to a variation in 

energy prices offered by the majority of utility companies. Higher electricity rates are imposed 

during peak-power demand (reflecting the cost of electricity provided during peak periods) 

compared to off-peak power demand. The disparity between the energy supply available, and the 

energy consumed, necessitates the need to provide TES in different building application areas 

such as providing hot water, HVAC, and utilizing waste heat. This also highlights the need to 

store excess energy that would otherwise be wasted as well as shifting peak power demand. In 

addition, TES not only improves the performance and reliability of energy systems but also plays 

an important role in conserving the energy and reducing the mismatch between energy supply 

and demand. The following sections briefly introduce three modes of thermal energy storage, 

namely sensible heat storage, latent heat storage and thermo-chemical energy storage. 

 

2.1.1 Sensible Heat Storage (SHS) 

Sensible heat storage is the energy stored within a material between fixed temperature ranges 

without phase change. 

2.1.1.1 The Fundamental of SHS 

In sensible heat storage (SHS), thermal energy is normally stored by raising the temperature of a 

liquid, such as water (temperature levels range from 0 to 100 °C), or a solid, such as bricks, 

concrete, sand, soil and metals such as aluminum and steel. SHS systems utilize the heat capacity 

and the change in temperature of the material during the process of charging and discharging. 

Water is used as the storage medium in most of the low temperature applications. In such 

systems, when the energy is stored or released in the storage medium, the temperature of the 

storage medium itself either increases or decreases. The amount of stored heat can be calculated 

by Equation 2.1: 

𝑄 = 𝐶𝑝𝑚(𝑇2 − 𝑇1) 
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Equation 2.1 

where Q is the amount of stored sensible heat (J), m is the storage mass (kg), Cp is the specific 

heat at constant pressure (J/kg.K), and T1 and T2 are the lower and upper temperature (°C) 

between which heat storage occurs. 

2.1.1.2 The Building Application of SHS 

In the area of building applications, the use of SHS involves various applications such as the 

provision of domestic hot water (DHW), mostly provided by using electric or gas heaters. In this 

case, sensible heat is stored with a temperature change of water heating devices. 

 

The main advantage of using SHS lies in the simplicity of its system design. Its disadvantage is 

that it often has very low efficiency in terms of energy usage and has a comparatively low 

storage capacity which means that large size of TES systems must often be used in practice. 

Sensible heat can be stored with a change in temperature of a substance such as the temperature 

of water heating devices. The performance of water heaters depends mostly on the position and 

the number of thermal elements, the inlet design, the size and aspect ratio of the tank, and the 

location of the inlet and outlet of the water heater. Long and Zhu (2008) reported that the use of 

electric heating elements in water heaters are convenient for both installation and operation. 

However, their overall efficiency in converting the energy of fossil fuels to electric energy and 

then to thermal energy is quite low and also results in an unacceptably large amount of 

greenhouse gas emission.  

2.1.2 Latent Heat Storage (LHS) 

Latent heat storage (LHS) is the energy or heat stored or released when a storage material 

undergoes a phase change from solid to liquid or liquid to gas or solid to gas (vice–versa), or is 

the energy needed to change the phase of a material without temperature change. A typical 

example of latent heat is the fact that ice melts or water boils. 

2.1.2.1 The Fundamentals of LHS 

Materials used for their thermal storage capacity as latent heat are called phase change materials 

(PCMs) which have attracted considerable interest in recent times. The substance used as a 

storage medium in latent heat storage is often water/ice and the PCMs are usually paraffin, 

hydrated salt and fatty acids. The stored latent heat for a given mass of a substance can be 

calculated by Equation 2.2: 

𝑄𝑙 = 𝑚𝐶𝑝𝑙 

Equation 2.2 

where Ql is the amount of stored latent heat during the phase change of the substance (J), 

m is the mass of the substance (kg) and Cpl is the specific latent heat for the substance (J/kg). 

2.1.2.2 The Building Application of LHS 

During the past decade, LHS and its applications have received wide attention from building 

engineers, researchers, architects and designers and has been applied to both HVAC systems and 

building envelopes. The economic aspect of latent energy storage is particularly evident for 



 

buildings in which there is a significant demand for cooling. A typical example is the usage of 

PCMs in wallboards and water heaters. Agyenim and Neil (2010) reviewed the development of 

such LHS and concluded that most PCMs have low thermal conductivity and thus needing 

enhancement techniques to overcome this deficiency. They reported that different configurations 

of fins are widely used to improve the thermal conductivity of LHS systems.  

 

One major advantage of LHS systems is its relatively large heat storage capacities, compared 

with sensible heat storage, due to the high enthalpy change during phase change. This can be 

illustrated by the huge amount of energy which is stored during water state changes. For example, 

the energy required to melt 1 kg of ice at 0 °C is 333 kJ/kg. The same amount of energy is 

required to heat up 1 kg water from 0 °C to up 80 °C.  Some other operational advantages, 

reported by Fuqiao et al., (2002), are a smaller temperature swing between day indoors and night 

outdoors, smaller size and lower weight per unit of storage capacity with high energy storage 

density. Setterwall (1996) reported on a latent heat storage system, called PCM storage which 

was very compact and allowed for greater flexibility in choosing a location for the storage 

system.  

 

In summation, while the majority of practical applications make use of sensible heat storage 

methods, latent heat storage provides a much higher storage density, with very little temperature 

variation during the charging/discharging processes which proves its efficiency in storing 

thermal energy. A comparison of the sensible heat storage using a rock bed, water tank and the 

latent heat storage using organic and non-organic compounds is presented in Table 2.1.  

 

Table 2. 1 Comparison of sensible heat and latent heat storage 

Property Rock Water Organic PCM Inorganic PCM 

Density, kg/m3    2240 1000 800 1600 

Specific heat, kJ/kg 1.0 4.2 2.0 2.0 

Latent heat, kJ/kg N/A N/A 190 230 

Latent heat, kJ/m3 N/A N/A 368 368 

Storage mass for 106 J, kg 67,000 16,000 5,300 4,350 

Storage volume for 106 J, m3 30 16 6.6 2.7 

Relative storage mass 15 4 1.25 1.0 

Relative storage volume 11 6 2.5 1.0 

 

 

From this table, it can be seen that the use of LHS results in storage densities that are typically 

five to ten times higher than that used in sensible heat storage and the PCM storage volume is 

two times smaller than that of water (Hasnain, 1998). The table also shows that inorganic 

compounds, such as hydrated salts, have a greater volumetric thermal storage density than that of 

most organic compounds due to their higher latent heat and density. (Farid et al., 2004). 
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2.1.3 Thermo-Chemical Energy Storage (TCES) 

Thermo-chemical systems rely on the energy absorbed and released in breaking and reforming 

molecular bonds in a completely reversible chemical reaction. As such, the stored heat depends 

on the amount of storage material, the endothermic heat of reaction, and the extent of 

conversion. 

 

As an example, in a thermochemical energy storage system, thermal energy from the solar 

collector is commonly used to initiate an endothermic chemical reaction in the storage medium 

and the constituents of the storage medium are then stored for later use. The chemical reactions 

selected for the storage system should necessarily be completely reversible.  

 

Compared with sensible heat storage and latent heat storage, thermochemical energy storage has 

a higher storage capacity. The main principle of thermochemical energy storage can be generally 

described by the reaction in Equation 2.3: 

  

𝑍 + 𝐻𝑒𝑎𝑡 ⇄ 𝑋 + 𝑌 

Equation 2.3 

where Z is  a thermo-chemical material, and X, Y are reactants (X can be a hydrate, hydroxide 

and ammoniate, Y can be CO2 and water). 

 

The main advantages of using chemical reactions as storage systems are the potentially high 

energy density and the indefinitely long duration of storage near ambient temperatures. For 

demonstration purpose, the process flow of a widely-used chemical reaction in thermochemical 

storage systems (the ammonia dissociation/synthesis reaction), is shown in Fig. 2.1. Ammonia is 

popular because of its high energy density and reaction that is easy to control and reverse with 

no repercussions. It is also a matter of fact that ammonia production is one of the world’s largest 

chemical process industries (Gil et al., 2010). 

 

 

 
Figure 2.1 Ammonia thermochemical energy storage system (Libby et al., 2009) 



 

 

Some typical thermochemical energy storage materials and chemical reactions are listed in Table 

2.2. 

 

Table 2. 2 Chemical storage materials and reactions (Gil et al., 2010) 

Compound Reaction Energy density Reaction T 

Hydroxides (Hahne, 1986) Ca(OH2)  CaO + H2O 3 GJ/m3 500 °C 

Ammonia (Lovegrove, 1999) NH3 + H  1/2 N2 + 3/2 H2 67 kJ/mol 400-500 °C 

Calcium carbonate  

(Kubota et al., 2000) 
CaCO3  CaO + CO2 4.4 GJ/m3 800-900 °C 

Iron carbonate (Visscher, 2004) FeCO3  FeO + CO2 2.6 GJ/m3 180 °C 

Methanolation 

(Shiizaki et al., 2000) 
CH3OH  CO + 2H2 n.a. 200-250 °C 

Magnesium oxide (Kato, 2004) MgO + H2O  Mg(OH)2 3.3 GJ/m3 250-400 °C 

2.2 Electrical Energy Storage (EES) 

The principle of EES is to store electrical energy as mechanical energy, chemical energy and 

other forms such that it can be converted back to electrical energy again when the demand is 

high. In general, EES systems can be subdivided into two main categories, large scale systems 

and small scale systems. Furthermore, within each category it is possible to distinguish between 

the intermediary energy used to store electricity. For large-scale systems, the three types of 

energy mostly used are: 

 

(1) Gravitational energy (PHS: Pumped Hydro Storage) 

(2) Pressure energy (CAES: Compressed Air Energy Storage)  

(3) Thermal energy (TES: Thermal Energy Storage) 

 

For small-scale systems, the six types of energy mostly used as the intermediary energy are: 

 

(1) Kinetic energy (FES: Flywheel Energy Storage) 

(2) Magnetic energy (SMES: Superconducting Magnetic Energy Storage) 

(3) Electrostatic energy (SEES: Super capacitors Electrostatic Energy Storage) 

(4) Chemical energy (FBES: Flow Battery Energy Storage) 

(5) Hydrogen energy (FC: Fuel-Cells) 

(6) Metal-Air Energy Storage (MAES) 

 

In the following sections various EES systems are briefly introduced. 

 

2.2.1 Gravitational Energy (PHS: Pumped Hydro Storage) 

Pumped hydro storage (PHS) facilities use off-peak electricity to pump water from a lower 

reservoir into one at a higher elevation. When the water stored in the upper reservoir is released, 
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it passes through hydraulic turbines to generate electricity. Thus, key elements of a pumped 

hydroelectric system include turbine/generator equipment, a water way, an upper reservoir and a 

lower reservoir. The turbine/generator is similar to equipment used for normal hydroelectric 

power plants that do not incorporate storage (Fig. 2.2). 

 

 

Figure 2.2 View of a typical pumped storage plant (Hadjipaschalis et al., 2009) 

 

The off-peak electrical energy used to pump the water to a higher elevation can be stored 

indefinitely as gravitational energy in the upper reservoir. Thus, two reservoirs in combination 

can be used to store electrical energy for a long period of time and in large quantities. 

2.2.2 Pressure Energy (CAES: Compressed Air Energy Storage) 

Compressed air energy storage (CAES) facilities also use off-peak electricity to power a 

motor/generator that drives compressors to force air into a storage reservoir such as rock 

caverns, salt formations or depleted natural gas fields for large CAES plants. For smaller CAES 

plants, compressed air is stored in tanks or large pipes such as those designed for high pressure 

natural gas transmission. When the demand for electric power peaks, the process is reversed. The 

compressed air is released, heated by natural gas in combustors and run through a high pressure 

and low pressure expanders to power the motor/generator that produces electricity (Fig. 2.3). 

 



 

 

Figure 2.3 Basic components for a CAES system (Hadjipaschalis et al., 2009) 

 

In a traditional gas turbine, the air that drives the turbine is compressed and heated using natural 

gas. CAES technology needs less gas to produce power because it uses air that has already been 

compressed. 

 

2.2.3 Thermal Energy (Thermal Energy Storage) 

Thermal energy storage systems for electrical energy generation are usually contained in high 

temperature thermal energy storage plants. There are two types of TES for electrical energy 

storage, namely those which are applicable to solar thermal power plants and end-use TES. TES 

for solar thermal power plants consists of a synthetic oil or molten salt that stores solar energy in 

the form of heat collected by solar radiation. End-use TES stores electricity through the use of 

hot or cold storage in underground aquifers, water or ice tanks, or other materials and uses this 

energy to reduce the electricity consumption of buildings. 

 

2.2.4 Kinetic Energy (Flywheel Energy Storage) 

A conventional flywheel energy storage (FES) system is a cylinder that spins at very high speeds 

storing kinetic energy. A flywheel can be combined with a device that operates either as an 

electric motor that produces electricity from the energy stored in the flywheel. The faster the 

flywheel, the more energy it retains. Energy can be drawn off as needed by slowing the flywheel. 

Modern flywheels use composite rotors made with carbon-fibre materials (Liu and Jiang, 2007). 

Fig. 2.4 shows the main components of a flywheel system.  
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Figure 2.4 Main components of a flywheel system (Herman, 2003) 

 

The rotors have a very high strength-to-density ratio, and rotate in a vacuum chamber to 

minimize aerodynamic losses. Moreover, a magnet levitates the cylinder limiting friction-related 

losses and wear. The amount of energy stored in a flywheel depends upon the linear speed of 

rotation and the mass of the disk. Short discharge time flywheels are suitable for stabilizing 

voltage and frequency, while longer duration flywheels may be suitable for damping load 

fluctuations. 

 

2.2.5 Magnetic Energy (Superconducting Magnetic Energy Storage) 

Superconducting magnetic energy storage (SMES) systems store energy in the magnetic field 

created by the flow of direct current through a large coil of superconducting material that has 

been super-cooled. In low-temperature superconducting materials, electric currents encounter 

almost no resistance, greatly enhancing their storage capacity. The coil with many windings of 

superconducting wire has to be cooled to a temperature below the temperature needed for 

superconductivity (Fig. 2.5). SMES charging or discharging causes a corresponding increase or 

decrease in the current flow. Thus, energy is added or extracted from the magnetic field of the 

inductor by increasing or decreasing the current in the windings. Also, power is available almost 

instantaneously and very high power output is provided for a brief period of time. There are no 

moving parts which results in high reliability and low maintenance. However, superconductors 

require refrigeration systems that induce energy losses and do contain moving parts. 

 



 

 

Figure 2.5 View of superconducting magnetic energy storage 

2.2.6 Electrostatic Energy (Supercapacitors Electrostatic Energy Storage) 

Supercapacitors electrostatic energy storage (SEES) systems are electrical devices that consist of 

two oppositely charged metal plates separated by an insulator. The supercapcitor stores energy 

by increasing the electric charge accumulation on the metal plates and discharges energy when 

the electric charges are released by the metal plates (Fig. 2.6).  

 

 

Figure 2.6 Some examples of supercapacitor cells (Willer et al., 2003) 

 

Energy storage is manifested in the form of an electric field. They have both the characteristics 

of capacitors and electrochemical batteries, except that there is no chemical reaction which 

greatly increases cycling capacity. Supercapacitors are capable of very fast charges and 

discharges, and can typically be recharged hundreds of thousands of times but power is available 

only for a very short duration. So, supercapacitors are suitable for short-duration applications 
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only such as providing backup power during brief interruptions or building power sources in 

uninterruptible power supplies (UPS). 

 

2.2.7 Chemical Energy (Flow Battery Energy Storage) 

There are various types of devices that use chemical energy in order to store electrical energy. 

The most common technique is the familiar electrochemical battery. An electrochemical battery 

is a device that converts the chemical energy contained in its active materials directly into 

electrical energy by mean of an electrochemical oxidation-reduction (redox) reaction. The basic 

electrochemical unit is the cell. A battery consists of one or more cells, connected in series or 

parallel, or both, depending on the desired output voltage or capacity. The cells consist of three 

major components: the anode, the cathode and the electrolyte. These components are placed in 

the same container (Fig. 2.7). 

 

 

Figure 2.7 View of an electrochemical cell. Left: discharge, right: charge. (Lailler et al., 

2003) 

 

A variety of electrolytes are used including lead-acid, nickel-cadnium (NiCd), lithium-ion (Li-

ion), sodium-sulfur (Na-S), zinc-bromide (Zn-Br), nickel-metal hydride (Ni-MH) etc.Other 

battery types, called flow batteries or Redox flow batteries, use electrolyte that is stored in a 

separate container outside of the battery cell container. Thus, in a flow battery, the reactants 

flowing across the electrodes come from containers outside the electrochemical cell and they are 



 

prevented from mixing in it by a specially chosen membrane: an ion selective membrane or a 

micro-porous separator (Fig. 2.8). 

 

 
Figure 2.8 Diagram of a Redox flow battery (Tassin et al., 2003) 

 

2.2.8 Hydrogen Energy (Fuel-Cells) 

The fuel cell (FC) technology is one of the most promising new electric power technologies 

currently undergoing development. Fuel cell power systems have attracted attention because of 

their potential for high efficiency, low emission, flexible use of fuels, and quietness. Fuel cells 

are electrochemical devices that convert the chemical energy of a fuel directly into usable 

energy, electricity and heat, without combustion. They can be operated as either a generator or 

storage device. Fuel cells can be regarded as similar to batteries containing electrodes and 

electrolytic material to accomplish the electrochemical production of electricity. A fuel cell uses 

oxidation-reduction reaction between hydrogen and oxygen to produce electricity and heat. It 

includes electrolysis which consumes off-peak electricity to produce hydrogen, the fuel cell 

which uses that hydrogen and oxygen from air to generate peak-hour electricity, and a hydrogen 

buffer tank to ensure adequate resources in periods of need (Fig. 2.9). 
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Figure 2.9 Principle of alkaline electrolysis (Boulanger et al., 2003) 

 

There are many types of fuel cells, such as: Alkaline Fuel Cell (AFC), Proton Exchange 

Membrane Fuel Cell (PEMFC), Direct Methanol Fuel Cell (DMFC), Phosphoric Acid Fuel Cell 

(PAFC), Molten Carbonates Fuel Cell (MCFC) and Solid Oxide Fuel Cell (SOFC). The last two 

operate at high temperatures while the first are low temperature fuel cells. 

 

2.2.9 Metal-Air Energy Storage 

Finally, metal-air energy storage (MAES) holds out great promise in terms of their intrinsic 

specific energy density. This type of battery uses the electrochemical coupling of a reactive 

metal anode to an air electrode (Fig. 2.10). 

 

 

Figure 2.10 Zinc/Air cell components (Worth et al., 2002) 



 

Various types of metal-air battery have been successfully developed, including zinc-air, 

aluminium-air, magnesium-air, iron-air and lithium-air configurations, all operating in alkaline 

or neutral aqueous electrolytes. The metal-air energy storage technology is very promising but its 

future usefulness in the development of electrical energy storage, especially renewable energy 

storage, depends largely on the successful development of bi-functional air electrodes. 
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Chapter Three 

 



 

3  PCM Classification and Properties for Building Application 

3.1 Latent Heat Storage Materials 

Phase change materials (PCMs) have been proven useful within the building sector due to their 

high latent heat storage capacity. They store a large amount of energy in a small volume and 

mass compared to sensible energy although, for practical reasons, only PCMs in the solid-liquid 

phase are recommended.  

 

3.2 Classification of PCMs 

A large number of PCMs exist and can be classified based on different criteria such as their 

melting temperature and latent heat of fusion. Regin et al., (2008) provided a detail classification 

of the phase change process and reported that the storage capacity depends on the PCM’s latent 

heat value and specific heat capacity. A complete review of different types of phase change 

material, their characteristics and classification, merits and demerits as well as experimental 

techniques undertaken to investigate the behavior of PCMs in both melting and solidification 

phases has been reported by different authors (Abhat, 1983, Dincer and Rosen, 2001, Cabeza et 

al. 2006, Kenisarin and Mahkamov 2007 , Verma et al. 2008). Generally, PCMs are divided into 

two main groups: the organic and the inorganic compounds, although authors such as Beatens et 

al. (2010) and Tyagi et al. (2011) classify PCMs in three categories: organic, inorganic, and 

eutectics organic + eutectics mixture. They consider that eutectics, as a specific group, are 

actually a mix of two or more components. For building applications, organic-organic, 

inorganic-inorganic and organic - inorganic eutectic PCMs are used (Tyagi et al. 2011).  

 

Moreover the existence of organic - inorganic eutectic PCMs justifies the consideration of 

eutectic as a specific group. A classification table for different types of PCMs is given in Fig. 

3.1. 

 

PCMs are also divided into three subcategories based on their phase transformation, namely 

solid-liquid, liquid-gas, and solid-gas. The solid-liquid phase is of particular interest in thermal 

energy storage applications due to its high energy storage density and capacity to store energy as 

latent heat of fusion at constant (or near constant) temperature (Baetens et al., 2010; Zhou et al. 

2012). In solid-liquid transformation, there is generally small amount of latent heat but solid-gas 

and liquid-gas transformations occupy large volumes with high amount of latent heats. Hasnain 

(1998) and Ibrahim and Marc (2002) reported that large changes in volume make the phase 

changes not of interest due to the complexity and large system sizes.  
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Figure 3. 1 Classification of PCMs 

3.3 Phase Change Phenomena and Properties  

In this section, the basic properties, phenomena and problems related to PCMs are detailed.  

3.3.1 The Phenomenon of Phase Change 

Most pure materials have a distinct phase transformation temperature Tf, which takes place at the 

transform process from liquid to solid and vice versa.  

 

3.3.1.1 Melting/Freezing Temperature and Heat of Fusion of Pure Materials 

The phase transformation temperature, Tf is defined as being either the melting or freezing 

temperature (Tm or Tf) during which the melting and solidification process occurs. The phase 

change dynamics of pure materials is illustrated in Fig. 3.2 (left), for the cooling of the material, 

with an initial temperature higher than Tf. 

 

Fig. 3.2 (right) shows heat flux during the solidification of the pure material submitted to a 

temperature difference. It can be seen that when the material is in the melting phase, the heat 

flux is much larger than in either its solid or liquid phase.  

  

 

 

 

Latent heat storage material 
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Figure 3. 2 Time evolution of the temperature and heat flux during the solidification of a 

pure body submitted to a temperature difference 1: liquid phase 2: melting phase 3: solid 

phase (Baetens et al., 2010) 

3.3.1.2 The Supercooling Effect 

In some PCM applications, there is a physical phenomenon called the supercooling effect. This 

delays the solidification and materials remain in a liquid state even when the temperature drops 

below freezing. Solidification starts with a nucleation effect that requires the formation of initial 

crystals (the nucleus) and the propagation of these crystals. For some PCMs (particularly salt 

hydrates) if the nucleation rate is too low, it results in the reduction of the nucleus. Accordingly, 

the PCM remains in a liquid phase even though its temperature is lower than Tf. As a result, the 

beginning of solidification is delayed and the PCM temperature rises back to Tf. This 

phenomenon is shown in Fig. 3.3. Phase change materials operate over a narrow range of 

temperatures during the period when buildings are being cooled and, hence, the sub cooling 

effect of the PCM plays an important role in the efficient design of heat storage devices 

(Solomon et al., 2013).  

 

 
Figure 3. 3 Super cooling effect 

 

3.3.1.3 The Segregation Effect 

This phenomenon concerns the salt hydrates materials. They melt congruently with formation of 

lower salt hydrate. The process is irreversible and the storage density decreases with cycling 

(Cabeza et al. 2011) which, as a consequence, decreases the thermal properties and performance 

of the PCM itself. This problem can be avoided by the inclusion of gelling materials such as 

polymer (IEA-SHC, Task 32, 2005). Another solution is to thicken the material by adding 

another material to the salt hydrate in order to increase the viscosity and hold the salt hydrate 

together (Cabeza et al. 2011).  
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3.3.1.4 The Thermal Life Cycle 

The thermal cycle life is the number of cyclic repetitions (solidification/melting) before the PCM 

thermal properties decrease. Most commercially available PCMs for building applications, such 

as paraffin, have a thermal life of between 3000 and 10000 cycles. (Hadjieva et al., 1992).  

 

3.3.1.5 Flammability 

PCMs used in building materials must meet the required national buildings codes requirements 

with regard to flammability and combustibility. Cai et al. (2006, 2007 and 2008) studied the 

properties of new PCMs, and notably their flammability properties. They mentioned that the heat 

release rate (HRR) and, in particular, its peak is the most important parameter to characterize for 

fire safety.  

 

Some studies have pointed out that it is possible to reduce the flammability by incorporating an 

intumescent flame retardant. Zhang et al. (2009 and 2010) studied the case of a shape-stabilized 

PCM, with flame retardant compounds. Salyer and Sircar (1990) reported the possibility of using 

fire-retardant additives such as organic halogenous compounds in order to increase the fire 

resistance of PCMs.  

3.3.1.6 Corrosion of Materials 

Corrosion of PCMs is yet another important issue still under study. Most salt presents corrosion 

risk in any metal that is used for the macro encapsulation. Coen Porsini (1988) and (IEA-SHC, 

Task32, 2005) reported corrosion of some commercially used salt hydrates while Cabeza et al. 

(2001) studied the corrosion resistance of five common metals exposed to molten salt hydrates.  

 

3.4 PCM Properties for Building Applications 

 

Different methods of PCM integration have been listed in buildings (Zhang et al., 2007) and Fig. 

3.4 presents an adapted version of this classification. This includes solar walls and some recent 

and original applications of the use of latent heat in buildings. 

 

The employment of PCMs for latent heat thermal energy storage systems necessitates that the 

material exhibits certain desirable thermodynamic, chemical and kinetic properties. Moreover, 

economic feasibility and easy availability should also be taken into consideration. Hale et al., 

(1971) researched on different PCMs and concluded that the following selection criteria 

provided in Table 3.1 is the most important when selecting and using PCMs.  

 



 

 
Figure 3. 4 Forms and effect of PCM applications in building (Zhang et al., 2007). 

 

 

Table 3. 1 PCM selection criteria in thermal energy storage systems 

Thermodynamic 

properties 

Kinetic  properties  Chemical 

properties  

Economic 

properties  

Phase change temperature 

meeting application needs 

High density 

 

Non-toxic and 

non- polluting 

Cost (cheap) 

High thermal conductivity 

(in liquid and solid phases)+ 

Low density variation Compatible with 

storage 

containers/no 

corrosiveness 

Availability 

(abundant and 

easily available) 

High change of enthalpy 

(near usage temperature) 

High rate of crystal 

growth to meet demands 

of heat recovery from 

storage system 

Non-flammable 

/no explosive 

 

 

High specific heat and high 

density 

High nucleation rate to 

avoid super cooling 

No phase 

separation 

 

 

Congruent melting  Chemical stability  

High latent heat of fusion 

per unit volume 

 Complete 

reversible freezing 

and melting cycle 

 

Small volume changes on 

phase transformation and 

small vapour pressure at 

operating temperatures to 

reduce containment problem 

 No degradation 

after a large 

number of 

freezing and 

melting cycle 

 

Often not provided for both phases 

 

For practical applications, one has to consider two additional criteria which are economic and 

environmental impact criteria.  
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3.4.1 Main Advantages and Disadvantages of each PCM Group 

Several researchers have compared the advantages and disadvantages of organic and inorganic 

materials (Baetens et al., 2010; IEA-ECBCS, Annex 44, 2009, Kuznik et al., 2010). A summary 

of their findings is presented in Tables 3.2 and 3.3, for inorganic and organic compounds 

respectively. Additionally, the thermal properties of each group of PCMs are presented in Fig. 

3.5.  

 

 

Table 3. 2 Classification and properties of inorganic PCM (Baetens et al., 2010; IEA-

ECBCS, Annex 44, 2009; Kuznik et al., 2010) 

 
Inorganic 

Category  Crystalline hydrates, molten salts, metals or alloys 

Advantages  High storage capacity (salt hydrates about 240 kJ/kg)                                                                                                          

High density                                                                                                              

Relative high thermal conductivity (0.5W/m.K)                                        

Non flammable                                                                                                           

Narrow range of fusion                                                                                              

Inexpensive 

Disadvantages  Subcooling                                                                                                                                           

Phase separation                                                                                                                        

Corrosive                                                                                                                                          

Phase segregation                                                                                                      

Irreversible melting (melt congruently and formation of lower 

salts and so degradation of thermals properties) 

Method for improvement  Mixed with nucleation and thickening agents, thin layer arranged 

horizontally 

 

 

 

 
Figure 3. 5 The melting enthalpy and melting temperature for the different groups of phase 

change materials (Baetens et al., 2010) 

 

 

 



 

Table 3. 3 Classification and properties of organic PCM (Baetens et al., 2010; IEA-ECBCS, 

Annex 44, 2009, Kuznik et al., 2010) 

                     Organic 

Category Parrafins  Non-Parrafins 

  Fatty acids, esters, alcohols, 

glycols 

Advantages Inexpensive (commercial)                               

Thermal density storage: 120 up to 210 

kJ/kg                                        

Chemical inert  (no corrosion, 

compatibility with conventional 

building material)   

 Excellent melting and 

freezing properties 

Available in a large range of temperature                                                                              

Low vapour pressure                                                                                                            

No segregation                                                                                                                                                                                                              

Long life cycle (shown with Differential scanning 

calorimetry)                                                                                                                        

Recyclable 

Disadvantages Low thermal conductivity (0,2 W/m.K)   Expensive 

Large volume change                                                                                                             

Large range of temperature fusion                                                                                                           

Flash point                                                                                                                                       

Low density                                                                                                                            

Flammable 

Method for improvement High thermal conductivity additives (grafites…), fire-retardant additives, 

containment for protecting fire hazard 

 

3.5 PCM Containment 

PCM incorporation methods within building’s materials have been the subject of many studies. 

Hawes et al. (1993) proposed three main methods: direct incorporation, immersion and 

encapsulation. A fourth method called laminated PCMs board has also been proposed (Zhang et 

al., 2007). Furthermore, Kuznik et al. (2010) classified containment techniques as: impregnation, 

micro-encapsulation, shape stabilized PCM and other containers. It should be noticed that the 

shape stabilized method is included by Zhang et al. (2007) and Hawes et al. (1993) in 

encapsulation methods and other containers like laminar PCMs boards. Table 3.4 summarizes a 

synopsis of the different methods of incorporation and their advantages and disadvantages 

(Zhang et al., 2007; Kuznik et al., 2010; Cabeza et al., 2011). Some of the techniques used are 

given in Figs. 3.6 – 3.9. The PCM container must also meet the PCM safety requirements and 

have the required useful life long enough for the application. Some technical issues that must be 

considered in the application are: (i) the corrosion problem for salt encapsulated in metal and (ii) 

the migration of the PCMs (leakage) for incorporation or immersion.  

 

CH3(CH2)nCH3 
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Figure 3. 6 Examples of macro-encapsulation 

 

 

Furthermore, since PCMs have low thermal conductivity, they require substantially more time to 

be charged or discharged. Therefore, since PCM containers are required to enhance thermal 

conductivity, this problem is solved by either reducing the storage thickness or reaching a high 

exchange surface-to-volume ratio. Micro-encapsulation (MiE) is one approach to increasing this 

ratio, for example it can be done by encapsulating PCMs in small balls (2-20 μm). 

 

 

 

Figure 3. 7 Industrial panels with impregnation of PCM 

 

Table 3. 4 Synopsis of different methods for PCM incorporation 

  Direct incorporation Immersion                       



 

Publications Feldman et al. (1991), Khudhair and 

Farid (2004) 

Schossig et al. (2005), Cabeza et al. 

(2007), Xiao et al. (2002), Banu et al. 

(1998), Hawes and Feldmann (1992), 

Khudair and Farid (2004). 

Description Liquid or powered PCM are added and 

mixed with materials (gypsum, concrete) 

during production 

Porous building materials (gypsum 

board, brick, concrete block, wood, 

plaster) are dipped into liquid PCM. The 

PCM is absorded into the pore by 

capillary effect 

Advantages Most economical method  Can convert ordinary material to 

materials with PCMs 

Disavantages  Important leakage  

   

  Macro-encapsulated Micro encapsulated 

Publications Feldman et al. (1989), Khudair and Farid 

(2004), De Gracia et al. (2010), Ceron et 

al. (2011), Younsi (2008), Castell et al. 

(2010 (b)), Seck (2010), IEA-SHC Task 

32 (2005). 

Cabeza et al. (2011) , Tyagi et al. 

(2011), Schossig et al. (2005), Khudair 

and Farid (2004), Hawlader et al. 

(2003), Kuznik and Virgone (2009), 

Castellon et al. (2010), Karlessi et al. 

(2011), IEA-SHC Task 32 (2005),  

Entrop et al. (2011). 

Description Container larger than 1cm diameter                                                                                         

Tubes, pouches, spheres (nodules), 

panels and other receptacles  

Containers smaller than 1mm 

(sometimes the value of 20 μm is given), 

the PCM is trapped.                                                                               

Powder, microcapsule (mononuclear, or 

polynucler or matrix). 

Advantages Consistent reduction of peak heat flux 

(38%)           Improves material 

compatibility                                                                      

Reduces external volume changes                                                    

Improves PCM handling in production                

Improves material compatibility 

Reduces external volume changes                                                    

Improves PCM handling in production                                                                                   

Improves heat transfer (large 

surface/volume ratio)                                                                                                            

Improves cycling stability (Phase 

separation restricted to very small 

distances)                                                                            

No destruction risk                                                                     

Solve the problem of low conductivity                                                                                                                        

Some commercial product can be 

dispersed in liquid (water...) 

Disadvantages Need protection from corrosion (with 

corrosive PCM like salt)                                                                         

Difficult to integrate in building                                                                     

Expensive                                                                                                          

Poor heat transfer rate ( due to heat 

transfer coefficients of PCM)                           

 

Can affect the mechanical structure 

strength  

  Shape stabilized 

Publications Inaba and Tu (1997), Xiao et al. (2001, 

2002), Ye  and Ge (2000), Zhang et al. 

(2004), Sari (2004), Zhang et al. (2006), 

Lin et al. (2005), Li et al. (2009). 

Description Mixture of Parrafin (organics PCM) and 

a support material (usually high-density-

polyethylence (HDPE) or Styrene-

butadiene-styrene (SBS)).  Mass-

proportion of Parrrafin can be higher 
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than 80%. 

Advantages Avoid PCM leakage 

Disavantages Small conductivity ( graphites (10%) 

can be added).  

 

 

 
Figure 3. 8 Micro encapsulation (Rubitherm products) 

 

 

 
Figure 3. 9 Type of Micro-encapsulation (left); Shape stabilized plate (right) 

 

Micro-encapsulation can be integrated in macro-encapsulation. Recently, a shape-stabilized with 

micro-encapsulated paraffin was prepared and tested successfully (Li et al., 2009). Use of micro-

encapsulated PCMs for incorporation or immersion helps to avoid a problem of those technics: 

the PCMs tend to migrate to the surface. Moreover, the feasibility of using micro-encapsulated 

PCMs in sandwich panels in polyurethane for increasing thermal storage has been recently 

demonstrated (Castellon et al., 2010).  

  



 

3.6 Available PCM Products 

Table 3.5 gives a list of commercially available PCMs.  

 

Table 3. 5 Commercial PCM 1: for Rubitherm product the value of latent heat is not really 

the latent heat value, but the heat storage capacity for a temperature increase of 15°C 

including the phase change. So it is the sum of latent heat and the product of specific heat 

capacity with ΔT, 2: MiE= Microencapsulation. 

Company Product Type Fusion 

temperatu

re (°C) 

Density 

(kg/m3) 

Latent 

heat 

capacity 

(kJ/kg) 

Specific 

heat 

capacity 

(kJ/kg.K) 

Thermal 

conducti

vity 

(W/m.K) 

PCM 

product 

limited (EPS 

and 

Christopia) 

S7 Hydrated Salt 7 1700 150 1.85 0.4 

S8 Hydrated Salt 8 1475 150 1.9 0.44 

S10 Hydrated Salt 10 1470 155 1.9 0.43 

S13 Hydrated Salt 13 1515 160 1.9 0.43 

S15 Hydrated Salt 15 10 160 1.9 0.43 

S17 Hydrated Salt 17 1525 160 1.9 0.43 

S19 Hydrated Salt 19 1520 160 1.9 0.43 

S21 Hydrated Salt 22 1530 170 2.2 0.54 

S23 Hydrated Salt 23 1530 17 2.2 0.54 

S25 Hydrated Salt 25 1530 180 2.2 0.54 

S27 Hydrated Salt 27 1530 183 2.2 0.54 

S30 Hydrated Salt 30 1304 190 1.9 0.48 

S32 Hydrated Salt 32 1460 200 1.91 0.51 

S34 Hydrated Salt 34 2100 115 2.1 0.52 

A2 organic PCM 2 765 200 2.2 0.21 

A3 organic PCM 3 765 200 2.2 0.21 

A4 organic PCM 4 765 200 2.18 0.21 

A6 organic PCM 6 770 150 2.17 0.21 

A8 organic PCM 8 773 150 2.16 0.21 

A9 organic PCM 9 775 140 2.16 0.21 

A15 organic PCM 15 790 130 2.26 0.18 

A17 organic PCM 17 785 150 2.22 0.18 

A22 organic PCM 22 785 145 2.22 0.18 

A23 organic PCM 23 785 145 2.22 0.18 

A24 organic PCM 24 790 145 2.22 0.18 

A25 organic PCM 25 785 150 2.26 0.18 

A26 organic PCM 26 790 150 2.22 0.21 

A28 organic PCM 28 789 155 2.22 0.21 

A32 organic PCM 32 845 130 2.2 0.21 

A39 organic PCM 39 900 105 2.22 0.22 

Climator C21 Salt Hydrate 21 1380 144 3.6 0.5/0.7 

C24 Salt hydrate 24 1380 126 3.6 0.5/0.7 

C28 Salt hydrates 28 1450 162 3.6 0.5/0.7 

C32 Salt hydrates 32 1450 162 3.6 0.5/0.7 
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Company Product Type Fusion 

temperature 

(°C) 

Density 

(kg/m3) 

Latent 

heat 

capacity 

(kJ/kg) 

Specific 

heat 

capacity 

(kJ/kg.

K) 

Thermal 

conductivi

ty 

(W/m.K) 

Rubitherm

¹ 

SP22A17 salt hydrates 

+ organic 

compounds 

22-24/19-21 1490/143

0 

150   0.6 

SP25A8 salt hydrates 

+ organic 

compounds 

25-27/22-24 1460/144

0 

160  0.6 

SP26A9 salt hydrates 

+ organic 

compounds 

26-28/25-27 1430/124

0 

170  0.6 

SP29A15 salt hydrates 

+ organic 

compounds 

28-30/27-28 1530/151

0 

190  0.6 

RT21 Paraffin 18-23/22-19 880/770 134  0.2 

RT27 Paraffin 25-28/28-25 880/760 179  0.2 

RT31 Paraffin 27-31/31-27 880/761 169  0.2 

RT28HC Paraffin 27-28/28-27 880/768 345  0.2 

PX 21- PX 

27 PX 31 PX 

28HC 

RT MiE  700 ≈65% RT 

latent heat 

 0.1 

GR 21 GR 

27 GR 31 

GR 28HC 

RT MiE   850 ≈32% RT 

latent heat 

  0.2 

PCM 

energy 

P.ltd 

(teappcm) 

Latest 18T Salt 

hydrates 

17-19 1480/150

0 

175 2 1 

Latest 20T Salt 

hydrates 

19-20 1480/150

1 

175 2 1 

Latest 25T Salt 

hydrates 

24-26 1480/150

2 

175 2 1 

Latest 29T Salt 

hydrates 

28-30 1480/150

3 

175 2 1 

Latest 32S Salt 

hydrates 

31-32 1450 230 2 0.6 

Latest 34S  Salt 

hydrates 

33-34 1450 250 2 0.6 

Latest 36T Salt 

hydrates 

36 1450 269 2 0.6 

BASF DS 5000 MiE 

dispersed in 

water 

26 980 45 0.7  

DS 5007 MiE 

dispersed in 

water 

23 980 41 0.7  

DS 5030 MiE 

dispersed in 

water 

21 980 37 0.7  

DS 5001 MiE 

(powder 

form) 

26 250-350 110 1.75  



 

DS 5008 MiE 

(powder 

form) 

23 250-350 100 1.75  

DS 5029 MiE 

(powder 

form) 

21 350-350 90 1.75  

 

3.7 Measurement Techniques 

The measurement techniques of evaluating thermal properties of PCMs are very important to the 

building science field, since the measured value will significantly affect the selection of PCMs in 

building applications, and thus affect building performance. The main measurement techniques 

used for the study of PCM thermal properties, such as the heat of fusion, specific heat and 

melting temperature, can be divided into three groups: conventional calorimetry methods, 

differential scanning calorimetry (DSC) methods and differential thermal analysis (DTA) 

methods. In addition, Zhang et al., (1999) proposed a T-history method which allows researchers 

to measure several samples of PCM at the same time. They used temperature-time graphs of 

PCMs compared to graphs of other known materials such as water in order to reduce the use of 

complex and expensive instrumentation when analysing the phase change of PCMs. In the 

following sections, the principles of the DSC method, the DTA method and the T-history method 

are briefly introduced.  

3.7.1 Principle of the DSC Method 

In the DSC method, a reference with known thermal properties is used to make a comparison 

with a PCM sample. During measurement, the sample and reference normally undergo a phase 

transition and both of their temperatures remain identical. Consequently, by measuring the 

difference between the amount of heat transferred to the sample and reference, various thermal 

properties of the sample can be determined. Fig. 3.10 is a photo of DSC (Wiki).  

 

 

Figure 3.10 DSC 
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3.7.2 Principle of the DTA Method 

The DTA method is similar to the DSC method except that the amount of heat transferred to the 

sample and reference are maintained the same, while the temperature difference is measured and 

recorded throughout the phase change process. Consequently, various thermal properties of the 

sample can be determined. Fig. 3.11 is a photo of DTA (Notre Dame).  

 

 

Figure 3.11 DTA 

 

3.7.3 Principle of the T-history Method 

The DSC and DTA methods are accurate when measuring the value of different PCM thermal 

properties such as heat of fusion and specific heat. However, usually only a very small amount of 

PCM sample (1-10 mg) (Zhang et al., 1999) is used for measurement in these two methods, 

while the thermal properties of such a small amount of PCM might be different from those of the 

bulk materials in real life. Moreover, the two methods cannot measure several samples of PCM 

simultaneously and the instrument used in them is relatively complicated and expensive. In order 

to overcome these limitations, a T-history method was developed. Fig. 3.12 gives a schematic 

diagram of the experimental rig in T-history method. 

 

 

Figure 3.12 The experimental rig in T-history method (Hong et al. 2004) 

 

http://www.sciencedirect.com/science/article/pii/S0140700703001981


 

As shown in Fig. 3.12, two test tubes are filled with PCM and pure water (used as reference 

material), respectively. The initial temperature of each is maintained. The experiment of the T-

history method can be described in 5 steps: 

 

Step 1 Place the two tubes vertically in a water bath with constant temperature; 

Step 2 Expose the two tubes to the atmosphere; 

Step 3 Measure and record the temperature in the two tubes and the atmosphere concurrently; 

Step 4 Obtain the two temperature-time graphs (i.e., T-history curves) for the PCM and water; 

Step 5 Calculate the thermal properties such as heat of fusion and specific heat from the 

measured data and curves. 

 

Clearly, the main advantage of the T-history method lies in its simplicity and convenience 

without the need of expensive devices. 
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Chapter Four 

 

4 Thermal Storage Systems – Low-Medium Temperature 

 

4.1 Introduction 

An active thermal energy storage system is mainly characterized by forced convection heat 

transfer into the storage medium itself. Indeed, in active TES systems, the storage medium used 

(or one of the storage media used) circulates through a heat exchanger (e.g. a solar collector) and, 

thus, contributes to the thermal storage and ensures the heat transport. As we will see in this 

section, in most low-medium temperature applications, water is used. It will be noticed that, in 

some storage systems presented and described in the following sections (such as TABS, packed 

beds and earth coupling ducts), air can be used to transport heat. In such a case, the transport 

medium does not significantly contribute to the storage (its heat capacity being very low) and, 

therefore, the resulting storage system is passive.  

 

Different classifications of TES can be found in literature, depending on the criteria of interest. 

Indeed, according to various authors (Hasnain, 1998 (a); Hasnain, 1998 (b); Pavlov and Olesen., 

2011; Sunliang, 2010; Sharma et al., 2009; Gil et al., 2010; Novo et al., 2010; Pinel et al., 2011), 

active thermal energy storage can be classified by: 

 

Storage mechanism 

Based on the state of the energy storage medium, active TES can be divided into “sensible heat 

storage” and “latent heat storage” and “chemical heat storage”. 

 

Storage concept 

Active TES can be subdivided in two sub-systems: 

 

- Direct (or closed loop) systems, for which the same media is used to both collect and 

store the heat and, thus, circulates between the heat source and the heat storage; 

- Indirect (or open loop) systems, for which different mediums are used to collect and store 

the heat. Generally, a first medium is used as the heat transfer fluid and a second serves 

as the storage medium. 

 

 

State of the storage medium 

The active sensible heat storage can be categorized by the state of the storage medium into liquid 

and solid forms. Both states have their own characteristics and application fields. 

 

Temperature level of the stored thermal energy 

Depending on the practical application and based on the temperature level of the stored thermal 

energy, active TES can be divided into “heat storage” and “cool storage”. 



 

 

Time length of stored thermal heat 

Depending on the storage timing requirements, active TES can be grouped into short-term heat 

storage (or daily storage) and long-term storage (or seasonal storage). 

 

In the following section, we introduce and briefly describe the main existing types of active TES 

technologies depending on the storage duration. Therefore, the following subsection will 

respectively focus on short-term. 

 

On the one hand, in daily storage which has a storage capacity ranging from a few hours to a 

maximum of one week, the heat stored is generally kept at a high temperature (maximum 95°C) 

to allow for direct discharge into the heat distribution network. On the other hand, in seasonal 

storage which requires at least three months of storage, the heat stored is generally kept at lower 

temperatures in order to limit the thermal exchanges during the long storage period. In such a 

low temperature concept, heat pumps are often used to increase (or decrease) the temperature 

and, thus, assist in supplying the heating (or cooling) demand. 

 

4.2 Short Term (Daily) Thermal Storage 

This is a dynamic system that undergoes a daily charge/discharge cycle and hence is an integral 

function of the solar heating system. The optimum size of the thermal storage facility itself 

depends on the application concerned and is a complicated function of several factors. These 

include weather, building heat load and heat losses, collector areas and efficiency, storage 

temperature and losses, solar acquisition, costs of the storage medium, container heat exchanger 

and pumps as well as the costs of auxiliary energy. 

4.2.1 Thermal Energy Storage Tanks 

These include buffer storage tanks and domestic hot water (DHW) tanks. Nowadays, in order to 

reduce variable rates of energy supply and demand, buffer storage tanks are widely used for 

residential space heating applications especially in the solar thermal engineering field (Fig. 4.1). 

In addition, DHW tanks produce hot water for domestic needs (washing, bathing, etc.), with the 

heat exchanger for heating water being directly integrated in the tank or used as an external heat 

exchanger. According to Han et al. (2009) the most commonly used heat exchanger 

configurations are immersed tubes or immersed coils in the tank, external shell-and-tube 

exchanger and mantle heat exchanger with a narrow annular jacket around the storage tank 

(Fig.4.2). 
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Figure 4. 1 Schematic of a typical solar energy storage system 

 

 

 
Figure 4. 2 Common heat exchanger configurations (Han et al., 2009) 

 

The TES tank system most commonly employed at present is sensible and utilizes water as the 

storage medium. At low-medium temperature, water is one of the best storage media: it has a 

relatively high specific heat capacity, is chemically stable and is both widely available and 

cheap. Its main disadvantage, however, is its limited temperature range (20-80°C) but, for 

building application, this is sufficient for space heating and DHW production. 

 

Water storage tanks are made from a wide variety of materials such as steel, aluminum, 

reinforced concrete or fiber glass. In order to prevent loss of thermal energy, they are insulated 

with glass wool, mineral wool or polyurethane. The sizes of the tanks commonly used vary from 

a few hundred litres to a few thousand litres but can reach, in some special applications, a 

thousand cubic meters. 

 

Ideas to improve water tank storage for solar systems providing both space heating and hot water 

production (so-called “solar combisystems”) have been reviewed within the IEA (International 

Energy Agency) ‘‘Solar Heating and Cooling” (SHC) programme in Task 32 “Advanced Storage 

Concepts for solar and low energy buildings”, Subtask D “Water tank solutions” (IEA-SHC Task 

32, 2007 (a)). Within this Task, a simple solar combisystem concept, called “MaxLean concept” 

(Fig. 4.3), has been developed and then theoretically compared (from simulations) to a “solar 

reference system”. Within the IEA-SHC Task 32 (2008), the MaxLean system concept is 

described in detail in a technical report of Subtask D by R. Harbel, P. Vogelsanger and T. Letz 

entitled “Simulation and Optimization Report – MaxLean Concept”. The core idea of this 

hypothetical concept is to reduce the amount of material used which is suitable for thorough cost 



 

reduction since it may only be a light, non-pressurized tank with few components and simple 

controls. Additionally, it can easily be integrated into the heating system of an existing house 

with water-based central heating. Simulation results point out that a thorough simplification of 

solar combisystems is not only a possibility for major cost reduction but may also significantly 

enhance solar energy performance. 

 

Hot water storage tanks used in connection with solar collectors has also been considered within 

the framework of Task 26 “Solar combisystem” of the same IEA SHC programme. In particular, 

Subtask C reports the results of an extensive parametric study conducted on several solar 

systems in order to point out influences of parameters such as the storage volume and insulation, 

the size of heat exchangers, as well as the position of water inlets and outlets (IEA-SHC Task 26, 

2003). 

 

 
Figure 4. 3 Schematic of the MaxLean system concept. 

 

In hot climates, the primary application of TES is cold thermal energy storage (CTES) for 

residential space cooling applications, also known as chill storage. The buffer storage tank, 

which can be integrated into the air conditioning or cooling system of the building, generally 

utilizes water as the storage medium (“cold” water stored in the form of chilled water). Other 

media such as ice, ice/water slurry or PCMs are also commonly employed, using latent storage 

(see next sub-section). Thermal performance of several full-scale chilled water storage stratified 

tanks was studied by Tran et al. (1989), Musser and Bahnfleth (1998), and Nelson et al. (1998). 

Storage media can be charged (cooled) and discharged via circulating refrigerants or secondary 

coolants (ASHRAE, 1993; ASHRAE, 1997 (a)). Based on recent experiments, Karim (2010) 

concluded that chilled water thermal storage tanks consistently stratify well at operating 

conditions, with a thermal efficiency up to 90%. Moreover, it was pointed out that the best 

efficiency was achieved for complete charge-discharge cycles. Indeed, incomplete discharging 

(partial discharging in one discharge cycle) involves relatively longer residence time of cool 

water in storage and, because of heat conduction through the walls, leads to a significant 

decrease in thermal efficiency as temperature of the chilled water in the tank increases. 
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Cool storage technologies for daily use have been reviewed within the IEA “District Heating and 

Cooling” (DHC) programme in ANNEX VI “Optimization of cool thermal storage and 

distribution” (IEA-DHC ANNEX 6 2002). The CTES technology is a relatively mature 

technology which main advantages are (Fields and Knebel, 1991; Beggs, 1991; ASHRAE, 2008; 

Dincer, 1999): 

 

- Lower initial cost and/or operating (maintenance) costs; 

- Chiller size and/or number reduction; 

- Significant energy and financial savings. 

 

Moreover, Dincer and Rosen (2001) and Dincer (2002) provided practical information on CTES 

systems using chillers and their applications, focusing on energy, economic and environmental 

impact aspects. Then, a study considering the effect of CTES system on the employment of 

combined heat and power (CHP) micro gas turbines of a residential building located in Tehran 

(mild climates) has been performed by Ehyaei et al. (2010). They determined that when using 

CTES, the number of CHP units required for the residential building during summer was 

reduced from 21 to 11, with a significant economical gain (29.5%). Recently, Chidambaram et 

al. (2011) review storage methods and their integration in the particular field of solar cooling 

techniques. A typical absorption cooling system using a solar concentrator as collectors is shown 

in Fig. 4.4. 

 

 
Figure 4. 4 Schematic diagram of an absorption chiller combined to a solar concentrator 

and a chilled water storage tank (Chidambaram et al., 2011) 

 

 

According to many authors (Crandall and Thatcher 2004; Pinel et al., 2011; Chidambaram et al., 

2011), an effective TES water tank for heating as well as cooling applications should remain 

stratified even during the charging and discharging processes. Thermal stratification denotes the 

formation of horizontal layers of a fluid of varying temperatures with the warmer layers of fluid 

placed above the cooler ones. Stratification is naturally achieved through the elimination of 

mixture which requires, for heating applications, that the cold fluid is supplied to the lower part 

of storage during charging, and the hot fluid is extracted from the upper part during discharging. 

Therefore, the thermal gradient across a water heat storage tank due to the buoyancy forces is 



 

maintained and ensures the highest temperature at the top and the lowest temperature at the 

bottom of the tank (Figs. 4.5 and 4.6). When used with a solar collector, the return temperature 

from a highly stratified storage is lowered leading to an increased efficiency of the collector 

which capitalizes on low temperature heating with reduced heat loss leading to maximum heat 

gain from solar energy. Almost all the water storage tanks have certain degrees of stratification, 

depending on its size, volume, geometries, water flow rates, and circulation conditions of the 

storage system.  

 
Figure 4. 5 Thermally stratified hot-water storage tank (with immersed coils exchanger) 

 

 

 
Figure 4. 6 Degrees of stratification within a storage tank with the same amount of stored 

heat (a) left, highly stratified, (b) center, moderately stratified and (c) right, showing fully 

mixed, unstratified storage (Haller et al. 2009) 

 

Nevertheless, some advanced buffer storage tanks are equipped with stratification devices (e.g. 

floating entry, mantle heat exchange, etc.), also called stratifiers (Fig. 4.7) which ensure to store 

the heat or cold in that height of the storage tank corresponding to their temperature and density 

in order to avoid mixing (Andersen et al., 2007; Shah et al., 2005; Altuntop et al., 2005). The so-

called simple solar combisystem concept “MaxLean concept” developed within the IEA SHC 

Task 32, use parallel plates as stratifiers (Fig. 4.5). The evaluation of the MaxLean system 

concept presented the incentive to study the possibility and potential of an inexpensive stratifier 

made of essentially parallel plates. 

 

Thermodynamic benefits induced by stratification have been highlighted by Rosen and Dincer 

(2003) and Rosen et al. (2004). They demonstrated that the use of stratification in thermal 
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storage designs should be considered as it increases the exergy storage capacity of a thermal 

storage and that exergy analysis should be applied in the analysis and comparison of stratified 

thermal storage systems. Jack and Wrobel (2009) applied exergy analysis to an analytically 

solvable simple one-dimensional model of a single-medium stratified thermal storage device. 

They evaluated the effect of stratification on the thermodynamic optimum and showed that 

stratification increases the overall efficiency and shortens the thermodynamically optimum 

charging time. From experiments, Castell et al. (2010 (a)) analysed the effects of different 

parameters and of the most used dimensionless numbers that influence and characterize 

stratification in water tanks. They obtained that Richardson is the more suitable number to define 

stratification in a water tank and that other numbers do not clearly characterize stratification but 

can be useful combined with Richardson number. Available methods to determine the ability of 

TES systems to promote and maintain stratification during charging, storing and discharging 

processes have been reviewed by Haller et al. (2009) from a theoretical point of view. They 

highlighted that only none of the applied methods is able to distinguish between the entropy 

production caused by mixing and the entropy changes due to heat losses. Therefore, they have 

developed a new method for the calculation of a stratification efficiency of thermal energy 

storages based on the second law of thermodynamics (Haller et al., 2010). The aspect ratio being 

one of the critical parameters to obtain stratification, Levers and Lin (2009) investigated the 

effects of tank geometry and operating conditions on the thermal stratification within a storage 

tank from computational fluid dynamics simulations. Using exergy analyses to quantify the 

thermal stratification, they concluded that increasing the tanks height/diameter aspect ratio, 

decreasing inlet/outlet flow rates and moving the inlet/outlet to the outer extremities of the tank 

result in increasing levels of thermal stratification. 

 

 
Figure 4. 7 Left: The SOLVIS stratifiers for the return flow from the solar collector and 

from the space heating system inside a storage tank. The stratifier design is based on a pipe 

with openings where flaps working as “non-return valves” are mounted. Right: Schematics 

of the stratifier (Shah et al., 2005) 

 

Recently, a survey of the various types of thermal stratification tanks and research methods has 

been presented by Han et al., (2009). Zurigat et al., (1988) developed a tool for the 

characterization of turbulent mixture caused by different inlet configurations in order to facilitate 

the selection of diffusers for achieving a high degree of stratification in thermocline thermal 

storage tanks. A survey of the stratified thermal storage tank one-dimensional models available 



 

in the literature has been conducted by Zurigat et al. (1989). They have tested and compared six 

of these models against experimental data. They concluded that the introduction of empirically-

based mixing parameters into the models renders them widely applicable and practical in the 

simulation of energy systems incorporated storage tanks. Ghaddar et al. (1989) developed a 

numerical one-dimensional, finite-difference, semi-implicit model of liquid stratification in 

thermal storage tanks, available to simulate charging and discharging of the thermal storage tank, 

with simple handling of inflow-outflow boundary conditions. From comparisons to experimental 

data, the authors investigated the effect of inter-mixing on the reduction of storage tank 

efficiency and showed that the turbulent mixing factor is greatly dependent on the flow rate, the 

inlet port design, and the thermocline location in the tank. Moreover, within the IEA ‘‘Solar 

Heating and Cooling” (SHC) programme in Task 32 “Advanced Storage Concepts for solar and 

low energy buildings”, Subtask D “Water tank solutions”, experiments on vertical plates for 

thermal stratification in a heat storage tank have been conducted (IEA-SHC Task 32, 2007 (b)). 

In conclusion, on the one hand the use of water allows for reaching high convective heat transfer 

rates but, on the other hand, such a transfer makes stratification more difficult to maintain. 

4.2.2 TES Tanks Using Latent Storage 

Latent storage in water tanks is generally employed for two main reasons. Firstly, TES tanks for 

cold storage used in conventional air conditioning applications are commonly based on the use 

of latent storage. Typical systems employ the use of water-ice, ice-slurry, PCMs, and PCMs-

slurries within the TES tank. Ice making and storage mechanisms have been considered by many 

investigators (ASHRAE, 1997 (b); Dincer and Rosen, 2001) and have been researched quite 

intensively in the frame of ANNEX 14 of the IEA ECES (“Energy Conservation Through 

Energy Storage”) programme, entitled “Cooling with TES in all climates” (IEA-ECES ANNEX 

14, 1985). Another IEA project, involving DHC programme (“District Heating and Cooling”) 

have been conducted within the ANNEX 6 “Optimization of cool thermal storage and 

distribution, absorption refrigeration with thermal (ice) storage” on cool thermal storage and 

distribution (IEA-DHC ANNEX 6, 2002). 

 

 
Figure 4. 8 Relative location of chiller and storage tank: (a) chiller upstream; (b) chiller 

downstream 
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 In encapsulated ice storage systems and ice-on-coil, internal-melt ice storage systems, the 

chillers and storage tanks are usually connected in series, as shown in Fig. 4.8. When upstream 

(Fig. 4.8 (a)), the chilled water being cooled at a higher temperature, the chiller COP is higher, 

but the usable portion of the total storage capacity is reduced due to the lower discharge 

temperature. When downstream (Fig. 4.8 (b)), the chilled water enters the chiller at a lower 

temperature and the COP of the chiller is lower, but the usable portion of the total storage 

capacity of the tank is increased. 

 

Secondly, latent storage is also employed using PCMs in order to enhance heat transfers within 

the water tank. Ezan et al. (2010) investigated the energetic and exergetic performance of a shell-

and-tube latent TES unit using water (ice) as PCMs and ethylene glycol as the heat transfer fluid. 

They concluded that for the charging period (freezing), the exergetic efficiency increased with 

the increase in the inlet temperature and the flow rate. For the discharging period (melting), 

irreversibility increased as the temperature difference between the melting temperature of the 

PCMs and the inlet temperature of the heat transfer fluid increased, and hence the exergy 

efficiency increased. Stratification improvements by PCMs have been reported by many 

investigators such as Cabeza et al. (2002) and Mazman et al. (2009). Experimental results of 

stratification improvements in water tanks using PCMs have been reported by Cabeza et al. 

(2006) (Fig. 4.9). The authors pointed out that the energy density of the hot water within the 

storage tank increased with increasing amounts of the PCMs module at the top of the tank. By 

means of simulation and experimental work on PCMs integrated hot water stores, similar results 

have been obtained by Mehling et al. (2003) who additionally showed an improvement in the 

reheating and delay in heat loss of hot water stores. Nallusamy et al. (2007) investigated 

experimentally the thermal behaviour of a fully combined sensible and latent heat thermal 

energy storage system. They tested PCMs filled in spherical capsules, packed in an insulated 

cylindrical storage tank, and their main conclusion is that, in comparison to conventional hot 

water storage tanks, such a combined system is best suited for applications where the 

requirements are intermittent. They highlighted the advantageous feature of a uniform rate of 

charging and discharging of a combined storage system for a longer period. 

 



 

 
Figure 4. 9 Hot water storage tank with PCM modules at the top of the tank (Mehling et 

al., 2003) 

Heat transfer enhancement in water tanks using PCMs has also been investigated in the frame of 

the IEA SHC (“Solar Heating and Cooling”), in Task 32 (“Advanced storage concepts for solar 

thermal systems in low energy buildings”), Subtask C “Phase change materials” (IEA-SHC Task 

32, 2007 (c)). 

4.2.3  Packed Bed Storage 

Instead of water, solid materials such as rocks, sand, bricks, concrete etc. can also be used for 

sensible heat storage in a variety of short-term thermal building applications. Solid media are 

commonly utilized in packed beds which are formed by loosely packed solid granules such as 

pebbles, grits, rock piles, etc. The fluid used to exchange heat (usually water or air) circulates 

through the packed bed in order to discharge (or charge) heat to (or from) it, as indicated in Fig. 

4.10.  

 
Figure 4. 10 Packed bed storage principle (Pinel et al., 2011) 

 

Providing an effective means of energy storage for many systems, the packed bed has been 

satisfactorily employed for various applications and the performance of such a system has been 

evaluated in many occasions in the past. Beasley and Clark (1984) summarized the status of 
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packed beds modelling, while Saez and Mc Coy (1982), Torab and Beasley (1987), and Sozen et 

al. (1991) studied the performances of packed bed systems using one-dimensional separate 

phase’s models. According to Hasnain (1998 (a)), similar to packed beds, fluidized beds can also 

be employed for low-medium temperature. In that case, the rate of thermal energy exchange with 

the fluid used to transport heat is faster. This characteristic can be interesting in several 

applications. If compared to water tanks, packed beds have lower thermal capacity but are easier 

to contain (solids do not leak from their container). Except if particular media are used such as 

cast iron (Hasnain 1998 (a)), packed beds generally do not allow for exceeding the energy 

density level of water storage. However, according to Hänchen et al. (2011), packed beds storage 

maximizes heat transfer between the fluid and the storage material and minimizes heat transport 

inside the storage medium itself. This favours thermal stratification and effective heat transfer, 

which require an efficient thermal storage. 

4.2.4 Packed Bed Using Latent Storage 

As in water tanks, latent storage is also employed in order to enhance heat transfer within packed 

bed storage units. Many investigations have been conducted on packed beds containing spherical 

capsules of PCMs. An experimental study by El Ghnam et al. (2011) was conducted using a 

spherical capsule of water of the type often found in the beds of thermal (ice) storage systems 

used for the building air conditioning systems. By varying the capsule size and material, as well 

as the volume flow rate and the temperature of the heat transfer fluid (ethylene glycol), they 

obtained that the energy recovery ratio is becoming better when using metallic capsules, 

increasing the capsule size and reducing the heat transfer fluid volume flow rates. Bedecarrats et 

al. (1996) tested commercial spherical capsule (nodules in which PCMs are encapsulated) placed 

in a refrigeration loop for air conditioning or refrigeration applications and developed a 

simulation program that considers, in the cases of the charge and  discharge processes, aspects of 

both the surrounding heat transfer fluid and the phase-change material packed inside the nodules. 

Wu and Fang (2011) analyzed the thermal characteristics of packed beds containing spherical 

capsules of myristic acid, used in a latent heat thermal storage system with a solar heating 

collector (Fig. 4.11). From experiments and a mathematical model, the influences of inlet 

temperature of the heat transfer fluid (water), its flow rate and initial temperatures of both the 

PCMs and water on the latent efficiency (ratio between the instantaneous released latent heat and 

the maximum released heat) and heat release rate were studied. 

 

 
Figure 4. 11 Schematic of solar thermal storage system containing spherical capsules and 

using water as heat transfer fluid (Wu and Fang, 2011) 



 

 

From numerical calculations, Felix Regin et al. (2009) investigated the effects of the inlet heat 

transfer fluid temperature and its mass flow rate through a packed bed composed of spherical 

capsules filled with paraffin wax as PCM usable with a solar water heating system, as well as the 

phase change temperature range and the radius of the capsule on the thermal performance of the 

capsules. Results highlighted that for the proper modelling of performance of the system the 

phase change temperature range of the PCM must be accurately known, and should be taken into 

account. Wu et al. (2010) also investigated the effects of the heat transfer fluid flow rate as well 

as its inlet temperature, the porosity of a packed bed cool TES system using n-tetradecane as 

PCM, and the diameter of the capsules on the melting time, solidification time, cool stored and 

released rate during charging and discharging process. Experiments conducted by Fang et al. 

(2010) on a cool storage air-conditioning system indicated that the use of spherical capsules 

packed bed leads to better performances of the system which can stably work during charging 

and discharging period. The temperature of the heat transfer fluid and especially the heat transfer 

coefficient varying considerably around each capsule, a numerical heat transfer analysis of an 

encapsulated ice thermal energy storage system with a variable heat transfer coefficient has been 

conducted by Erek and Dincer (2009) (Fig. 4.12). This study points out that the solidification 

process is chiefly governed by the magnitude of the Stefan number, the capsule diameter and its 

row number. 

 

 
Figure 4. 12 Schematic view of spherical capsules packed bed and its modelling 

(reproduced from Erek and Dincer, 2009) 

 

4.2.5 Building Thermal Mass Activation 

Besides using separate thermal storage units, such as aforementioned packed bed storage and 

water tanks, the building thermal mass itself can play the role of the storage medium for heating 

or cooling purposes. As illustrated in Fig. 4.13, thermo-active building systems (TABS) are 

thermally heavy parts of the building construction (e.g. walls or floors) equipped with ducts (if 

the fluid used to transport heat is air) or embedded pipes (if the fluid used to transport heat is 

water). 
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Figure 4. 13 Thermo-active building systems principle (Pavlov and Olesen, 2011) 

 

The most common configuration of water-based systems is floor heating which consists of 

embedded pipes in the floor. The floor acts as a large low temperature radiating surface and the 

floor concrete as the heat storage medium. The floor is commonly warmed with hot water but air 

ducts can also be used. There also exist systems using capillary micro pipes embedded in a layer 

at the inner ceiling surface or placed in additional plaster or gypsum layer (IEA-ECBCS 

ANNEX 44, 2009). 

 

Besides water-based systems, also airborne systems like the famous TermoDeck System 

(Sweden) were developed (IEA-ECBCS ANNEX 44, 2009). 
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Chapter Five 

 

5 Chemisorption Heat Storage Materials and Applications 

 

5.1 Introduction 

The cycle of thermal energy storage/release can be undertaken using a reversible chemical 

reaction which is one in which the reactants form products that, in turn, react together and 

reciprocate, as demonstrated: 

 

∑𝑅𝑖

𝑖

↔ ∑𝑃𝑖

𝑖

 

Equation 5.1 

where Ri are the reactants and Pi are the products. The formation of the products is the 

exothermic (outside heating) part of the reversible reaction whereas the creation of the reactants 

is the endothermic process, or reaction, in which the system absorbs energy from its 

surroundings in the form of heat. Each reversible reaction is a chemical equilibrium with a 

specific inversion temperature T*. This temperature can be defined using the free energy at the 

equilibrium: 

 

ΔG = ΔH − 𝑇∗ΔS = 0 ⇛  𝑇∗ =
Δ𝐻

Δ𝑆
 

Equation 5.2 

where 𝛥𝐺  is the Gibbs free energy (the amount of thermodynamic energy in a fluid system 

which can be converted into non-mechanical work at a constant temperature and pressure),  𝛥𝐻 

and 𝛥𝑆 are the enthalpy and the entropy, respectively, and T is the system temperature in degrees 

Kelvin. If T > T* then the reaction is endothermic. The products Pi generate the reactants Ri by 

using heat. The reactants Ri can be removed, cooled and stored at ambient temperature without 

thermal energy losses. This “ambient temperature storage” is then suitable for long-term heat 

storage. If the reactants are mixed at a temperature T < T*, then the exothermic reaction occurs, 

which means the heat release process. 

 

The inversion temperature T* corresponds to the minimal heat storage temperature. The available 

heat source temperature TS used for the storage must be at least equal to T*. The potential 

candidates for chemical reaction require that T* ≤ TS. Moreover, in order to have a high energy 

density (i.e. high enthalpy difference ∆H = T* ∆S), the candidate materials must have a high 

entropy difference, especially when TS is low. High entropy variations can be obtained using the 

passage from a solid or liquid state (ordered state) to a gaseous state (disordered state). 

http://chemistry.about.com/od/chemistryglossary/a/reactantdef.htm
http://chemistry.about.com/od/chemistryglossary/a/productdef.htm


 

5.2 Important Considerations Concerning the Building Application 

5.2.1 Heat Sources 

Firstly, thermal energy storage is a solution to rationalize the renewable energy use. Solar 

thermal collectors are used to collect heat energy coming from the sun’s radiation. A solution 

based on this concept is presented in Fig. 5.1 (Hongois et al., 2010). It consists of two phases: 

 

1. During summer, the heat collected by the panels is used for the endothermic reaction. 

2. During winter, moist air passing through the system is used for the exothermic reaction 

(i.e. release heat). 

 

 
Figure 5.1 Presentation of the storage concept: heat release from the store (left) and heat 

storage (right)  (Hongois et al., 2010) 

 

Secondly, thermal energy storage can be used to rationalize the energy demand and reduce the 

demand during peak loads. The electrical grid, or district heating grid, can provide heat to the 

storage system during periods of low loads. This heat is then released later to satisfy the demand 

during periods of high loads.  

 

Thirdly, thermal energy storage is a way to recover waste heat from systems and then to increase 

their overall efficiency. 

 

For all applications, the maximum temperature reached by the systems is about 200°C which, in 

turn, restricts the reaction temperature of the selected material. 

 

5.2.2 Specification Requirements of Thermal Energy Storage (TES) 

Systems 

In buildings, the heat stored can be used for space heating and domestic hot water (DHW). Both 

applications have different requirements concerning the energy and power released. The 

winter mode summer mode
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following sections give an evaluation of the specification requirements of TES systems for 

material selection. 

 

5.2.2.1 Chemical Heat Storage for Space Heating 

The heat required for space heating depends on the building location. But, using standards, it is 

possible to evaluate the maximum peak load and the heating demand. These specifications are 

indispensable for designing the reactor and choosing the appropriate material. 

 

The main categories of energy efficient buildings are: 

• Low energy building 

• Ultra-low energy building or zero energy dwelling 

• Autonomous building 

• Energy-plus house 

 

Different standards and guidelines exist concerning low and ultra-low energy buildings. It is 

possible to evaluate the mean values of the peak load for space heating and the annual energy 

demand for low and ultra-low energy buildings (Table 5.1). 

 

Table 5. 1 Maximum peak load and annual heating demand in 

 European standards and guidelines (Thullner, 2010) 

 
 

5.2.2.2 Chemical Heat Storage for Domestic Hot Water (DHW) 

The power and energy required for DHW production is greatly dependant on the hot water 

consumption. Specific work is required to evaluate these data. 

 

5.2.3 Additional Criteria 

The criteria used to evaluate the quality of a storage system are: 

 

Energy storage capacity and density (kWh, kWh.m−3), 

Release power (W), 

Efficiency (Ereleased/Estored), 

Stability (chemical, mechanical), 

Reversibility/cycleability, 

Cost (€/kWh), 

Toxicity, 

Life cycle assessment. 

 



 

5.3 Pure Chemical Heat Storage Materials 

Numerous reversible reactions can be used to store heat including oxide hydration or 

carbonation, hydration of hygroscopic salt and dehydrogenation of hydrocarbons. 

 

For building applications, the material reaction temperature must be below 200°C (availability of 

energy source). Moreover, the material must be compatible with occupant’s health. Table 5.2 

provides a list of some potential candidates (Visscher and Veldhuis, 2005). They are numerically 

evaluated and ranked in accordance with the following criteria: 

 

• Energy storage density, 

• Reactor temperature for storage process, 

• Corrosiveness at storage and/or reaction, 

• Environmental impact and toxicity of the material, 

• Cost of the material, 

• Number of material components during synthesis reaction, 

• Reactor pressure. 

 

Table 5. 2 Chemical heat storage candidates (Visscher and Veldhuis, 2005) 

 
 

Among the potential candidates, Magnesium Sulfate (MgSO4) is the most promising material for 

an autonomous chemical storage system since it is non-corrosive and non-toxic although it is, 

however, expensive. The complete dehydration of MgSO4.7H2O generates the highest energy 

storage density (eleven times the energy density of water) and the synthesis reaction’s 

temperature is consistent with that intended for building application (< 200°C). Indeed, results of 

characterization studies show that the dehydration of MgSO4.7H2O is carried out in at least three 

stages (Van Essen et al, 2009). The second phase has a high energy density and the reaction 

takes place in a temperature range in which vacuum thermal solar panels perform well. 

 

Hydration experiments carried out at ambient pressure show that the amount of water that reacts 

with MgSO4 depends on water vapour partial pressure and temperature and that vapour transport 

between the particles is the limiting factor to hydration of MgSO4 (Van Essen et al, 2009; Van de 

Voort, 2007). Further experiments are needed to assess the impact of a decrease in water vapour 

pressure on the hydration of MgSO4. 
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In real applications, however, MgSO4 does not meet expectations since the usage of magnesium 

sulphate powder results in the formation of a crust and granular swelling which limits mass 

transfer and causes reversibility issues (Aristov and Gordeeva, 2009; Hongois, 2011). Moreover, 

it does not reach the required temperature and the kinetics response is slower than expected.  

 

5.4 Composite Chemical Heat Storage Materials 

Several limitations have been observed concerning the use of pure materials such as MgSO4. 

Composite sorption materials have been mainly used for cooling and include the following: 

 

• Selective Water Sorbents SWS (Aristov et al., 1996; Aristov et al., 1998; Gordeeva et al., 1999; 

Aristov et al., 2000a; Aristov et al., 2000b; Aristov et al., 2002; Dawoud and Aristov, 2003; 

Freni et al., 2007) 

• Chemical Heat Accumulator CHA (Levitskij et al., 1996) 

• Composites Sorbents CS (Zhu et al. 2006; Wu et al. 2007) 

 

The goals of developing composite materials are to overcome the limitations inherent in pure 

materials since, during hydration, the swelling of salt reduces heat transfer while its 

agglomeration limits mass transfer. Dispersing the hygroscopic salt in a porous matrix with a 

high thermal conductivity is one means of overcoming these difficulties and to enhance, 

simultaneously, heat and mass transfer in the storage system. 

 

Another avenue, which has been pursued, is to increase the adsorption capacity of classic 

adsorbents in order to obtain higher heat power release than that of the hygroscopic salt in its 

basic powder form. Indeed, composite materials are a result of the combination of ordinary 

adsorbents (silica gel, zeolite, porous carbon, etc.) with hygroscopic salts (CaCl2, liBr, 

MgSO4...), thus raising the storage density. 

 

MgSO4 was dispersed in several porous matrices (zeolite and silica gel) in order to obtain a 

higher energy density than that of pure salt and, also, to obtain faster reaction kinetics and 

release more heat (Hongois, 2011). Results show that the combination of MgSO4 with zeolite 

renders the best performance. A 30o C increase in temperature, together with a maximum power 

of 28mW.g−1, were measured during the hydration of this composite. It was also noted that pure 

zeolite, silica gel (or with MgSO4/silica gel composite) yields lower values under the same 

operating conditions. 

 

Because of the introduction of salt, the composite material possesses new thermo-physical 

properties. It is therefore necessary to measure the composite properties and identify the 

parameters influencing these properties (Brouwer et al, 2009). The storage density of the 

composite material is higher than that of the pure matrix. The study of the water vapor sorption 

kinetics for SWS-1L and SWS-1A shows that the sorption process is faster for the matrix 

material than that for the composite material (Dawoud and Aristov, 2003). This is because the 

water vapor diffusion resistance is increased due to hygroscopic salt presence in the matrix 

pores. The time necessary to reach 50% of the final value of absorbed water is about four times 



 

higher for the composite than for the matrix alone (Fig. 5.2). However, the sorption capacity of 

the composite is superior to the matrix alone (by a factor of about 2 to 3) that this phenomenon is 

second order for a reaction duration larger than 5mn. 

 

 
Figure 5.2 Water vapor sorption kinetics curves for SWS composites and matrix materials 

- extracted from (Dawoud and Aristov, 2003) 

It may be recalled that the adsorption of a fluid on the material matrix is a bi-variant process. 

However, the mono-variant nature of the salt/gas reaction equilibrium can be used to adjust the 

sorption isotherms of the composite so that they comply with the application of interest. 

Moreover, the properties of the salt in the porous matrix differ from those of mere salt due to: 

 

a) Dispersion at small particle size, the latter being limited by the pore size. The hydration 

behaviour of a composite material is closely related to the pore size distribution of the 

matrix material, and 

b)  Interactions between the salt and the matrix. 

 

The behaviour of the composite during hydration depends on the pore size distribution. For 

example, for lithium bromide included in a porous carbon, the sorption isobars curves have 

different shapes depending on meso-porosity (mean pore diameters about 8nm) or macroporosity 

(mean pore diameters [103nm; 104nm]). Fig. 5.3 shows the isobars of macro porous and meso 

porous carbon /LiBr composites (Gordeeva et al., 1999). Whereas a plateau related to the 

formation of LiBr.H2O (a crystal hydrate) appears for the macro porous composite, no crystal 

creation is detected in the meso porous composite. 
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Figure 5.3 Sorption isobars for two composites carbon/LiBr: (a) SWS-2EG macroporous 

carbon/LiBr and (b) SWS-2C mesoporous carbon/LiBr  (Gordeeva et al., 1999) 

 

Further studies concerning calcium chloride composites present similar results in which the 

greater the pore size, the more the sorption that is close to the hygroscopic salt behaviour with 

creation of one or more hydrates. No CaCl2 hydrate has been revealed in the case of microporous 

matrix with a mean porosity diameter less than 4nm (silica gel (Aristov et al, 1996), active 

carbon (Janchen et al., 2004)). However, for meso- and macroporous materials, such as 

attapulgite (aluminium silicate and magnesium silicate) and vermiculite, the following 

successive products are created: 

 

• CaCl2.2H2O, CaCl2.4H2O, CaCl2.6H2O in silica gel and attapulgite (Janchen et al., 2004), 

• CaCl2.H2O and CaCl2.2H2O in vermiculite (Aristov et al., 2000a) 

 

The addition of hygroscopic salt helps to increase the material energy density. The case of silica 

gel/CaCl2 is an example of such enhancement, Fig. 5.4. 

 

 
Figure 5.4 Energy density of sorption composites after 50 cycles (Wu et al, 2007) 

 



 

Since the sorption capacity seems to increase with the salt content of the composite, there is a 

temptation to use matrices with a high pore volume and to insert high amounts of salt into the 

latter. Nevertheless, attention should also be paid to the fact that the pores must not be clogged in 

order not to hamper mass transfer, nor can the sorption equilibrium, MgSO4, be allowed to go 

from being mono-variant to bi-variant, x. 

 

The properties of the composite materials can be optimized by varying the solid matrix material, 

porosity and the hygroscopic salt material and quantity. Table 5.3 gives the characteristics of 

composite materials with silica gel sorption material (SWS type). 

 

Table 5. 3 Characteristics of SWS materials (Aristov et al, 2002; Brouwer et al, 2009) 

 

 

Fig. 5.4 shows that, during the first cycle, the energy density increases with CaCl2 content from 

350J.g−1 (100Wh.kg−1) for a weight fraction of 10% CaCl2 to 1045J.g−1 (290Wh.kg−1) for a 

weight fraction of 40% CaCl2. From the sixth cycle, the 30% CaCl2 composite has the highest 

energy density. The composite made of 40% CaCl2 absorbs a large quantity of water and reaches 

saturation in which leaks of CaCl2 solution from silica gel pores can be observed. Moreover, a 

good long-term cycle ability of the composites can be observed in Fig. 5.4. 

 

Because of the hygroscopic salt, the composite storage density is higher than the sorbent 

material. Because of the porous solid matrix, the hygroscopic salt is dispersed and the power 

heat release is higher than the hygroscopic salt in its basic powder form. Moreover, the solid 

matrix allows for a larger variety of shapes and forms, easier manipulation and a better cycling 

durability. 

 

Besides impregnation, another approach consists of synthesizing silica gel directly within a 

hygroscopic salt (CaCl2) (Gordeeva et al, 1999). By using this method, the salt is dispersed more 

finely and uniformly in the porous matrix and generates nano-composites. Then, the energy 

density is relatively high, being around 3400kJ.kg−1 for SiO2/CaCl2 composite. 

 

In the case of water vapor sorption, energy densities of some composites have been compared for 

the same operating conditions of material generation, namely heat production at 40°C, storage at 

90°C or 160°C and source of moist air at 15°C (IEA Task 32, 2005). This study shows that the 

bond energy between salt and water is low compared to condensation/evaporation energy of 

water (Fig. 5.5).  
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Figure 5.5 Energy density of composites, contribution of water vaporisation heat (IEA 

Task 32, 2005) 

 

This bond energy is an integral factor in chemical heat pump technology. The sorption reaction 

causes the condensation of water vapor and its trap, allowing the chemical heat pump to work 

until material saturation. 

 

5.5 Applications 

Fig. 5.6 shows a chemical heat pump, based on magnesium sulphate (Zondag et al, 2006). Solar 

energy is used to dissociate the heptahydrate magnesium sulphate (MgSO4.7H2O). The products 

of the reaction are stored in two different tanks. 

 

 
Figure 5.6 TCM system for seasonal storage for a space heating system (Zondag et al, 2006) 

The pressure-temperature equilibrium diagram of an MgSO4/H2O system is presented in Fig. 5.7.  

 



 

 
Figure 5.7 TCM system equilibrium diagram (Zondag et al, 2006) 

 

In winter (energy release), the water vapor partial pressure difference causes a water vapor 

transfer from H2O to MgSO4. The reaction between H2O and MgSO4 being exothermic, heat is 

released until a new state of equilibrium is reached. 

 

In summer (energy storage), heat from a solar thermal collector is used for MgSO4.7H2O 

dehydration. During this reaction, liquid water is created. The two components, liquid water and 

magnesium sulphate, are stored in two separate tanks until another release phase of the system. 

 

Theoretically, for a well-insulated single family dwelling with a heating energy consumption of 

10GJ per year (i.e. 28kW h.m−2.year−1 for 100m2 of heated floor), a volume of 4m3 of 

heptahydrate magnesium sulphate is needed. After the dissociation reaction, this volume 

represents about 1m3 of magnesium sulphate and 3m3 of water. These values are calculated using 

the crystal density. 

 

In practice, magnesium sulphate powder is used to reach a high reaction rate (and then a high 

release energy heat power). Then, the storage density is increased by a factor of about two. 

However, considering an open system where water is not stored, the storage volume could be 

decreased by 20% to 40%. Experiments are needed to practically assess the performance of such 

a system. 

 

5.6 Conclusions 

Despite the promising performances of chemical heat storage, several challenges still have to be 

addressed. The design of a process suitable for long term heat storage, i.e. several months or 

even an entire season, has to comply with several technical, economical and operational 

limitations. Therefore, further research is needed to: 

 

• Find suitable materials for seasonal storage. 

• Characterize the behaviour of these materials during the different phases (heat storage/ heat 

release) 
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• Enhance heat and mass transfer either by designing more efficient heat exchangers or by 

improving the thermal transfer properties of the materials used. 

• Develop effective control strategies for ensuring the stability of power during charge and 

discharge. 

• Conduct large scale experiments. 
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Chapter Six 

 

6 Mathematical Modeling and Analysis of Thermal Storage 

Systems 

 

Thermal energy storage (TES) is most often used to provide cooling capacity for commercial 

buildings and domestic dwellings. TES systems are also increasingly being seen as an effective 

means of shifting electricity use from daytime peak periods into less expensive periods of the 

day or at night, saving money, while at the same time increasing overall system efficiency. 

However, the effective integration and usage of Phase Change Materials (PCMs) within TES 

systems demands a mastery of heat transfer in the melting and solidification phases. From this 

point of view, it is necessary to understand the heat transfer characteristics of PCMs during these 

two processes which, in addition, also benefit the development of corresponding modeling 

solutions and methodologies. 

 

PCM modeling is an effective method enabling users to predict and understand the thermal 

performance and behaviour of PCM for practical applications. Basically, such models consist of 

a set of energy equations which can be very complicated to apply in actuality. To solve these 

equations efficiently, numerical methods are used to simulate the heat transfer processes and to 

calculate the thermal performance values of the PCM that is to be applied although, so far, only a 

few commercial numerical simulation software packages have been developed for PCM 

modeling. By using the few software packages that are available, however, models can be 

developed to simulate and analyze the thermal performance of buildings with PCM layers 

integrated in its envelopes, or centralized latent heat thermal energy storage (LHTES) systems. 

 

6.1 Modeling of Phase Change Problems  

Modelling for thermal energy storage systems have varied over the years. Numerical models 

have been developed to handle multidimensional phenomena involving convection as well as the 

presence of moving boundaries in complex geometries. Although analytical methods offer an 

exact solution and are mathematically correct, they are mainly only applicable for one-

dimensional cases with simple initial and boundary conditions and with constant thermal 

properties. Because the initial and boundary regions are invariably complex, solidification and 

melting problems are rarely one-dimensional. Thermo-physical properties have the potential to 

vary with phases, temperatures and concentration, all in addition to the fact that various transport 

mechanisms occur simultaneously.  However, with the advancement of digital computers, 

mathematical modeling and computer simulation has now become the most economical and 

quickest approach to providing a broader understanding of the practical processes involving 

PCMs and its changing boundaries. 

 



 

The mathematical modeling of physical phase change problems can be broadly classified into 

either the Variable Domain method, which is temperature-based, or the Fixed Domain method 

which is the amount of heat content used or released in a system at constant pressure (Enthalpy).  

 

In the Variable Domain method, the total domain is divided into two phases as well as the 

intervening interface region in which each is treated separately. Since the volume of each region 

changes with time, the method is termed the variable domain method because the sole dependent 

variable is temperature. The three energy conservation equations derived are written separately 

for each region, and the solutions of these equations are coupled through the energy balance at 

the interface. The interface, therefore, has to be tracked efficiently by solving all these equations 

simultaneously. 

 

The fixed domain method (Enthalpy method) does not deal with the particularized forms of the 

energy and mass conservation principle for each region. Rather, it considers the entire domain 

including all regions together and thus, since the total domain does not change with time, the 

method is termed the fixed domain method. In this formulation, enthalpy is used as a dependent 

variable along with the temperature. Enthalpy is continuous only in time whereas temperature is 

continuous only in space. Hence, the energy equation in which the time derivative is written 

during enthalpy, and the space derivative in temperature, is valid in all the three regions of 

interest and the equation can be solved over the whole region as a fixed domain. The main 

advantage of this method is that explicit reference to the moving interface is eliminated and 

hence it can be solved by numerical methods on a fixed space grid. 

 

Viskanta (1983) has discussed the various mathematical formulations available using the 

Variable Domain method for a one-dimensional phase change problem for various geometry and 

boundary conditions considering the effect of property variation. Basu and Date (1988) have 

provided a comprehensives review of the different models adopted by various authors based on 

both the fixed and variable domain methods and have presented a generalized formulation of 

melting and solidification problems. Samarskii et al. (1993) have modeled the phase change 

problem based on the conventional Stefan approximation for the evaluation of phase, and the 

Navier-Stokes equations using Boussinesq approximation, for the convective flows within the 

melt. 

 

For models in current practice for computational analysis, the most common modeling methods 

used in current practice for phase change problems is the formulation using the enthalpy method 

and apparent/effective heat capacity method. The problem of phase change must be solved by 

considering that the one governing equation for the two phases and interface condition is 

automatically satisfied creating a mushy zone between the two phases and is described in the 

following methods and models: 
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6.1.1 Enthalpy Method 

The enthalpy method was introduced in the 1940s, and since then a lot of work has been done 

using this method for modeling phase change problems. The governing equation for enthalpy 

formulation for a conduction controlled phase change, assuming constant thermophysical 

properties can be written as  

 

𝐷𝐻

𝐷𝑡
= ∇ ∙ (𝑘∇𝑇) 

Equation 6.1 

 

where the advective operator 
𝐷𝐻

𝐷𝑡
 is defined as: 

 

𝐷

𝐷𝑡
=

𝜕

𝜕𝑡
+ 𝑈 ∙ ∇ 

Equation 6.2 

 

where 𝑈 ∙ ∇ is the convective term, H is the total volumetric enthalpy of material and is a 

function of temperature. It consists of both sensible and latent heat. 

 

The relationship between the enthalpy and temperature is defined in terms of the latent heat 

release characteristics of the phase change material. The total volumetric enthalpy 𝐻 could be 

defined as: 

 

𝐻(𝑇) = ℎ(𝑇) + 𝜌𝑆𝐿𝑓(𝑇)

 Equation 6.3 

where 𝜌𝑆  is the density of the solid phase, ℎ(𝑇) is the sensible enthalpy, 𝑓(𝑇) is the liquid 

fraction, and L is  the latent heat. The sensible enthalpy is defined as follows: 

 

ℎ(𝑇) = ℎ𝑟𝑒𝑓 + ∫ 𝜌𝑆𝐶𝑝𝑑𝑇

𝑇

𝑇𝑟𝑒𝑓

 

Equation 6.4                                                                          

where 𝑓(𝑇) is the liquid fraction and is a function of temperature 

 

The liquid fraction is assumed to be a linear function with respect to the temperature: 

 

𝑓(𝑇) = {

0                              𝑇 < 𝑇𝑚

         ]0,1[       𝑇𝑚 − 𝜀 < 𝑇 < 𝑇𝑚 + 𝜀      
1                              𝑇 > 𝑇𝑚

 

Equation 6.5 

Thus, the governing equation for the whole system is: 



 

 

𝜕ℎ(𝑇)

𝜕𝑡
= ∇⃑⃑ (𝑘∇⃑⃑ 𝑇) − 𝜌𝐿

𝜕𝑓

𝜕𝑡
 

Equation 6.6 

 

Here, the phase-change occurs in the mushy zone and the absorption/release rate of the latent 

heat is quantified by the rate of change of the liquid fraction in this zone. The advantage of 

employing the enthalpy procedure is that there is no need to satisfy conditions at the phase 

change front which facilitates the implementation of numerical algorithms. 

 

6.1.2 Apparent Heat Capacity Method 

In order to avoid tracking the interface, this method accounts for the latent heat by estimating the 

heat capacity of the material in the phase change temperature range.  The apparent heat capacity 

can be defined as shown below provided that the latent heat is released uniformly within the 

phase change temperature range. 

 

                             𝐶𝑎𝑝𝑝 = {𝐶𝑠     𝑇 < 𝑇𝑠            solid phase 

𝐶𝑎𝑝𝑝 = {𝐶𝑖𝑛    𝑇𝑠  < 𝑇 < 𝑇1 solid/liquid phase 

                             𝐶𝑎𝑝𝑝 = {𝐶1     𝑇 > 𝑇1            liquid phase 

Equation 6.7 

 

where 

𝐶𝑖𝑛 =
{∫ 𝐶(𝑡)𝑑𝑇 + 𝐻𝑓}

𝑇1

𝑇𝑠

(𝑇1 − 𝑇𝑠)
 

Equation 6.8 

 

Based on the definition of apparent heat capacity, the energy equation in one dimension becomes: 

 

𝑝𝐶𝑎𝑝𝑝

𝑑𝑇

𝑑𝑡
=

𝑑

𝑑𝑥
(𝑘

𝑑𝑇

𝑑𝑥
) 

Equation 6.9 

 

Furthermore, there is a direct relationship between the effective heat capacity of the material 

itself and the specific heat during phase change. However, the effective heat capacity has an 

inverse relation with the range of the melting and solidification temperature (Peippo et al. 1991). 

Thus, the time steps must be small enough such that this temperature range is not overlooked in 

the calculation. If it is assumed that the heat of fusion is equally released throughout the entire 

phase change process, a new 𝐶𝑒𝑓𝑓 term can be written as: 
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𝐶𝑒𝑓𝑓 =
𝐿

𝑇𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑇𝑠𝑜𝑙𝑖𝑑
+ 𝐶𝑝         𝑖𝑓 𝑇𝑙𝑖𝑞𝑢𝑖𝑑 ≤ 𝑇 ≤ 𝑇𝑠𝑜𝑙𝑖𝑑 

 Equation 6.10 

 

and 

 𝐶𝑒𝑓𝑓 = 𝐶𝑝   𝑖𝑓   𝑇 < 𝑇𝑠𝑜𝑙𝑖𝑑   𝑜𝑟  𝑇 > 𝑇𝑙𝑖𝑞𝑢𝑖𝑑 

Equation 6.11 

 

In addition to the assumption that the heat of fusion is distributed evenly, other relationships 

between the heat absorbed/released (effective heat capacity) and temperature were used. Heim 

and Clarke (2004) assumed a linear relationship for effective heat capacity, while Darkwa et al. 

(2006) expressed it in a Gaussian format. The apparent heat capacity method uses a finite 

difference formulation based on the Crank–Nicolson scheme (Hashemi and Sliepcevich, 1967). 

They applied this method to one-dimensional problems where the phase change occurs in a finite 

temperature interval (i.e. a mushy range). The method was extended to the finite element 

formulation applicable to both one and two-dimensional problems of which both contain moving 

boundaries and temperature-dependent physical properties (Comini et. al, 1974). Although the 

apparent heat capacity method is conceptually simple, it does not compare well to other methods 

(Poirier and Salcudean, 1988) because, in the case of melting, the temperature of a controlled 

volume rose from its solid state into liquid form in one step. Furthermore, the absorption of the 

latent heat for that control volume was not accounted for when applied to solidification 

problems. 

 

Also, for pure materials, an artificial phase change temperature range must be used to avoid 

making equations (Cin) undefined. Over this artificial phase change temperature range, the latent 

heat is assumed to be either released or absorbed. The introduction of an artificial phase change 

temperature range would result in computational errors and simulation distortion of the real 

problem.  

 

6.1.3  Effective Heat Capacity Method  

In an effort to improve on existing heat capacity methods, this technique was proposed by Poirier 

and Salcudean, (1988) in which they reported that a temperature profile is assumed between the 

nodes. Rather than determining an apparent capacity, in terms of the nodal temperature, the 

effective heat capacity is calculated through the control volume given in the following equation: 

 

𝐶𝑒𝑓𝑓 =
∫𝐶𝑎𝑝𝑝𝑑𝑉

𝑉
   

Equation 6.12 

 

where Ceff, Capp and V are effective heat capacity, apparent heat capacity and control volume, 

respectively. 

 



 

By all accounts, this method performs significantly better than the apparent heat capacity method 

(Hu and Argyropoulos, 1996). By evaluating the above integral equation at each step, this 

method correctly accounts for the latent heat effect and the solution, and is independent of the 

artificial phase change temperature range. The need to assume a large artificial phase change 

temperature range is not required since the results are relatively insensitive to the time step. 

Furthermore, it is generally precise both on the entire domain and near the moving boundary. 

However, the integration formulae can become complicated and substantial, especially if the 

thermal gradients are high in the phase change temperature range and the method itself poses 

problems. 

 

Yuan and Medina (2009) presented a treatise dealing with phase change processes that start from 

a partially melted state. The temperature of a wall with paraffin-based PCMs was subjected to 

experimental analysis. The effective heat capacity of the PCM was determined using the 

Differential Scanning Calorimetry (DSC) test method over the phase change temperature range. 

Based on test results, a modified model for paraffin-PCM has been developed for use in the case 

of those which were either completely or partially melted. In the case of the Temperature 

Transforming Model (TTM), the enthalpy-based energy equation is formulated into a non-linear 

equation with a single variable (Cao and Faghri  1990). However, this method has difficulty in 

suppressing the motion of velocity at zero in the solid phase. Thus, the Ramped Switch-Off 

Method (RSOM) is considered as being the simplest technique to set the velocity equal to zero, 

in the solid phase, by setting values for momentum and velocity-correction equations able to 

inhibit any motion. In the solid-liquid interface, the RSOM undergoes a discontinuity in 

velocities, while the TTM manages the mushy zone in which the temperature is constant. 

Zhanhua and Yuwen (2006) have studied the effects of three different solid velocity correction 

schemes on a TTM, namely the RSOM, the Ramped Source Term Method (RSTM) and the 

Variable Viscosity Method (VVM). It was concluded that a discrete TTM model can be used 

efficiently to obtain convergence provided that a suitable grid size is selected and that the time 

increments are not too small. Additionally, applications of RSOM and RSTM-TTM lead to the 

same results which are more precise than that of the VVM. 

 

6.1.4 Variable RC Model 

In this model, a new one-dimensional RC (resistor-capacitor) model was developed with a 

considerably higher accuracy (Mirzaei and Haghighat, 2012). Unlike the traditional models, in 

this current model the resistance and capacitance varies with time. Thermal stratification is 

neglected and the temperature of the mushy zone is assumed to vary linearly between the 

solidification and melting temperatures. 

 

Depending upon the existence and coexistence of the mushy, solid, or liquid phases in each time 

step, a value can be assigned to a single RC circuit. For example, when the solid phase changes 

to the mushy and liquid phases, the resistance and capacitance changes accordingly and governs 

the length of time of each transitional change. In this particular model, each phase is assigned to 

one node. Thus, the number of nodes represents the coexistence of phases (Fig. 6.1). When the 
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PCM only contains one phase (pure solid or liquid), one node is used to simulate its behaviour. 

Using the same analogy, two or three nodes are employed when two (solid-mushy or liquid-

mushy) or three phases (solid-mushy-liquid) coexist. The proposed model automatically 

switches between one, two, and three nodes depending on the temperature imposed by the left 

and right boundaries. Therefore, the length of each phase provides evidence of the existence of 

these nodes and the required distance between each of them. 

 

 
(a) 

 
(b) 

 
(c) 

Figure 6.1 One dimensional modeling of the PCM sheet with coexistence of (a) only one 

phase (b) two-phases (c) three-phases 

 

The energy balance for each node can now be written, assuming variable lengths for existing 

phases. For example, for the solidification process, when all three phases coexist together, a 

portion (𝑙𝑠) of solidified mushy-PCM (q2) in addition to conducted heat from mushy-zone (q3) 

supply conducted heat through the left boundary condition (q1 = qlb), as shown in Fig. 6.2. 

 

 

Figure 6.2 Schematic of proposed 1-dimensional model 

 

The conducted heat from mushy-zone (q3) is provided simultaneously by the alteration of a 

portion (𝑙𝑓) of liquid-PCM to mushy-PCM (q4), and transfer of generated heat (q6), if the liquid-
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PCM has higher temperature than 𝑇𝑓, through the mushy zone integrated with coming heat from 

the right boundary condition (qrb). Eventually, conversion of the phase lengths with respect to 

each other has to be conserved: 

 

q2 + q3 = q1 = qlb ⇒
(𝑇𝑓 − 𝑇𝑠)

𝐿𝑚 + 𝑙𝑓−𝑙𝑠
𝐾𝑚

+ 𝐸𝑚𝑢𝑠ℎ𝑦→𝑠𝑜𝑙𝑖𝑑 =
(𝑇𝑠 − 𝑇𝑤)

𝐿𝑠+𝑙𝑠
𝐾𝑠

 

Equation 6.13 

 

q5 + q4 = q3 ⇒
𝑇 − 𝑇𝑓

𝐿𝑓

𝑁𝑢.𝐾𝑓

+ 𝐸𝑙𝑖𝑞𝑢𝑖𝑑→𝑚𝑢𝑠ℎ𝑦 =
(𝑇𝑓 − 𝑇𝑠)

𝐿𝑚 + 𝑙𝑓−𝑙𝑠
𝐾𝑚

 

Equation 6.14 

 

q6 + qrb = q5 ⇒ 𝜌𝑓𝑐𝑝𝑓𝐿𝑓�̇� + qrb =
𝑇 − 𝑇𝑓

𝐿𝑓

𝑁𝑢.𝐾𝑓

 

Equation 6.15 

 

𝐿𝑃𝐶𝑀 = 𝐿𝑚 + 𝐿𝑠 + 𝐿𝑓 

Equation 6.16 

where 𝐿𝑃𝐶𝑀 is the total length of the PCM and is a constant number, α is the thermal diffusivity 

(m2/s), ρ is the density (kg.m−3), K is the thermal conductivity (W/mK), and Nu is theNusselt 

number of fluid phase and calculated by an empirical equation. 

 

 

6.2 Modeling of LHS in Building Components and Centralized Systems 

This section details the extent to which commercial software is utilized to simulate PCM 

integration into customized models for wallboards and centralized systems in building 

applications. 

 

6.2.1 Modeling of Latent Heat Storage for PCM Wallboards 

To simulate the thermal performance of a PCM wallboard, a model can be developed utilizing 

the finite difference technique. The assumptions made to simplify the model are as follows: 

 

 Unidirectional heat transfer 

 Conduction heat transfer through the wall board 

 Uniformly distributed physical properties in the wallboard 
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 Constant and equal heat capacity in completely solid and liquid zones of the wallboard  

 Constant and unequal conductivity in solid and liquid zones of the wallboard 

 Constant density  

Thus, based on these assumptions, the heat diffusion through the wallboard is described by the 

following one-dimensional heat equation: 

 

𝜌𝐶𝑝

𝜕𝑇

𝜕𝑡
= 𝑘𝑠/𝑙

𝜕2𝑇

𝜕𝑥2
+ 𝑆 

Equation 6.17 

 

where ρ is the density [Kg.m-3], Cp is the heat capacity [J.Kg-1.K-1], T is the temperature [K], t is 

time [s], ks/l is the conductivity in solid/liquid [W.m-1.K-1], and S is introduced to account for the 

source/sink of latent heat. It is presented as: 

𝑆 = 𝜌𝐿
𝜕𝑓

𝜕𝑡
 

Equation 6.18 

 

This equation implies that the rate of absorption and release of latent heat depends on the rate of 

change of the liquid fraction. By using the chain rule, the above equation is reconfigured as: 

 

𝑆 = 𝜌𝐿
𝜕𝑓

𝜕𝑇

𝜕𝑇

𝜕𝑡
 

Equation 6.19 

where the  L is latent heat [J.Kg-1]. The liquid fraction is assumed to change linearly between the 

solidification temperature and melting temperature. Thus, the liquid fraction as a function of 

time is: 

 

𝑓(𝑇) =
𝑇 − 𝑇𝑠

𝑇𝑚 − 𝑇𝑠
 

Equation 6.20 

where Ts is the solidification temperature and Tm is the melting temperature. The Crank-Nicolson 

implicit numerical scheme is adopted to solve the parabolic partial differential heat equation. For 

the node i in the time step n, the formula is:  

 

−(𝑟𝑖
𝑛)𝑇𝑖−1

𝑛+1 + 2(1 + 𝑟𝑖
𝑛)𝑇𝑖

𝑛+1 − (𝑟𝑖
𝑛)𝑇𝑖+1

𝑛+1 = (𝑟𝑖
𝑛)𝑇𝑖−1

𝑛 + 2(1 − 𝑟𝑖
𝑛)𝑇𝑖

𝑛 + 𝑟𝑖
𝑛𝑇𝑖+1

𝑛  

Equation 6.21 

  𝑟𝑖
𝑛 =

𝑘𝑖
𝑛−1∆𝑡

∆𝑥2𝜌(𝐶𝑝 + 𝐿𝑓′)
 

Equation 6.22 

𝑓′ =
𝑓𝑖

𝑛−1 − 𝑓𝑖
𝑛−2

𝑇𝑖
𝑛−1 − 𝑇𝑖

𝑛−2 



 

Equation 6.23 

 

First and second-order partial derivatives are selected in terms of central differences for internal 

nodes whereas, in boundaries, the forward and backward differences were applied with second 

order error. 

 

6.2.2 Boundary Conditions of the Inner and Outer Surfaces of the 

Building Envelope 

Setting the source term to zero for non-PCM boards, Eq. 6.23 is also solved for the conventional 

building material used in building envelopes. The equation is subjected to the following 

boundary conditions:  

 

 Outer surface: 

          𝑄𝑟𝑎𝑑,𝑜𝑢𝑡 + ℎ𝑐𝑜𝑛𝑣,𝑜𝑢𝑡(𝑇𝑜𝑢𝑡 − 𝑇(𝑥, 𝑡)) = −𝑘𝑒,𝑤 (
𝜕𝑇(𝑥, 𝑡)

𝜕𝑥
)      @  𝑥 = 0 

Equation 6.24 

 Inner surface: 

           𝑄𝑟𝑎𝑑,𝑖𝑛 + ℎ𝑐𝑜𝑛𝑣,𝑖𝑛(𝑇𝑟𝑜𝑜𝑚 − 𝑇(𝑥, 𝑡)) = −𝑘𝑖,𝑤 (
𝜕𝑇(𝑥, 𝑡)

𝜕𝑥
)      @  𝑥 = 𝐿 

Equation 6.25 

where Qrad is the radiation heat flux, hconv is the convection coefficient, L is  the thickness of the 

wall, and ke,w and ki,w is the conductivity of the exterior and interior wallboards, respectively. 

Inside the room, the long wave radiation is considered between the surfaces. All inner surfaces 

are assumed as being a grey body and the energy leaves the surface i by means of radiation heat 

transfer which is calculated as follows: 

 

𝑞𝑜𝑢𝑡,𝑖 = 𝜀𝑖𝜎𝑇𝑖
4 + 𝜌𝑖𝑞𝑖𝑛,𝑖 

Equation 6.26 

where qout,i  is the radiated heat flux leaves the surface, εi is the emissivity of the surface, ρi is the 

reflectance of the surface, and qin,I is the incident radiated heat flux of the surface i. For opaque 

grey body, the relations between emissivity and reflectance are as follows: 

 

𝛼 + 𝜌 = 1,       𝛼 = 𝜀,       𝜌 = 1 − 𝜀 

Equation 6.27 

 

The incident radiation heat flux to each surface is: 

𝐴𝑖𝑞𝑖𝑛,𝑖 = ∑𝐴𝑗𝑞𝑜𝑢𝑡,𝑗𝐹𝑗𝑖

𝑁

𝑗=1

 

Equation 6.28 
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where  Fji is the shape factor between surface j and i, Ai: the surface area of the surface i, and N 

is the number of surfaces. Bearing in mind the law of reciprocity, the radiated heat flux from 

each surface is calculated as follows: 

 

𝑞𝑜𝑢𝑡,𝑖 = 𝜀𝑖𝜎𝑇𝑖
4 + 𝜌𝑖 ∑Fijqout,j

N

j=1

 

Equation 6.29 

 

Solving Eq. 6.29 for all surfaces creates a matrix system as follows: 

 

𝐴 ∗ 𝑄 = 𝐸 

Equation 6.30 

where A is an N*N matrix of coefficients, Q is the radiated heat flux vector of all surfaces, and E 

is the emissivity vector of all surfaces. 

 

The initial condition is considered as: 

𝑇(𝑥, 𝑡) = 𝑇0       @   𝑡 = 0 

Equation 6.31 

 

6.2.3 Room Temperature Modeling 

The room temperature at each time step is calculated by solving the following equations: 

 

𝐶𝑝,𝑎𝑖𝑟𝜌𝑎𝑖𝑟𝑉𝑟𝑜𝑜𝑚

𝑑𝑇𝑟𝑜𝑜𝑚

𝑑𝑡
= ∑𝑄𝑐𝑜𝑛𝑣,𝑖 + 𝑄𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛

𝑁

𝑖=1

 

Equation 6.32 

 

𝑄𝑐𝑜𝑛𝑣,𝑖 = ℎ𝑐𝑜𝑛𝑣,𝑖𝑛 ∗ (𝑇𝑖,𝐿 − 𝑇𝑟𝑜𝑜𝑚) 

Equation 6.33 

 

𝑄𝑖𝑛𝑓𝑖𝑙𝑡𝑟𝑎𝑡𝑖𝑜𝑛 = 𝐶𝑝,𝑎𝑖𝑟𝜌𝑎𝑖𝑟𝑉𝑟𝑜𝑜𝑚 ∗ 𝐴𝐶𝐻 ∗ (𝑇𝑜𝑢𝑡(𝑡) − 𝑇𝑟𝑜𝑜𝑚(𝑡))/3600 

Equation 6.34 

where ACH is the air exchange rate [hr-1]. All the mentioned equations are solved together which 

makes a matrix system as follows: 

 

𝐴 ∗ 𝑇 = 𝐶 

Equation 6.35 

where A is the coefficient matrix, T is the temperature vector, and C is the known value vector. 

This equation is solved by using Matlab to calculate the temperature distribution inside the walls 

and the room temperature profile during the simulation time. 



 

 

6.2.4 Modeling of Latent Heat Storage in Centralized Systems 

An enthalpy-porosity technique for modeling convection-diffusion phase change has a beneficial 

impact to couple the momentum and energy equations belonging to a fixed-grid solution and to 

avoid considering variable transformations. Furthermore, the main advantage of this approach is 

that it quickly converges and produces an accurate result with the need for only modest 

computational requirements. A numerical solver algorithm is employed (Patankar 1980) for 

solving momentum and continuity equations in order to obtain the velocity field. The enthalpy-

porosity method is employed to solve a multi-dimensional phase change heat transfer model in 

which both the enthalpy and temperature are unknown parameters and a unified energy equation 

is formulated. The liquid fraction and temperature changes are assumed to have a linear 

relationship in the mushy regions. In order to track the solid-liquid interface positions, the 

method updates the liquid friction at each unit cell at each time step in the entire computation 

(Voller and Swaminathan 1991).   

 

A numerical technique is employed to simulate the PCM heat transfer within a certain 

temperature range which, typically, used the enthalpy-porosity theory to deal with solid-liquid 

interface. The porosity effect is found to be similar to the liquid volume fraction of the porous 

media at the mushy regions (Brent et al., 1988). In view of multiphase flow models, such as the 

volume of fluid method (VOF) and the mixture and Euler model, only the VOF and the 

solidification/melting model can be applied simultaneously.  

 

For simplicity, the following assumptions are made: 

 

 The axial conduction and viscous dissipation in the fluid are negligible. 

 The PCM and porous matrix material are considered homogenous and isotropic.  

 The thermo-physical properties of the PCM and transfer fluid are independent of 

temperature. However, the properties of the PCM could be different in the solid and 

liquid phases.  

 The effect of radiation heat transfer is negligible.  

 

6.2.5 Governing Equations 

These equations are implemented to describe the fluid flow and heat transfer characteristics of 

both the PCM and Heat Transfer Fluid (HTF). The density and dynamic viscosity of the liquid 

PCM depend on its temperature. The density is introduced as follows: 

 

𝜌 =
𝜌𝑙

𝛽(𝑇 − 𝑇𝑙) + 1
 

Equation 6.36 
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where 𝜌(𝑃𝐶𝑀) : the density of PCM, 𝜌𝑙  is the reference density of PCM at the melting 

temperature, and 𝛽 is the expansion factor. The value of  𝛽 = 0.001 has been selected based on 

the analysis of the detailed data presented by Humphries and Griggs (Humphries and Griggs, 

1977). The dynamic viscosity of the liquid PCM has been introduced as shown in Eq. 6.36 (Reid 

et al., 1987) 

 

𝜇 = 𝑒𝑥𝑝 (𝐴 +
𝐵

𝑇
) 

Equation 6.37 

where 

𝐴 =  −4.25 and 𝐵 =  1790 are coefficients 

 

                         

The energy equation can be written in terms of the sensible enthalpy as follows: 

 

ℎ = ∫ 𝑐𝑑𝑇

𝑇

𝑇𝑟𝑒𝑓

 

Equation 6.38 

 

 𝜕𝜌ℎ

𝜕𝑡
  +   𝑑𝑖𝑣(𝜌𝑢ℎ) = 𝑑𝑖𝑣 ((

𝑘

𝑐
) 𝑔𝑟𝑎𝑑 ℎ) + 𝑆ℎ 

Equation 6.39 

Where 𝑘 is the thermal conductivity, 𝑐 is the specific heat, and 𝑆ℎis the latent heat source term. 

In order to describe the fluid flow of full liquid and mushy regions, the conservation equations of 

both the momentum and mass is crucial. In the enthalpy-porosity approach, the energy equation 

source term (𝑆ℎ) accounting for the latent heat evolution can be written in the following form: 

 

𝑆ℎ = 
𝜕(𝜌∆𝐻)

𝜕𝑡
+  𝑑𝑖𝑣(𝜌𝑢∆𝐻) 

Equation 6.40 

 

where 𝛥𝐻 = 𝐹(𝑇) is the latent heat content, is a function of temperature. The value of 𝐹(𝑇) can 

be generalized as follows: 

 

𝐹(𝑇) =  {

𝐿,                                                        𝑇 ≥ 𝑇𝑙𝑖𝑞𝑢𝑖𝑑

𝐿(1 − 𝑓𝑠),                         𝑇𝑙𝑖𝑞𝑢𝑖𝑑 ≥ 𝑇 ≥ 𝑇𝑠𝑜𝑙𝑖𝑑

0,                                                          𝑇 < 𝑇𝑠𝑜𝑙𝑖𝑑

 

Equation 6.41 

where 𝐿 is the latent heat of phase change. Assuming a Newtonian laminar flow, such equations 

could be in following forms: 

 



 

𝜕(𝜌𝑢)

𝜕𝑡
  +   𝑑𝑖𝑣(𝜌𝑢 𝑢) = 𝑑𝑖𝑣(𝜇 𝑔𝑟𝑎𝑑 𝑢) −

𝜕𝑃

𝜕𝑥
+  𝐴𝑢 

Equation 6.42 

 

 𝜕(𝜌𝑣)

𝜕𝑡
  +   𝑑𝑖𝑣(𝜌𝑢 𝑣) = 𝑑𝑖𝑣(𝜇 𝑔𝑟𝑎𝑑 𝑣) −

𝜕𝑃

𝜕𝑦
+  𝐴𝑣 + 𝑆𝑏 

Equation 6.43 

 

𝜕(𝜌𝑤)

𝜕𝑡
  +   𝑑𝑖𝑣(𝜌𝑢 𝑤) = 𝑑𝑖𝑣(𝜇 𝑔𝑟𝑎𝑑 𝑤) −

𝜕𝑃

𝜕𝑧
+  𝐴𝑤 

Equation 6.44  

 

𝜕(𝜌)

𝜕𝑡
  +   𝑑𝑖𝑣(𝜌𝑢) = 0 

Equation 6.45 

where 𝑢 = (𝑢, 𝑣, 𝑤) is the velocity, 𝑃is the effective pressure, 𝑆𝑏is the buoyancy source term, 

and 𝜇 is the viscosity.  

 

𝑆𝑏 = 𝜌𝑟𝑒𝑓𝑔𝛽(ℎ − ℎ𝑟𝑒𝑓)/𝑐 

Equation 6.46 

 

where 𝛽 is the thermal expansion coefficient, ℎ𝑟𝑒𝑓 and 𝜌𝑟𝑒𝑓 are reference values of enthalpy and 

density, respectively (Brent et al., 1988). The total enthalpy of the material can be introduced as 

 

𝐻 = ℎ + ∆𝐻 

Equation 6.47 

where 

ℎ = ℎ𝑟𝑒𝑓 + ∫ 𝑐𝑝

𝑇

𝑇𝑟𝑒𝑓

𝑑𝑇 

Equation 6.48 

and ℎ𝑟𝑒𝑓 is the reference enthalpy, 𝑇𝑟𝑒𝑓 is the reference temperature, and 𝑐𝑝is the specific heat at 

constant pressure. The total enthalpy, H, is the sum of sensible heat, ℎ = 𝑐𝑇, and latent heat ∆𝐻. 

The liquid friction (f) can be expressed as: 

 

𝑓 = {

0                                                                        𝑇  < 𝑇𝑠𝑜𝑙𝑖𝑑

1                                                                        𝑇  > 𝑇𝑙𝑖𝑞𝑢𝑖𝑑

(𝑇 − 𝑇𝑠𝑜𝑙𝑖𝑑) (𝑇𝑙𝑖𝑞𝑢𝑖𝑑 − 𝑇𝑠𝑜𝑙𝑖𝑑)⁄                𝑇𝑠𝑜𝑙𝑖𝑑 <  𝑇 < 𝑇𝑙𝑖𝑞𝑢𝑖𝑑

 

Equation 6.49 
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In terms of the latent heat of the material, the latent heat content can be written in the following 

form: 

 

∆𝐻 = 𝑓𝐿 

Equation 6.50 

 

In the enthalpy-porosity technique, the mushy region (partially solidified region) is treated as a 

porous medium. For the purpose of the methodology development, it is worthwhile to consider 

the whole cavity as being a porous medium. In fully solidified regions, the porosity, 𝜆, is set to 

be equal to zero and takes the values, 𝜆 = 1, in fully liquidus regions, while in mushy regions 

lies between 0 and 1. Accordingly, the flow velocity is linked to the porosity state and is defined 

as: 

 

𝑢 = 𝜆𝑢𝑖 

Equation 6.51 

 

where 𝑢𝑖is the real flow velocity. The equation above can be extended to yield: 

 

𝑢 = {

𝑢𝑖,                     𝑓𝑜𝑟 𝑙𝑖𝑞𝑢𝑖𝑑 𝑟𝑒𝑔𝑖𝑜𝑛
(1 − 𝑓𝑠)𝑢𝑖,       𝑓𝑜𝑟 𝑚𝑢𝑠ℎ𝑦 𝑟𝑒𝑔𝑖𝑜𝑛

0,                      𝑓𝑜𝑟 𝑠𝑜𝑖𝑙𝑑 𝑟𝑒𝑔𝑖𝑜𝑛

 

Equation 6.52 

 

To describe the flow of a fluid through a porous medium, it is necessary to introduce Darcy’s 

law as: 

 

𝑢 = −(
𝐾

𝜇
)𝑔𝑟𝑎𝑑𝑃 

Equation 6.53 

where  𝐾 is the permeability, which is considered as a function of the porosity. Based on Darcy’s 

law, the Carman-Koseny equation can be written, (Carman, 1937) as: 

 

𝑔𝑟𝑎𝑑𝑃 = −
𝐶(1 − 𝜆)2

𝜆3𝑢
 

Equation 6.54 

 

It is suggested that the following formula for a function A be presented as: 

 

𝐴 = −
𝐶(1 − 𝜆)2

𝜆3 + 𝜔
    

Equation 6.55                            



 

The value of 𝐶 is related to morphological properties of the porous medium, and assumed to 

have a constant of 1.6× 105. The constant 𝜔 is used to avoid dividing over zero and is set to be 

10-3 , (Voller et al. 1987). 

 

6.3 Solution Methodologies 

These can be classified into exact methods, approximate analytical methods and numerical 

methods.  The moving interface in phase change problems makes it time dependent and 

introduces nonlinearity and mathematical complexity into the problem. In addition the thermo-

physical properties of each region differ. Situations involving more than one interface can also 

occur in materials such as alloy that undergo secondary transformations at discrete phase change 

temperatures. Due to these complexities, the exact closed form analytical solutions are very few 

and are also difficult to obtain. In the approximate analytical methods, simplifying assumptions 

are made leading to the formulation of the partial differential equations. These give either 

completely analytical or explicit expressions, for either interface movement or ordinary integral 

and differential equations, which have to be evaluated numerically. The analytical approach 

available can be classified according to the methods and features as follows: (1) Heat balance 

integral method (2) Variational methods, (3) Successive approximation, (4) Perturbation, (5) 

Collocation and (6) Other approximate methods. The analytical methods for solving moving 

boundary surface problem have been reviewed by Lunardini (1981). Viskanta (1983) has 

reviewed the phase change heat transfer studies in which most of the exact and analytical 

solution methodologies adopted by different authors are highlighted. 

 

Most of the approximate analytical methods are restricted in application to one-dimensional 

problems and cannot be readily extended to multidimensional problems which invariably have 

complex boundary conditions. Hence, for multidimensional problems, the numerical finite 

difference and finite element solution techniques are very versatile and are better suited for 

practical problems since they rely on approximations to the governing partial differential 

equations over small time and space intervals. The Finite Difference method is most frequently 

used in phase change problems, due mainly to its simplicity in formulation and programming, 

whereas the finite element and boundary element methods are suitable for treating irregular 

geometrical boundaries. Another strategy for solving field equations over irregularly shaped 

domains is the numerical grid generation technique. The finite difference, and finite element 

methods, could give better results only when the conduction effect is considered in the energy 

equation. The finite volume method is considered to be the most suitable when the convective 

effect is considered in the analysis. 

6.4 Existing Simulation Tools 

Unlike the experimental study, in order to investigate a phenomenon, numerical simulation can 

be conducted with greater speed and economy. Also, the validated model can always be 

employed for parametric studies and has more general applications than an experimental work. 

Therefore, numerical simulation is a widely-used method for economically and efficiently 

analyzing complex physical phenomena, such as the modeling of PCMs. In general, PCM 
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modeling is employed in order to simulate the phase change procedure in a material and predict 

its effect on the surrounding environment. Essentially, these models are developed based on 

energy conservation equations. In order to solve these equations with practical applications, 

which are usually complex, numerical methods are used and numerical analysis software has 

been developed accordingly. So far, only a few software packages have been developed for PCM 

modeling, and are briefly introduced in the following sections.  

 

6.4.1 Transient Systems Simulation Program (TRNSYS) Modeling 

This is a modular building and renewable energy simulation program developed by the 

University of Wisconsin that is based on the FORTRAN programming language. Its original 

application was to simulate the behaviour of a solar hot water system for a typical 

meteorological year (TRNSYS, Wiki). It consisted of different components which enabled it to 

be flexible when modeling and for which new downloads are available when required. Moreover, 

there is access to the source code of all components which can be used either directly or at least 

be easily modified based on requirements. This enables data from various sources to be linked to 

enable the simulations and calculations. To define buildings with different thermal zones, Type 

56 “Multi-zone building” is used, which considers the energy balance of each thermal zone 

(Schranzhofer et al., 2006). Also, for the simulation of the integration of PCMs into building 

envelopes, researchers have further developed different models such as Type 204 (Jokisalo et al., 

2000), Type 241 (Schranzhofer et al., 2006), and Type 260 (Kuznik et al., 2010). Note that Type 

204 and 241 simulate only PCM layers which are integrated into building envelopes, while Type 

260 simulate whole PCM wallboards. All these three types have a similar implementation 

principle within TRYSYS: during simulation, these PCM types receive input data/information 

from Type 56, and then return required output data/information to Type 56 after calculations. Fig. 

6.3 shows the implementation principle of the Type 260 within TRNSYS (Kuznik et al., 2010).   

 

 
Figure 6.3 TRNSYS flow diagram with PCM type  

 

The issue is how to connect the PCM type to the multi-zone building type (Type 56). Various 

connecting methods have been proposed and one method for Type 241 is explained as follows: 

 

In TRNSYS the wall to which the PCM layer is attached is split by an imaginary type 56 called 

‘direct contact zone’, as depicted in Fig. 6.4 (Schranzhofer et al., 2006).  

 

http://en.wikipedia.org/wiki/Solar_hot_water
http://en.wikipedia.org/wiki/Typical_meteorological_year
http://en.wikipedia.org/wiki/Typical_meteorological_year


 

 
Figure 6.4 Connecting the PCM module with type 56, multi zone building (Schranzhofer et 

al., 2006) 

 

On one side of this zone, there is the construction of an external wall and on the other side is a 

boundary wall, which gets the boundary temperature from the PCM Type to the ‘direct contact 

zone’. The actual air zone has a boundary wall, defined as a massless layer with negligible 

thermal resistance to provide the boundary surface temperature as input to actual air zone. The 

calculation of heat transfer and heat storage in the PCM is done by type 241. It takes the heat 

fluxes from the Type 56 zones and yields the temperatures to the zones.  

 

For demonstration purposes, the connection of different types for a PCM wall model based on 

Type 241 is shown in Fig. 6.5. 

 

 
Figure 6.5 PCM wall modeling in TRNSYS 

 

It should be mentioned that Type 241 has not, as yet, been validated using experimental data 

until now due to a lack of appropriate data. However, a comparative study was conducted to 

simulate the thermal behavior of a reference room with PCM plaster and normal gypsum plaster 

(Schranzhofer et al. 2006). They concluded that the expected results of reduced peak 

temperatures were observed with the use of PCM plaster.  
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6.4.2 EnergyPlus Modeling 

EnergyPlus is an energy analysis and thermal load simulation program, developed by the US 

Department of Energy (DOE). It calculates the heating and cooling loads necessary to maintain 

desirable indoor environmental quality, operating conditions of secondary HVAC systems, and 

the energy consumption of building-related equipment. Building designers, engineers, and 

architects can use EnergyPlus to model energy and water use in buildings and then optimize their 

building designs in terms of energy/water conservation without reducing human thermal comfort. 

EnergyPlus source code is open for inspection and understandable.  Developers are able to 

develop new modules—algorithmic or interfaces, which makes EnergyPlus a popular building 

energy simulation program around the world (Crawley et al., 2001). 

 

The default heat balance algorithm within EnergyPlus contains a conduction transfer function 

(CTF) which ignores variable thermal properties and thus cannot simulate materials with 

variable properties such as PCMs. To solve this problem, a one-dimensional conduction finite 

difference (CondFD) algorithm was developed and used by EnergyPlus for PCM modeling 

(Tabares-Velasco et al., 2012). CondFD has already been validated using a set of eight test cases 

that focus on verifying conductive heat transfer algorithms and boundary conditions in building 

envelopes (Tabares-Velasco and Griffith, 2012).  

 

In the CondFD algorithm, all elements are discretized automatically using Eq. 6.56: 

 

∆𝑥 = √𝑐 ∙ 𝛼 ∙ ∆𝑡 = √
𝛼 ∙ ∆𝑡

𝐹𝑜
 

Equation 6.56 

where 

c: space discretization constant 

a:  the thermal diffusivity of the material 

∆𝑡: time step 

 

Moreover, for PCM modeling, the CondFD algorithm is combined with an enthalpy-temperature 

function (Eq. (6.57)), which is used to develop an equivalent specific heat at each time step (Eq. 

(6.55)) (Pedersen, 2007). Therefore, essentially the PCM model is developed based on the 

enthalpy method. 

 

ℎ = ℎ(𝑇) 

Equation 6.57 

                                                   

𝐶𝑝
∗(𝑇) =

ℎ𝑖
𝑗
− ℎ𝑖

𝑗−1

𝑇𝑖
𝑗
− 𝑇𝑖

𝑗−1
 

Equation 6.58 



 

where is h is the enthalpy. Fig. 6.6 shows a screenshot of the interface of PCM modeling within 

EnergyPlus, and the red circle shows additional input required for modeling materials with phase 

change (Shrestha, 2010). 

 

 
 

Figure 6.6 A screenshot of the interface of PCM modeling within EnergyPlus (Shrestha, 

2010) 

 

The PCM model within EnergyPlus can be used to simulate the thermal performance of PCM 

integrated into building envelopes. For example, the daily temperature distribution inside a PCM 

wall can be evaluated in different depths, as shown in Fig. 6. 7.  

 

 
Figure 6.7 Daily temperature distribution inside PCM wall simulated by EnergyPlus 

(Shrestha, 2010) 

 

Model verification plays an important role in developing and implementing models in 

commercial software packages. Recently, the PCM model within EnergyPlus was verified and 

validated using an approach similar to ASHRAE Standard 140 (Tabares-Velasco et al., 2012). 

They identified and fixed two bugs of the model and the new version of EnergyPlus will include 
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the fixes which will reduce the operation time and allow for simulating PCMs possessing 

variable thermal conductivity. 

 

6.4.3 ESP-r Modeling 

ESP-r is an open-sourced, integrated building energy modelling tool created by the University of 

Strathclyde (ESP-r website).  It was developed in 1974 and was converted to the GNU Public 

License in 2002 (Energy efficiency and renewable energy website). It can be used to simulate the 

thermal, visual and acoustic performance of buildings, building energy consumption, and 

gaseous emissions associated with building energy use.  

 

ESP-r calculates building performance values based on a finite volume approach which implies 

that a set of conservation equations need to be solved. The holistic nature and range of features 

enable ESP-r users to optimize a house efficiently (ESP-r Wiki), although further documentation 

is still required in order to maximize on its potential.  

 

A method of PCM modelling was developed for the ESP-r system in order to model and simulate 

active/passive building elements integrated with PCM (Heim and Clarke, 2004).  Within ESP-r, 

the PCM model is described with the control volume approach and thus allows for the variable 

thermo-physical properties of the physical elements (Nakhi, 1995). Also, the behaviour of PCM 

is simulated using the concept of special materials, a means of modelling active building 

elements with the ability to change their thermo-physical properties (Kelly, 1998). Moreover, the 

effective heat capacity method is used to model heat transfer characteristics of PCMs. On the 

basis of this, the phase change effect is integrated into the energy equation through the 

substitution of thermal property. It should, however, be noted that within the phase change 

temperature range, effective capacity is a non-linear function of temperature while it can be 

substituted by a linear relationship (Heim and Clarke, 2004). 

 

In order to verify the proposed PCM modelling method, simulations were conducted for a multi-

zone, highly glazed and naturally ventilated passive solar building (Heim and Clarke, 2004). In 

this study, PCM-impregnated gypsum plasterboard was added to the internal surface in an 

internal room. Within the simulations, the values of PCM node temperature and latent heat of 

phase change were calculated and saved at each time step (a 15 min time step was used).  

 

6.4.4 Non-Commercial Simulation Codes or Software Packages  

Few non-commercial codes or packages for simulating PCM integrated into building envelopes 

were also reported in previous publications. For example, by using a building energy simulation 

code FHOUSE, Peippo et al. (1991) made an attempt to study the thermal performance of a PCM 

wall in the direct-gain room in a residential application through hourly simulations. In their study, 

the  effect  of  latent  heat  of  the  PCM  was  accounted for by simply defining an effective 

specific heat  capacity ceff: 

 



 

𝐶𝑒𝑓𝑓 = 𝑐 +
∆𝐻

∆𝑇
 

Equation 6.59 

Where c is the sensible heat capacity of the PCM, ∆𝐻 is the heat of fusion, and ∆𝑇 𝑖𝑠  the 

working temperature range of the wall. This study is just starting at the first attempt to model 

PCM walls while the accuracy of the results is relatively low.  

 

An in-house software CODYMUR, developed at the Thermal Sciences Center of Lyon in 2002 

was used to optimize PCM wallboards by the means of numerical simulations (Kuznik et al., 

2008). CODYMUR allows for the study of the thermal behavior of a wall. Specifically, it is able 

to calculate and simulate temperatures within a wall as well as surface heat flows, as a function 

of time. The CODYMUR assumed that all thermo-physical properties of the materials are 

constant. Therefore, in order to simulate PCM wallboards, modifications need to be made to 

enter conductivity and specific heat varying with temperature. Also, an explicit Euler scheme 

was performed with an automatic time step calculation.  

 

Based on this modeling method, an optimization process was carried out using a test case of a 

light-weight wall and interior/exterior temperature evolutions within a period of 24 h (Kuznik et 

al., 2008). The results show that an optimal PCM thickness exists and is achieved successfully. 

However, they also emphasized that the software only analyzes the thermal behavior of a single 

wall, while it is impossible to have a direct coupling between this wall and the temperature of the 

room.  
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Chapter Seven 

 

7 Physisorption Heat Storage: Numerical Modelling of a Zeolite 

Bed 

7.1 Introduction 

Thermal energy storage systems could significantly contribute to reduce our dependency on 

fossil fuels, while encouraging more efficient and environmentally friendly energy use. Indeed, 

the primary role of these systems is to diminish the discrepancy between the availability of 

resources and their demand (Hadorn, 2005; Abedin and Rosen, 2011; N’Tsoukpoe et al., 2011; 

Tatsidjodoung et al., 2013). In addition, designing efficient and inexpensive energy storage 

devices is vital since energy supply will become more and more volatile, as a consequence of the 

increasing share of renewable energies, which are inherently intermittent, in the energy mix. 

Furthermore, the usage of a storage system during consumption peaks (Poignant et al., 2010), by 

punctual discharges, contributes to smoothing the load curve and avoids the usage of the most 

polluting power plants throughout the process. 

 

Thermal energy storage can be achieved either by using sensible heat storage, latent heat storage, 

physical sorption heat storage or chemical heat storage (Hadorn, 2005; Abedin and Rosen, 2011; 

N’Tsoukpoe et al., 2011; Tatsidjodoung et al., 2013). Physical sorption and chemical heat 

storage have the highest potential for seasonal heat storage:  the storage energy density is high 

with minimal heat losses to the environment during the critical period. 

For example, an inter-seasonal heat storage system based on sorption (couple zeolite/water) 

could operate as follows: 

- During the summer, the regeneration phase, solar excess heat is used to heat the incoming 

ambient air in a heat exchanger. This hot dry air then flows through the storage unit and 

dehydrates the material. The exhaust warm air is used to pre-heat the incoming ambient 

air. 

- During winter, the discharging phase, humid indoor air flows through the storage unit 

and hydrates the material. The heat thus engendered is transferred to the incoming cold 

air in the ventilation heat exchanger to produce warm air used for the heating of the 

building. 

 

Several international open adsorption seasonal storage projects aiming to show the feasibility 

and relevance of such systems have emerged in recent years (N’Tsoukpoe et al., 2011; 

Tatsidjodoung et al., 2013; Hongois, 2011; Duquesne, 2013). The results of these studies show 

there remain some uncertainties as to how to choose the adequate material and about the powers 

levels reached by the reactor. Once technical specifications have been defined, in order to reach 

the required performances, heat and mass transfer in the storage device have to be optimized. 

 

The design and simulation of a sorption heat storage fixed-bed reactor involves the mathematical 

modelling of the transport and sorption processes occurring in a multi-phase (gaseous, adsorbed 



 

and solid states) system. Detailed mathematical models of such systems that account for the flow 

field, inter- and intra-phase gradients as well as interaction or exchange between the phases are 

often complex  (Kaviany, 1995; Bories et al., 2008). Furthermore, these detailed models contain 

a considerable number of physico-chemical parameters. Hence, it may be virtually impossible to 

study such models and how their solutions vary in the multi-dimensional parameter space. 

However, it is possible to simplify these multi-phase models.  

 

In this chapter, a pseudo-homogeneous model, which does not explicitly account for the 

presence of the sorbent beads, is established in order to simulate the performance of a zeolite bed 

during the adsorption of water (the discharging phase) and to determine the sensitivity of the 

energy density in the bed to some parameters. 

 

7.2 Hypotheses 

The system studied is a fixed bed packed with porous spherical zeolite beads, in which the 

adsorption of water (the discharging phase) is carried out. The feed gas, humid air, is supplied to 

the bed at ambient temperature. 

 

The equations governing the heat and mass transfer in porous media are generally obtained by 

means of scale-changing methods (Kaviany, 1995; Bories et al., 2008). The latter allow moving 

from a microscopic scale, in which the averaging volume is small compared to the pores, to a 

macroscopic scale, in which the averaging volume is large next to the pores. The actual 

discontinuous medium is thus converted, under certain closure assumptions, to an equivalent 

fictitious continuous one. The hypotheses to which the equations in the model describing the 

dynamics of the system are subject are as follows: 

 

 The adsorbent beads have identical properties and are uniformly distributed throughout 

the bed 

 The bed porosity is uniform 

 The gas phase behaves as an ideal gas mixture of dry air and water vapour 

 Thermal equilibrium is assumed between the three phases (solid, gas, and adsorbed) 

 The flow pattern can be described by an axially dispersed plug flow-model 

 Radial gradients in the bed are negligible 

 Axial conduction in the wall is negligible 

 

7.3 Mass and Energy Balance Equations 

Considering the above assumptions, the macroscopic equations governing heat and mass transfer 

in the bed are: 

(1) Overall mass balance: 
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                                                                                                                    Equation 7.1 
(2) Component (water vapour) mass balance, where, xv, in Eq. 7.2 is the water vapour molar 

fraction: 
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                                                                                                                                Equation 7.2 

 

𝑥𝑣 =
𝑐𝑣

𝑐𝑓
 

                                                                                                              Equation 7.3 
The axial dispersion term is expressed as a function of the water vapour molar fraction according 

to the method of Choong et al. (Leinekugel-Le-cocq, 2004). 

(1) The energy balance with heat transfer to the wall: 
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𝛼 = 𝜀 + (1 − 𝜀)𝜀𝑏 

                                                                                                                                Equation 7.6 
(2) The heat loss through the wall: 
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                                                                                                                                Equation 7.8 

 

7.4 Equilibrium Isotherm and Kinetics of Adsorption 

The linear driving force (LDF) model (Sircar and Hufton, 2000) is used to predict the adsorption 

rate: 
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                                                                                                                                Equation 7.9 



 

The coefficient, kLDF, in Eq. 7.9, is a lumped parameter which takes into account different mass 

transfer resistances the water molecules encounter before reaching the adsorption sites. It can be 

estimated (Kaviany, 1995) using the following equation: 
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                                                                                                                               Equation 7.10 
where the macro pore diffusivity, Db, is given by: 

 

𝐷𝑏 =
1

𝜏
(

1

𝐷𝑘
+

1

𝐷𝑚
)
−1

 

                                                                                                                               Equation 7.11 
The correlation of Wakao and Funazkri (Sircar and Hufton, 2000) was used to evaluate, kf, in 

Eq. 7.12: 

 

𝑘𝑓 = (2 + 1.1𝑆𝑐
1

3⁄ 𝑅𝑒0.6)
𝐷𝑚

2𝑅𝑏
, 3 < 𝑅𝑒 < 1000 

                                                                                                                               Equation 7.12 
 

Although the LDF approximation underestimates the adsorbed quantities at short times, the 

predictions are quite accurate over sufficiently long time intervals. 

In this study, a polynomial interpolation is used to evaluate the adsorption equilibrium of water 

on the zeolite beads, which is generally considered to be type II according to Brunauer’s 

classification: 

 

𝑞𝑒𝑞 = 𝑞𝑚𝑎𝑥 (𝑏1 + 𝑟𝑒𝑑 (𝑏2 + 𝑟𝑒𝑑 (𝑏3 + 𝑟𝑒𝑑(𝑏4 + 𝑟𝑒𝑑(𝑏5 + 𝑟𝑒𝑑 ∗ 𝑏6))))) 

                                                                                                                              Equation 7.13 

 

𝑟𝑒𝑑 =
𝑐𝑣

𝑐𝑚𝑎𝑥
⁄  

                                                                                                                              Equation 7.14 
where: 

𝑐𝑚𝑎𝑥 = 𝑎2𝑇
2 + 𝑎1𝑇 + 𝑎0 

                                                                                                                              Equation 7.15 
The coefficients bi and ai are obtained via polynomial interpolation from the experimental data 

of Ahn and Lee (Quintard, 2012). 

 

7.4.1 Mass and Thermal Axial Dispersion 

The correlation of Wakao and Funazkri (Ahn and Lee, 2004; Clausse, 2003) is used to estimate 

mass axial dispersion: 
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𝐷𝑧 = 2𝑢𝑅𝑏 (
20

𝑅𝑒𝑆𝑐
+ 0.5) 

                                                                                                                               Equation 7.16 
As for the effective axial thermal conductivity, it can be given by Quintard (2012): 

 

𝐾𝑧 = 𝐾=

2
3⁄ �̝�

1
3⁄  

                                                                                                                               Equation 7.17 
where: 

𝐾= = 𝜀𝜆𝑓 + (1 − 𝜀)𝜆𝑏 

                                                                                                                               Equation 7.18 

 

1
�̝�⁄ = 𝜀

𝜆𝑓
⁄ +

(1 − 𝜀)
𝜆𝑏

⁄  

                                                                                                                               Equation 7.19 

7.4.2 Velocity 

The velocity is considered constant and calculated from the feed flow rate: 

 

𝑢 = 𝑢0                                                                                                          Equation 7.20 

7.4.3 Wall Heat Transfer 

The correlation Yagi and Wakao (Dixon, 2012) is used to evaluate the heat transfer coefficient at 

the inner wall column: 

 

𝑁𝑢𝑤 = 0.17𝑅𝑒0.79 

                                                                                                                               Equation 7.21 

7.4.4 Initial and Boundary Conditions 

During the discharging phase, the initial conditions are as follows: 

 

�̅�(0) = 0, 𝑥𝑣(0, 𝑧) = 0, 𝐶𝑓(0, 𝑧) = 𝐶0, 𝑇(0, 𝑧) = 𝑇𝑎𝑚𝑏 

                                                                                                                               Equation 7.22 
As for the boundary conditions: 

 

𝑥𝑣(𝑡, 0) = 𝑥𝑖𝑛, 𝐶𝑓(𝑡, 0) = 𝐶𝑖𝑛, 𝑇(𝑡, 0) = 𝑇𝑖𝑛 

                                                                                                                               Equation 7.23 

 
𝜕𝑥𝑣

𝜕𝑧
(𝑡, 𝐿) = 0,

𝜕𝑇

𝜕𝑧
(𝑡, 𝐿) = 0 

                                                                                                                               Equation 7.24 

 



 

7.4.5 Energy in the Bed 

The amount of energy released, which depends on the quantity of water adsorbed in the bed, is 

estimated as follows (Duquesne, 2013): 

 

∆𝐸(𝑡) = −(1 − 𝜀)𝜌𝑏|∆𝐻|[�̃�(𝑡) − �̃�(𝑡0)] 

                                                                                                                               Equation 7.25 
where: 

�̃�(𝑡) =
∫ �̅�(𝑡)𝑑Ω

Ω

∫ 𝑑Ω
Ω

 

                                                                                                                               Equation 7.26 
Eq. 7.25 is multiplied by 2.777*10-7 in order to obtain the energy density in kWh/m3 instead of 

J/m3. 

 

7.5 Validation and Sensitivity Analysis 

7.5.1 Numerical Simulation 

First order downward and second order central finite difference schemes are used to approximate 

the first and second order spatial derivatives. The set of ordinary differential equations (ODEs) 

obtained from the reduction of the partial differential equations (PDEs) describing the dynamics 

of the system are solved using the DASSL algorithm in Dymola©. 

The CPU time for solving the above is approximately 0.2 seconds on a computer (PC, 3.0 GHz). 

 

7.5.2 Validation of the Numerical Simulation 

The numerical simulation is validated with experimental data (Ahn and Lee, 2004; Kim et al., 

2004) of a TSA process. The adsorption bed has an inner diameter of 3 cm; the wall-thickness is 

of 0.23 cm and the bed-height is of 30 cm (Fig. 7.1). 

 

 
Figure 7. 1 Geometry of the experimental set-up 

 

 

zu
0

L=30cm

D=3cm
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The adsorption conditions are as follows: the ambient temperature is equal to 297 K (~24°C) 

with a relative humidity of around 60%; the feed flow rate is equal to 9 L/min. 

 
Figure 7. 2 Temporal evolution of the effluent dimensionless water vapour concentration 

 

 
Figure 7. 3 Temporal evolution of temperature in the fixed bed at different positions 

 

The calculated temperature and dimensionless water vapour concentration as well as the 

experimental values are plotted in Figs. 7.2 and 7.3. The results are quite satisfactory, especially 

when it comes to the description of the temporal evolution of the water vapour concentration. As 

far as temperature is concerned, the general trends good enough. 

 

7.6 Sensitivity Study of the Energy Density in the Bed 

The aim is to assess the sensitivity of the energy density released during the discharging phase to 

variations of the model inputs given by variables or parameters and variations of model 

assumptions. The results reported below represent the preliminary stage of this sensitivity 

analysis since only first order interactions are studied. 

 



 

Effect of inlet water vapour concentration (or relative humidity) 

As seen from Fig. 7.4, the discharge duration is shortened when the relative humidity increases. 

Indeed, the spatial mean adsorbed amount peaks when the energy density released reaches zero 

for the three humidity levels. 

 

 
Figure 7. 4 Influence of the inlet water vapour concentration (or relative humidity "phi") 

It is also worth noting that the inlet relative humidity has an impact on the evolution of the 

energy density in the bed at short times, as Fig. 7.5 demonstrates.  

 
Figure 7. 5 Influence of the inlet water vapour concentration (or inlet relative humidity 

“phi”) 

For optimal performance of the reactor, balance has to be found between the initial energy 

density in the bed, which is a result of the charging phase, and the discharge duration when 

choosing the inlet relative humidity. Indeed, the storage system has to be able to meet the heating 

needs over the required period of time. 

 

Effect of the inlet velocity (inlet feed flow rate) 

The discharge duration decreases when the feed flow rate increases as illustrated in Fig. 7.6. As a 

matter of fact, the time spent by a water molecule in the reactor is reduced, resulting in less water 

molecules available for adsorption in the reactor. 
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Figure 7. 6 Influence of the inlet velocity 

Effect of the adsorption coefficient 

As can be seen in Figs. 7.7 and 7.8, an increase of the adsorption constant results in a slight 

reduction of the discharge duration. A higher constant of adsorption indicates that the water 

molecules take less time to overcome the mass transfer resistances they encounter. Since they 

reach the adsorption sites quickly, there are more water molecules available for adsorption in the 

reactor. 

 

 
Figure 7. 7 Influence of the adsorption coefficient 

 



 

 
Figure 7. 8 Influence of the adsorption coefficient (zoom of Figure 7.5) 

In Fig. 7.9 hereafter, the spatial mean temperature and adsorbed amount are only marginally 

affected by a variation of the adsorption coefficient. 

 
Figure 7. 9 Influence of the adsorption coefficient (spatial mean temperature and adsorbed 

amount) 

Effect of the length of the reactor 

The graphic below shows that increasing the length of the reactor leads to higher discharging 

durations. By increasing the length of the reactor, the time spent by the water molecules within it 

is raised. 
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Figure 7. 10 Influence of the length of the reactor 

 

7.7 Conclusions 

A pseudo-homogeneous model describing heat and mass transfer during adsorption of water 

vapour in a fixed bed packed with zeolite beads was established and solved with finite difference 

schemes. 

 

The calculated temperature evolves correctly when compared to experimental results.  

However, there remain some differences which could be due to: 

- The thermal equilibrium assumption 

- The 1D assumption 

- For low Reynolds number, correctly taking into account wall heat transfer is a tricky 

issue (Dixon, 2012) 

 

Head losses may not be negligible, thus the velocity should be calculated with this in mind.The 

preliminary results of the sensitivity study show that the choice of the geometry of the reactor, 

the inlet water vapour concentration, the constant of adsorption and the inlet feed flow rate seem 

to have an influence on two variables: the initial energy density in the bed and the discharge 

duration. 

 

To obtain optimal performances from the fixed-bed reactor and to meet the heating needs of a 

building, balance has to be found between the latter variables. 

 

Further work is needed concerning the sensitivity analysis, with particular attention to the 

coupled interactions of the different parameters studied here and their impact on the energy 

density. 

 

7.8 Notations 

 



 

𝑐𝑣, 𝑐𝑓 water vapour and total concentration mol/m3 

𝐶𝑝𝑓
, 𝐶𝑝𝑏

, 𝐶𝑝
𝑎 fluid, bead and adsorbed phase heat capacity J/kgK 

𝐷𝑘 , 𝐷𝑚, 𝐷𝑏 Knudsen, molecular and bead effective diffusivity m²/s 

𝐷𝑧 axial dispersion coefficient m²/s 

ℎ𝑖 , ℎ𝑒 heat transfer coefficient at the internal  and the external wall W/m²K 

𝐿 length of adsorption column m 

𝐾𝑧 effective axial thermal conductivity W/mK 

𝑘𝑙𝑑𝑓 , 𝑘𝑓 LDF  and fluid film mass transfer coefficients 1/s, m/s 

𝑀𝑎 molar mass of adsorbed phase kg/mol 

𝑁𝑢 Nusselt number  

�̅� volume averaged amount adsorbed molH2O/kgads 

�̃� spatial mean of �̅� molH2O/kgads 

𝑞𝑒𝑞 equilibrium amount adsorbed molH2O/kgads 

𝑅𝑏 , 𝑅𝐵 bead and adsorption column radius m 

𝑅𝑒 Reynolds number  

𝑆𝑐 Schmidt number  

𝑡 time s 

𝑇, 𝑇𝑎𝑚𝑏 , 𝑇𝑤 bed, ambient and wall temperature K 

�̃� Spatial mean temperature K 

𝑢 interstitial velocity m/s 

𝑥𝑣 water vapour molar fraction  

𝑧 axial distance along the fixed bed m 

∆𝐸 amount of energy released J/m3 

∆𝐻 heat of adsorption J/mol 

𝜌𝑓 , 𝜌𝑏 , 𝜌𝑤 fluid, bead and wall density kg/m3 

𝜀, 𝜀𝑏 fixed-bed and bead porosity  

𝜆𝑓 , 𝜆𝑏 fluid and bead thermal conductivity W/m.K 

𝛺 volume m3 
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Chapter Eight 

 

8 Model Verification and Validation Influence of Parameters 

8.1  Introduction 

In the previous chapters 6 and 7, the basics of how to develop a numerical model both for 

latent or chemical storage have been developed. To ensure the quality of the numerical results, it 

is therefore necessary to verify and validate the quality and the precision of the results. Hereafter, 

several numerical Benchmarks have been developed and presented to enables numerical 

developers to test their own numerical models and compare their results to others. Latent heat 

storage case studies 

8.2 Passive Applications 

8.2.1 PCM Wall Test Case 

Hypothesis 

In all the following test cases, the radiative heat transfers (long wave and short wave) 

are assumed to be not considered. The convective heat transfer coefficients remain constant 

both for inside and outside conditions and are equal to: 

hint = 2.5 W.m-2.K-1 

hext = 8.0 W.m-2.K-1 

 

Material characteristics 

Several materials are tested in the studies and their main characteristics are resumed in 

table 8.1 excepted for PCM which characteristics are described later. 

 

Table 8. 1 Material characteristics 

Material k [W.m-1.K-1] rho [kg.m-3] Specific heat Cp 

[J/kg] 

Concrete 1.2 2000 1000 

Insulation 0.04 50 1000 

Gypsum 0.14 800 1500 

 

PCM characteristics 

The thermal characteristics provided below are similar to an industrial product. The 

values given in table 8.2 and in Figure 8. 1 Specific heat (left) and Thermal conductivity 

(right) of the PCM  are rounded off to make debugging easy if problems are encountered 

during simulations. The density is considered constant and equal to 1100 kg.m-3. 
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Table 8. 2 PCM characteristics 

T [°C] Cp [J/kg] K [W.m-

1.K-1] 

 T [°C] Cp [J/kg] K [W.m-

1.K-1] 

0 4350 0.25  22 15000 0.25 

8 4350 0.25  23 14600 0.20 

10 4400 0.25  24 11100 0.20 

12 4500 0.25  26 6000 0.20 

14 5200 0.25  28 4400 0.20 

16 6900 0.25  30 4210 0.20 

18 10000 0.25  32 4200 0.20 

20 13500 0.25  60 4200 0.20 

21 14600 0.25     

 

Boundary and initial conditions 

The internal air temperature is constant and equal to 20°C. The external air 

temperature is provided by the Fig. 8.2. The initial temperature is T0=12°C at the initial 

time. 

 

 

 

 

 
 

Figure 8. 1 Specific heat (left) and Thermal conductivity (right) of the PCM 

 
Figure 8. 2 Evolution of the external temperature 

8.2.1.1  Case Studies 



 

The work consists in combining several materials in different order and with several 

thicknesses. Therefore several simulations have to be performed according to the Table 8.3 

and 8.4.Table 8. 3 Wall designation 

Wall Designation material Thickness (mm) 

C30 Concrete (thin) 30 

C200 Concrete (thick) 200 

I100 Insulation 100 

G10 Gypsum 10 

P5 PCM 5 

P10 PCM 10 

P50 PCM 50 

 

Table 8. 4 Case studies 

 Configuration 

 External Internal 

Case Layer 1 Layer 2 

1 P5  

2 P10  

3 P50  

4 C30 P10 

5 P10 C30 

6 C200 P10 

7 P10 C200 

8 I100 P10 

9 P10 I100 

 

 

 

8.2.1.2 Comparison of the results 

Results obtained by several team have been compared hereafter. There are homemade 

numerical model and are provided by: 

 Canada 

 China 

 France 

 Norway 

 Spain 

 Sweden 

 

  

Among 9 cases proposed in this benchmark, only 2 typical results are shown in the 

figures below. Nevertheless all the results are included in the annex 23 report for more 

information. First according to the Fig. 8.4 and Fig. 8.3, it can be concluded that the 

differences between the numerical simulations are very small, both in steady state and 

unsteady state. 

 

The results are very close. On the other hand small differences can be noted with some. 

Regarding all the results, it can be concluded that all the numerical models allow the 
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physics representation. The temperatures in steady and unsteady state are similar whatever 

the numerical model. It can be noted that the model from France has been developed under 

TRNSys software and is then suitable for building application with type 56 (Kuznik et al., 

2010) 

 
Figure 8. 3 Evolution of the internal temperatures. Case 2 

 

 
Figure 8. 4 Evolution of the internal temperatures. Case 8 

 

 

8.2.2 Small Cubicles (“MICROBAT”) Test Case 

This section deals with the Benchmark carried out by the participants. Two identical 

test cells are used to investigate the effects of the PCM wallboards (Kuznik and Virgone, 

2009 a). The design of the test cells is presented in the first section. Then information about 

the simulation hypotheses are given. Finally numerical results are compared and analyzed 

together and with experimental results. 



 

8.2.2.1  Experimental Setup 

Each test cell, MICROBAT, is a cubical enclosure with an internal dimension of 0.50 

m (Fig. 8.5) .The skeleton of MICROBAT is made of polish aluminium and is not painted 

in order to minimize the shortwave radiative heat transfer with the surroundings. 

The front face of MICROBAT is an aluminium plate of 2 mm thickness. This face is 

called the active face because of its low thermal inertia and low thermal resistance. It 

enhances the heat transfer between the exterior and the interior of MICROBAT. The other 

faces of the test cells are of two types: 

 the normal wall (Fig. 8.6 ), mainly composed of insulating material in order to have a 

low thermal inertia wall, 

 the PCM wall (6), which contains 5 mm of a phase change material wallboard. 

 

8.2.2.2  Thermophysical Properties of the Materials 

Thermo physical properties of the "sensible" materials 

The properties of the aluminium and the insulation used in the study are given in Table 8.5. 

 

Table 8. 5 Thermophysical properties of materials 

Material k [W.m-1.K-1]  [kg.m-3] Cp [J.kg-1.K-1] 

Insulation 0.04 50 1400 

Aluminium 230 2700 880 

 

The emissivity of the walls are respectively 0.9 for the internal side (black paint) and 

0.15 for external side (aluminium plate). 

 

 
Figure 8. 5 Schematic view of a test cell 
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Figure 8. 6 Composition of test cell walls 

 

Phase change material properties 

 

The thermal conductivity of the PCM varies according to its state (Table 8.6). 

 

Table 8. 6 Phase Change Materials properties 

State Temperature [°C] k [W.m-1.K-1]   [kg/m-3] 

Solid 8 0.23 860 

Liquid 28 0.17 860 

 

Fig. 8.7 gives the specific heat as a function of temperature of the PCM used in the 

experiment. An excel file is associated to this document to use the experimental data if 

needed. The latent heat is equal to 71 J/g. 

 



 

 

Figure 8. 7 Specific heat of the PCM 

8.2.2.3 Boundary and Initial Conditions 

Convection heat transfer coefficient 

According to previous studies carried out by the CETHIL Laboratory, it was shown 

that PCM modify the convection heat transfer coefficient close to the face. Therefore Figure 

8. 8 presents the convection heat transfer coefficient to consider. 

Temperature step 

Both cubicles are submitted to a step of temperature from 15°C to 30°C and then from 

30°C to 15°C on their external faces (Fig. 8.8 Tcaisson). The temperature variations are 

linear on a time step of 2 hours. The initial temperature is 15°C. 

 

 

Sinusoidal temperature variation 

Both cubicles are submitted to a sinusoidal variation of the temperature (–Fig. 8.9 

Tcaisson). The external temperature varies from 15 to 30 °C, with a time period of 24.5 

hours. The initial temperature is 15 ° C. 
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Figure 8. 9 Air temperature steps 

 

 
Figure 8. 10 Air temperature sinusoidal evolution 

 

8.2.2.4 Comparison of the results 

Results for the step of temperature are shown in Fig. 8.10. 



 

 

Figure 8. 11 Temperature evolutions for the step 

  



142 

 

 

Results for the sinusoidal evolution are shown in Fig. 8.11. 

 

 
Figure 8. 12 Temperature evolutions for the sinusoidal solicitation 

  



 

8.2.3 Spain Cubicles 

This Benchmark is based on a real experiment build in Puevgard de Lleida, Spain 

(Castell et al., 2010). Experimental results are available both for free floating temperature 

and with a cooling system. The internal dimensions of the cubicle are 2.4 m x 2.4 m x 2.4 m. 

This cubicle is made of a concrete slab on the ground, alveolar bricks for the vertical walls 

and a concrete slab with precast beams and insulation for the roof (Fig. 8.12). 

 
Figure 8. 13 Section of the constructive solution for the alveolar brick cubicles 

8.2.3.1  Thermophysical Properties of the Materials 

The properties of the sensible materials used in the study are given in Table 

8.7whereas the thermal properties of the PCM used for this benchmark are presented in 

Table 8.8.. 

Table 8. 7 Thermophysical properties of the alveolar brick 

Material  [kg.m-3] k [W.m-1.K-1] Thermal diffusivity [m²/s] 

Alveolar brick 1080 0.27 5.19x10-7 

Concrete 2400 2.1 1.09x10-6 

Plaster 900 0.25 2.77x10-7 

Polyurethane 35 0.028 5.7x10-7 

 

Table 8. 8 Thermophysical properties of the Salt Paraffin PCM 

Property SP-25 A8 

Melting point [°C] 26 

Freezing point [°C] 25 

Latent heat [kJ/kg] 180 

Density [kg/L] 1.38 

Specific heat capacity [kJ.kg-1.K-1] 2.5 

Thermal conductivity k [W.m-1.K-1] 0.6 
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8.2.3.2 Composition of the Layers 

Three kinds of layers are distinguished in the numerical model: 

1. The ground concrete slab with a thickness of 200mm; 

2. The vertical walls with, from exterior to interior, a 290mm thick alveolar brick layer + a 

7mm thick PCM layer (if it exists) + a 13mm thick plaster layer; 

3. The ceiling with a 7mm thick PCM layer (if it is present) + 200mm thick concrete layer + 

a 50 mm of polyurethane. 

 

8.2.3.3 Boundary and Initial Conditions 

Free floating temperature 

 

In this configuration, the cubicle is submitted to external conditions, which are based on 

meteorological data of the experiment.  The evolution of the outside temperature is given in Fig. 

8.13. The horizontal radiation is shown on Fig. 8.14.The external surface temperature of the 

ground slab is set to 10°C. Initial temperature of the cubicle is 30.9°C.  

 

 
Figure 8. 14 Free-floating evolution of temperatures from 24/08/2009 to 30/08/2009 



 

 
Figure 8. 15 Horizontal solar radiation from 24/08/2009 to 30/08/2009 

 

Controlled temperature 

Boundary conditions are presented on Fig. 8.15 from 27/08/2008 to 31/08/2008. The 

cubicle is therefore submitted to external weather conditions. The inside air temperature is 

set to 24°C thanks to a cooling system.  

 
Figure 8. 16 Solar radiation (blue, plain line) and Outside temperature (red, crossed line) 
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8.3  Active Systems 

 

8.3.1 PCM Heat Exchanger 

8.3.1.1 Model validation 

The purpose of the validation is to ensure that the numerical model (for example the model 

described in chapter 5 has been validated with the above results (Arzamendia et al., 2013)) 

solves the right equations (Oberkampf and Roy, 2010).An experimental setup developed in 

CETHIL laboratory is used in order to produce data. This experiment is described in the next 

section. 

 

The Fig. 8.16 shows the principle of the experimental setup. An air conditioning unit allows to 

dynamically control the airflow rate, temperature and humidity in the setup (references d, e, f 

and g inFig. 8.16). The characteristics of the unit are: 

• Airflow rate: 150 m3.h−1 to 2000 m3.h−1 with an accuracy of ±10 m3.h−1 

• Air temperature: 0°C to 40°C with an accuracy of ±1°C 

• Air humidity ratio: 30% to 70% with an accuracy of ±5% 

The controllable airflow from the conditioning unit passes through a convergent and a grid 

(reference c in Fig. 8.16) in order to produce a uniform airflow. The controllable airflow is used 

to study the storage/release process in the prototype (references a and b in Fig. 8.16). 

 
Figure 8. 17 Schematic of the experimental setup 

 

 

The prototype of the PCM to air heat exchanger is described in Fig. 8.17. The dimensions are 

1.20m length, 1.20m width and a useful height of 9.6cm. The air channel thickness is 1.8cm. The 

PCM composite slab thickness is 3cm. It is composed of 6 “ENERGAIN” boards achieved by 

the Dupont de Nemours Society. More information about the material thermo-physical properties 

can be found in (Kuznik and Virgone, 2009 a) and in section 0 of the present document. In order 



 

to simulate the symmetry planes of the system (no heat flux), two insulation layers of 10cm 

thickness are placed on the top and bottom of the prototype. The Biot number associated with the 

experiments is 1.3.  

 

The inlet and outlet temperatures are measured using type-K thermocouples with an accuracy of 

±0.4°C. The measurement frequency is 1/600Hz. 

 

 

 
Figure 8. 18 Description of the prototype. 

 

8.3.1.2 Numerical modelling 

The PCM composite material is modelled using the effective heat capacity. The detailed data 

used to model the PCM composite material can be found in (Kuznik and Virgone, 2009 a 

&b)The main thermo-physical characteristics are: 

• The density is about 850 kg.m−3. 

• The thermal conductivity is 0.22W.m−1.K−1 in solid phase (T < 5°C) 

and decreased to about 0.18 W.m−1.K−1 in liquid phase (T > 25°C). 

• The phase change properties are: 
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* melting start temperature = 13.6°C, 

* freezing start temperature = 23.5°C, 

* melting peak temperature = 22.2°C, 

* freezing peak temperature = 17.8°C, 

* latent heat of melting in the range [5°C; 30°C] = 72.4 J.g−1, 

* latent heat of freezing in the range [5°C; 30°C] = 71.0 J.g−1. 

 

The measured inlet temperature is used as boundary condition for the model. The convective 

heat transfer coefficient is calculated using the Colburn’s relationship for turbulent duct flow 

(Bejan, 2004) 

 𝑁𝑢 = 0,023 . 𝑅𝑒0.8 . 𝑃𝑟
1

3⁄   

 ℎ =  
𝑁𝑢. 𝜆

𝑑ℎ
  

Nu  Nusselt number  

Pr  Prandtl  number 

Re  Reynolds number  

h  convective heat transfer coefficient (W.m-².K-1) 

dh  hydraulic diameter (m) 

λ  air thermal conductivity  (W.m-1.K-1) 

 

As a result of a benchmark possible study, the spatial step size are Δx = 14cm and Δy = 0.3cm. 

 

8.3.1.3 Experimental Data for Numerical Benchmarking 

 

Two sets of experimental data are used for a model validation. 

Set 1: the airflow rate in the storage unit has a constant value of 240 m3.h−1: 

1. Heat storage process: after 10h at 5°C, the inlet temperature increases to reach 35°C (Fig. 

8.18). 

2. Heat release process: after 10h at 35°C, the inlet temperature decreases to reach 5°C (Fig. 

8.19). 

 



 

 
Figure 8. 19 Heat storage process of set 1 (time is in minutes). 

 

 
Figure 8. 20 Heat release process of set 1(time is in minutes). 

 

Set 2: the airflow rate in the storage unit has a constant value of 330m3.h−1: 

1. Heat storage process: after 10h at 5°C, the inlet temperature increases to reach 30°C (Fig. 

8.20). 

2. Heat release process: after 10h at 30°C, the inlet temperature decreases to reach 5°C (Fig. 

8.21). 
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Figure 8. 21 Heat storage process of set 2 (time is in minutes). 

 

 
Figure 8. 22 Heat release process of set 2 (time is in minutes 

 

8.3.2 Centralized Thermal Storage Systems Model 

A 3-dimensional mathematical model of a centralized LHTES system is developed and 

validated for both a quasi-steady state and a transient conjugate heat transfer problem. The 

model is then used to carry out a parametric study to investigate the effect of geometrical 

parameters, charging and discharging times and mass flow rates on the long-term system 

performance.  

8.3.2.1 Three-dimensional Model Validation 



 

The proposed model verification was performed by comparing the 3-D model prediction 

with experimental data of Stritih and Butala [72]. The computational grid was selected based on 

a grid study for two cases of quadrilateral grid systems. First case was meshed as follows: 

bottom fin domain of 100×16×4, fluid of 100×210×8, PCM of 100×68×4, and top fin of 

100×16×4. Second case was chosen, which was meshed of 125×20×4 for bottom fin; 125×20×4 

for top fin; 125×91×8 for HTF; 125×102×4 for PCM. After examining the grid refinement, the 

time step size was set as a variable starting from 10-5s. The convergence criterion is met when 

the scaled residuals were set to be 10-4 for momentum and 10-6 for continuity and energy 

equations.  

The three-dimensional physical model was verified by comparing its prediction with 

experimental data reported by Stritih and Butala [72] with inlet air temperature of 𝑇 = 26℃, 

velocity = 1.5m/s for the second grid mesh case as shown in Fig. 8.22. The entire initial 

computational domain was set to the ambient temperature. Properties of paraffin RT20, air, and 

aluminum used are given in Table 8.9. The density of air was modeled with a polynomial 

function while the properties of aluminum were used in a standard form. 

 
Figure 8. 23 experimental data and developed numerical model with inlet air temperature 

of T = 26℃ (El-Sawi et al., 2013) 

 

Table 8. 9 Properties of paraffin, air, and aluminum used for calculations 

Materials  ρ(kg/m3) k(W

/mK) 

c(J

/kgK) 

μ(kg/ms ) 

Paraffin 740/(0.001×(T−293.15)+1) 0.15 RT20 

(DSC) 

0.001×exp(-

4.25+1970/T) 

Air 1.2 × 10−5T2 − 0.01134T

+ 3.498 

 

0.0242 1006.43 1.7894×10-5 

Aluminum 2719 202.4 871 - 

 

 

8.3.2.2 Transient Analysis of Charging and Discharging Performances 
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The results for melting and solidification processes are depicted in Fig. 8.23 (a) and 8.23 

(b), respectively. Fig. 8.23 (a) shows the melting simulation in the form of solid−liquid phase 

distribution. The first picture (10.4min) shows the early stage of melting where the whole 

domain is still in solid state as presented in blue color. There are zones with red color at the top 

and bottom of the computational domain forming the hot air channels HTF. The PCM is 

gradually melting with time and associated with mushy zone, which is shown in green color. The 

melted zone of PCM has a red color similar to HTF color. By increasing the evolution period of 

melting, the growth of liquid fraction is accordingly pronounced.  

The PCM starts melting in the vicinity of the fins at the top and bottom partitions due to 

their relatively high thermal conductivity. Thus, the heat transfer from the fin to the PCM 

initially occurs by conduction and later by natural convection. However, the gravity acts to draw 

down the liquid PCM from the top to the bottom resulting in an increased in convection and 

hence an increase in the rate of melting. Thus, the liquid PCM near the fin and heated surface 

forced to flow up due to the influence of buoyancy. At the start of the melting process, the 

velocity of the liquid PCM is relatively small. The convection mode of heat transfer becomes 

dominant until the magnitude of liquid velocity drops because the temperature difference is more 

likely to be uniform. 

 

 
Figure 8. 24 a): The liquid fraction and phase distribution of PCM as a function of time 

during melting process of energy release. (b) The liquid fraction and phase distribution of 

PCM as a function of time during solidification process of energy storage at the inlet air 

temperature of 36℃ and the velocity of 1.5m/s (El-Sawi, 2013) 

 

 

Fig. 8.23 (b) shows a typical evolution of solidification solid−liquid phase distribution as 

a function of time for vicinity of the fins. Solid layers start developing in parallel of the cooling 

walls at the top and bottom of the LHTES system. The solid interface shape is formed in a way 



 

resembling the lateral fin surface. The position of solid interface can be determined to identify 

the speed of solidification evolution. 

 

8.2.3.3 Heat Flow Performance and Flow Characteristics 

Figs. 8.24 & 8.25 show the three-dimensional contour images of the temperature 

distribution at different stages of melting and solidification processes for case.1, the inlet air 

temperature 36℃ and the temperature difference (𝛥𝑇 =  𝑇 − 𝑇𝑃𝐶𝑀), 16℃, respectively. Fig. 

8.24 shows four different simulation times of melting process. At the early stage, the heat is 

transferred by conduction from the fin to the PCM; the conduction mode dominants through the 

whole system. In general, the distribution of melting front is most likely to match the melting 

temperature distribution.  

                    

           
Figure 8. 25 PCM temperature contours for the evolution of melting process at case.1 

 (a) t =1208s (b) t = 4590s (c) t = 5680s (d) t = 6440s (El-Sawi, 2013) 
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Figure 8. 26 PCM temperature contours for the evolution of solidification process at case.1 

(a) t = 2424s (b) t = 6624s (c) t = 11424s (d) t = 17424s (El-Sawi, 2013) 

 

 

A solidification process for case.1 is modeled and presented in the form of the 

temperature profile contours for four different solidification time, see Fig. 8.25. It shows that the 

effect of heat conduction mode on the solid−liquid interface position is significant compared to 

the effect of free convection as reported by Kroeger and Ostrach (1974).  
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Chapter Nine 

 

9 Integrating PCM within the Building Envelope 

 

9.1 Introduction 

In most building applications TES systems are used either to store excess heat generated from 

solar thermal or electrical heating systems or to store cooling generated from chillers. 

Essentially, it is possible to produce and store heat and cooling during off-peak hours and to use 

it at peak times when the rates are more expensive. When it is required to store a large amount of 

thermal energy, such as in industrial applications, a common method is to heat large volumes of 

molten salt solution in order to produce steam to drive electrical generators in order to 

compensate for the inevitable intermittence of solar electricity generation stations.  

 

9.2 Description of Principles and Available Technologies 

 

Building envelope materials are produced with a variety of characteristics and purposes ranging 

from strictly functional insulation materials, such as concrete block and gypsum board, to those 

which are also aesthetically pleasing such as exterior façades. Therefore, there are plenty of 

promising opportunities for the application of PCM. As an example, in lightweight buildings 

they can smooth temperature variations by the absorption and release of excess energy. They can 

be integrated into both building envelopes and other building components such as subfloors or 

ceilings. The purpose of using thermal energy storage in building envelopes is to: 

 

 Store larger amount of energy per unit mass which allows a smaller temperature 

swing (better thermal comfort). 

 Utilize the heat produced from renewable energy sources. 

 Enable the use of energy at lower cost during off-peak periods for storage and 

discharge at times when full rate would otherwise be charged. 

 Allow the use of a smaller HVAC system size and more efficient operation. 

 Reduce furnace/heater cycling. 

 Widen the thermostat dead band. 

For more than thirty years, PCMs have been considered for thermal storage in buildings. With 

the advent of PCM implemented in tomb walls, wallboards, shutters, under-floor heating systems 

and ceiling boards, they are now becoming very much a part of the building for heating and 

cooling applications (Sharma et al., 2009). Normally, the suggested room temperature ranges 

from 23.5 ˚C to 25.5 ˚C in the summer and from 21.0 ˚C to 23.0 ˚C in the winter. In building 



 

applications, the PCMs with a phase change temperature of 18 ˚C to 30 ˚C are preferred to meet 

the need of thermal comfort. Commercial PCMs within the abovementioned temperature range is 

shown Table 9.1 below: 

 

Table 9. 1 Thermal properties of commercial PCMs (Cabeza et al., 2011) 

 

 

9.3 Design Methods 

In traditional applications, PCMs are installed directly on interior building surfaces. One of the 

applications investigated in past years was a gypsum board impregnated with non-encapsulated 

PCM. One of the main reasons for failure of that material was its relatively high flammability. 

Therefore, in the ORNL research project, paraffinic PCM was placed inside the building 

envelope as part of the wall cavity insulation. Two forms of PCM were tested: PCM dispersed in 

cellulose insulation, and concentrated application of PCM in frame walls and residential attics. 

Concentrated application of PCM was designed to reduce the propagation of radiated heat 

transport (in conjunction with reflective insulation) as well as add thermal mass. 

 

9.3.1 Creating an EnergyPlus Model of the Tamaki Office 

As shown in Fig. 9.1, the simulation closely resembles the dimensions of a real office building. 

Slight modifications were made to simplify the model. The roof in the simulation is completely 

flat and at a height of 2.62 m whereas, in the real office, the roof has a 4.7 degrees incline. Also, 

there is no aluminum frame for the window in the simulation which will affect the heat transfer 

slightly.  

 

EnergyPlus only requires roughness, thermal conductivity, density, specific heat capacity, 

thermal absorption, solar absorption, and visible absorption to define a material. Roughness is a 

subjective input which affects light scattering calculations. Thermal, solar, and visible absorption 

inputs only affect surfaces which receive radiation and are kept at the EnergPlus respective 

default values of 0.9, 0.7, and 0.7 unless they are white in which case they are 0.9, 0.3, and 0.3, 

respectively. Note, a blank input often means ‘default’ in EnergyPlus, not zero or no input.  

 

Other important inputs for the IDF file are the fact that the window glass is 0.006 m and its 

material properties are from the default EnergyPlus dataset. The infiltration is set at 0.5 Air 
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Changes per Hour (ACH), which is in accordance with the ASHRAE standard for residential 

buildings. 

 

 

Figure 9.1 Simulation of office 1 with dimensions in metres (google sketch) 

 

9.3.2 Simulating a PCM Impregnated Gypsum Board 

The materials input for the PCM impregnated gypsum (PCMGB) RT21 in the IDF file are shown 

in Table 9.2. Simulating PCMGB assumes that it is a homogeneous material consisting of 

25%WT RT 21 PCM and 75%WT gypsum board. Thus the material properties of these two 

materials are combined to create the PCMGB. The thickness remains unchanged at 0.013 m. The 

thermal conductivity is kept at 0.2 W/m.K, the same as pure PCM. In reality, the thermal 

conductivity of the PCMGB ranges between the thermal conductivity of PCM and gypsum 

board, 0.2 W/m.K and 0.25 W/mK, respectively. However test simulations conducted with 0.2 

and 0.25 W/m.K showed negligible difference, thus thermal conductivity is kept at 0.2 W/m.K. 

The density is found from the following Equation 9.1: 

 

𝜌PCMGB =
4

3
𝜌gypsum board 

Equation 9.1 

where ρPCMGB is the density of PCMGB and ρgypsum board is the density of gypsum board. When 

the PCM is absorbed into the gypsum board, the volume is unchanged. At 25%WT absorption 

the density of PCMGB is (4/3) (670) = 893 kg/m3.  

 

The specific heat capacity, Cp, is found from the following Equation 9.2: 



 

 

𝐶𝑝PCMGB
= 0.75𝐶𝑝gypsum board

+ 0.25𝐶𝑝PCM
 

Equation 9.2 

where cp(PCMGB), cp(gypsum board), and cp(PCM) are the specific heat capacity of the 

PCMGB, gypsum board, and PCM, respectively. The cp (PCM) value used is an average of the 

liquid and solid cp, 2100 J/kg.K. The specific heat capacity of PCMGB is found to be 1342 

J/kg.K. The gypsum board and PCM are combined into one material. 

 

Thermal, Solar, and Visible Absorption are kept the same.  

 

Table 9. 2 Materials input for the PCMGB RT21 in the IDF file 

 
 

9.4 Demonstration and Simulation Examples 

The EnergyPlus output for indoor temperature is compared graphically against the 

experimentally measured indoor temperature. For the sake of clarity, only seven days are shown 

for each of the time periods. The outdoor temperature (ambient) is also shown. 

 

9.4.1 Design Philosophy 

In order to study how PCM can be used to store energy inside the building, experimental huts 

were designed and developed based on the New Zealand building and structure code. Huts were 

constructed using timber and light weight wooden materials. In order to store energy, PCM 

impregnated in the gypsum board was used due to convenience of application and not requiring 

any additional space. In order to obtain a reasonable comparison, an identical hut was built using 

exactly same building material except that the gypsum board which did not contain PCM. 

 

During the day, the PCM inside the wallboard absorbs energy and melts. As soon as the room 

temperature drops below its melting point, it solidifies again and releases energy keeping the 

room temperature at a comfortable level. It should be noted that the selection of the correct PCM 

plays a very critical role in this method and it is important that the melting range of the PCM lies 

within the comfort range. 
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9.4.2 Office 1 Simulation Results 

Figs. 9.2 to 9.5 show the results of the indoor ambient, experimental and simulation temperatures 

for Hut 1 in four discrete time periods. 

 

 
Figure 9.2 Office 1 indoor temperature (January 17 to January 23, 2008) 

 
Figure 9.3 Office 1 indoor temperature (March 16 to March 22, 2008) 
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Figure 9.4 Office 1 indoor temperature (April 23 to April 29, 2008) 

 

 
 Figure 9.5 Office 1 indoor temperature (June 06 to June 12, 2008) 

 

Table 9.3 shows the average absolute temperature difference between experimental and 

simulation indoor temperature. 
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Table 9. 3 Office 1 temperature difference 

 
 

9.4.3 Office 2 Simulation Results 

Figs. 9.6 to 9.9 show the results of the indoor ambient, experimental and simulation temperatures 

for Office 2 in four discrete time periods. 

 

 
Figure 9.6 Office 2 indoor temperature (January 17 to January 23, 2008) 

 

time period number of days average absolute difference (°C)

Jan 17 - Feb 6 21 1.31

Mar 16 - Mar 22 7 1.82

Mar 27 - Apr 29 34 1.62

May 29 - Jun 12 15 2.49

All 77 1.72
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Figure 9.7 Office 2 indoor temperature (March 16 to March 22, 2008) 

 

 

 
Figure 9.8 Office 2 indoor temperature (April 23 to April 29, 2008) 
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Figure 9.9 Office 2 indoor temperature (June 06 to June 12, 2008) 

 

Table 9.4 shows the average absolute temperature difference between experimental and 

simulation indoor temperature. 

 

 

Table 9. 4 Office 2 temperature difference 

 
 

A visual inspection of the experimental and simulation indoor temperature graphs, Figs. 9.2 to 

9.9 shows overall reasonable agreement.  

 

Table 9.1 and Table 9.2 show the average temperature difference between experimental and 

simulation data. For both Office 1 and Office 2, the average temperature difference was between 

1°C and 2°C with the exception of winter periods, 29th May to 12th June, where the average 

difference was 2.49°C and 2.95°C respectively. The overall average temperature difference for 

Office 1 and Office 2 was 1.72°C and 1.8°C respectively. 

 

The poorer agreement in winter may be due to increased cloud cover. Clouds are a major factor 

influencing how global solar radiation is separated into direct and diffuse solar radiation. Clouds 

tilt the ratio heavily towards diffuse radiation and EnergyPlus requires both direct and diffuse 

radiation. The ratio of direct to diffuse radiation used was from the historical weather file which 

may have been very different from the real ratio during the days in which the experiments were 

undertaken. A higher ratio of diffuse radiation tends to increase the indoor temperature because 
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time period number of days average absolute difference (°C)

Jan 17 - Feb 6 21 1.37

Mar 16 - Mar 22 7 1.58

Mar 27 - Apr 29 34 1.60

May 29 - Jun 12 15 2.95

All 77 1.80



 

it is scattered from all angles and, thus, has a much higher chance of entering a building through 

a window than direct radiation which is always at the angle of the sun. This was confirmed by 

sensitivity analysis. A simulation with only diffuse radiation produced an indoor temperature 

which was, on average, 4°C higher than a simulation with only direct radiation although, in both 

simulations, the amount of radiation was the same. Cloud cover uncertainty is a plausible 

explanation for the poor agreement in winter. This issue will be investigated in future work.  

 

Overall the 1.72°C and 1.8°C average temperature difference is acceptable. From visual 

inspection, the difference is approximately the same as other EnergyPlus validation studies. 

Without a developed standard for accuracy, this study can only make these subjective 

conclusions. The average temperature difference in this work can be used to begin the 

development of a standard which is critical to allow comparisons between studies. 

 

9.5 Case study – Description of the Prototype 

The experimental offices comprise four buildings, namely Office 1, 2, 3, and 4, of which a 

simulation is shown in Fig. 9.1. Each Office in the test facility is a single-story design of a 

typical lightweight construction and measure 2.6 x 2.6 x 2.6 meters, giving floor area of 5.76 m2 

each. Their wooden frames were made of 9.8 x 6.3 cm dressed pine timber. The interior 

coverings were sets of either gypsum wallboards or PCM impregnated panels (60 x 60 x 1.3 cm) 

mounted on a wooden frame. It is 0.4 m off the ground and supported by timber stands. There is 

a window on the wall facing north and a door on the wall facing east. The exterior walls were 

1.25 cm thick sheets of plywood. The wall cavities were filled with fiberglass thermal insulation 

which was installed with no gaps or folds in order to achieve high thermal resistance to heat 

flow. The thickness of the insulation is 9.4 cm for both the walls and ceilings. Being in the 

southern hemisphere, each office was provided with a window facing north to maximize solar 

gain. Indeed, this is a key aspect in every energy-efficient building design. Each office 

construction was situated in a large open area with a 4.2 m distance between each neighboring 

office in order to avoid shading. The layout of the construction material for the test Hut 1 

(without PCM) is shown in Fig. 9.10 and the layout for Hut 2 (with PCM) is shown in Fig. 9.11. 

 

Hut 1, illustrated in Fig. 9.12, is the control since it does not have PCM (as demonstrated in Fig. 

9.10). Its dimensions are 2.6 m long, 2.6 m wide, with a height of 2.6 m on the low end and 2.8 

m on the high end in order to provide a single sloping roof of 5°. The wall construction is made 

of a wooden frame with 0.1 m weatherboard exterior, 0.025 m particle board, 0.075 m fiberglass 

insulation, and 0.013 m gypsum board interior. The floor is made of 0.025 m particle board and 

carpet. The roof is made of corrugated iron with 0.025 m particle board, 0.075 m fiberglass 

insulation, and 0.013 m gypsum board interior. All construction complies with the New Zealand 

Building Code. The architectural plan of a typical test office is shown in Fig. 9.13 and an 

illustration of the test offices at the Tamaki Campus of the University of Auckland is shown in 

Fig. 9.14. 
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Figure 9.10 Construction material for test office with no PCM 

 

 

Figure 9.11 Construction material for test offices with PCM 

 

 

Office 2 is the PCM Office (as demonstrated in Fig. 9.11). It has the same construction as Office 

1 except the gypsum board on the walls is impregnated with Rubitherm RT 21 PCM at 26.2% 

WT.  

 

Office 3 is the data acquisition room is only used to store the digital equipment needed for the 

experimentation. However, if required this room can also be used. It is made from the same 

material of construction as Office 1 except that it is twice its size. 

 

Office 4 has similar construction as Office 1 except it has been fitted with a Gable roof. This is a 

double sloping roof with a ridge forming a triangle at each end. Generally these sections are 

uniform in slope and meet in a ridge. Inside the roof cavity a 2.3 kW heat recovery ventilation 

system has been fitted to transfer cool/hot dry into the building envelope. The process space 



 

directly above the false ceiling is fitted with 42 PCM bags containing Rubitherm RT21. A total 

of approximately 50 kg PCM is installed in the roof space. 

 

 
 

Figure 9.12 Office 1 showing window, elevated entrance and timber supports 

 
Figure 9.13 Architectural plan and side views of a typical test office 

 

 

Figure 9.14 Experimental offices  
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All offices were fully equipped with thermocouples connected to a computer located in another 

cabin that collected data. The local solar radiation, wind speed and outside temperature were 

continuously measured. The properties of all the material used to construct the offices are shown 

Table 9.5 and were obtained from the manufacturer’s data sheets.  

 

Table 9. 5 Properties of office materials 

Material1 Thickness 

(cm) 

Density  

(kg/m3) 

Thermal Conductivity  

(W/mK) 

Specific Heat  

(kJ/kgK) 

Weatherboard 1 7824 0.094 1170 

Particle Board 2.5 510 0.12 1380 

Fibreglass Insulation 7.5 32 0.038 835 

Gypsum Board 1.3 670 0.25 1089 

Carpet 1.3 288 0.12 1380 

Corrugated Iron 0.8 7824 200 500 

Door 4 510 0.12 1380 

 

Properties of the pure RT 21 PCM used are shown in Table 9.6. 

 

Table 9. 6 Properties of the PCM 

 
 

The properties for the 26.2% WT PCM gypsum board (PCMGB) are shown in Table 9.7. It 

should be noted that the calculation for this table is based on 25% WT PCM. The heat storage 

capacity is assumed as being 25% of the pure RT 21 PCM heat storage capacity. Moreover, the 

density of the gypsum board is also calculated based on the pure gypsum board density of 0.67 

kg/L. For the specific heat capacity, calculations are made based on the average PCM specific 

heat capacity of 2.1 kJ/kg.K and a gypsum board specific heat capacity of 1.09 kJ/kgK. Heat 

conductivity of the gypsum board is also assumed to be similar to the pure RT21 and equal to 0.2 

W/mK. 

 

Property RT 21

Melting range (°C) 18°C - 23°C

Congealing range (°C) 22°C - 19°C

Heat storage capacity (kJ/kg) 134

Density solid (kg/L) 0.88

Density liquid (kg/L) 0.77

Specific Heat Capacity Solid (kJ/kgK) 1.8

Specific Heat Capacity Liquid (kJ/kgK) 2.4

Heat conductivity (W/mK) 0.2



 

Table 9. 7 Properties of the PCM gypsum board 

 
 

9.6 Instrumentation 

Each of the three offices has eight Type-K Thermocouples affixed in the following locations; the 

north outside wall skin, the north wall cavity, the north inside wall skin, the south inside wall 

skin, the east inside wall skin, the ceiling inside wall skin, inside air, and outside air. 

 

Hut 1 and Hut 2 also have an inside relative humidity sensor. Outside there are weather 

measurement sensors for wind speed (global wind speed sensor GWWE550) and global radiation 

(Pyranometer VAEQ08E). Fig. 9.15 shows the effective specific heat for RT-21 based on the 

assumption that the effect of latent heat over the melting range of 18°C - 23°C is equal. 

 

 
Figure 9.15 Effective specific heat for RT 21 

 

9.7 Experimental Results 

As previously mentioned, Office 1 and Office 2 were identical in construction except for the 

PCM impregnated gypsum board in Office 2. The purpose of this was to study the effect of using 

PCM for natural heating and cooling application in order to minimize temperature fluctuation 

inside the building, as shown in Figure 9.16. It also made it possible to study passive PCM 

temperature effects and active heating effects.  

Property of PCMGB
1
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Melting range (°C) 18°C - 23°C

Congealing range (°C) 22°C - 19°C

Heat storage capacity (kJ/kg)
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0.893

Specific Heat Capacity (kJ/kgK)
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Figure 9.16 Effect of using PCM for natural heating and cooling applications 

 

As can be observed from the experimental data, the test offices absorb energy during the day 

from solar radiation and outside heat which raises the indoor temperature. However, the 

temperature increase in the PCM office is much lower than that in the office without PCM. This 

is due to the fact that the PCM starts absorbing the heat to change phase to liquid form thereby 

preventing the office from being heated. During the night, office temperature starts to drop in 

both offices but, as temperature drops below the melting point of the PCM, it starts to release 

energy and solidify, which eventually slows down the temperature reduction process. As the 

result of using the PCM, it is clear that the temperature fluctuations inside the office can be 

reduced from almost 16°C to approximately 6°C in the office without PCM.  

 

It should be noted, however, that in the case of passive heating and cooling this can only occur if 

the PCM temperature drops below the melting point to charge it and raise it beyond the melting 

temperature for a complete discharge. Otherwise, the latent heat of the PCM cannot be used as 

can be observed in Fig. 9.17 which compares passive heating and cooling in experimental offices 

with and without PCM 
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Figure 9.17 Comparison of passive heating and cooling with and without PCM 

 

A study was also conducted on the temperature profile of the test offices with and without PCM 

using identical heaters. As can be observed in the circled area “A” in Fig 9.17, the room 

temperature in both offices fluctuates above 23˚C which is greater than the melting point of the 

RT21. This means that the PCM never solidifies within this period of time and, thus, the latent 

heat of the PCM cannot be used. That is the main reason that the temperature at both test offices 

is almost the same due to the higher thermal mass of the office with PCM. However, in the 

circled area “B”, the office temperature fluctuates about the melting point of the PCM which 

means the PCM charged and discharged at each cycle. As a result, there is a significant 

difference between the temperature profiles of both offices. For example, the office without 

PCM reaches 28˚C at the hottest time of the day whereas the office with PCM barely reaches 

24˚C. Similarly, during the night, melted PCM from the day starts to release its absorbed energy 

which prevents dramatic temperature drop during the night. As can be clearly observed from 

area “B”, the temperature of the office with PCM hardly goes below 20˚C whereas the 

temperature of the office without PCM drops below 17˚C. 

Similar experiments were performed for active heating systems to compare the effect of using 

PCM in a gypsum board. A heater was placed in Hut 1 (which does not have PCM) and another 

identical heater in Hut 2 (which does have PCM). It was arranged that heaters activated when the 

ambient temperature fell below 17˚C. As can be seen from Fig. 9.18, the office with PCM did 

not require to be heated as much as the office without PCM thereby reducing energy costs. 
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Figure 9.18 Temperature profile with and without PCM 

 

9.8 Benefits and Barriers 

As presented in the results, using PCM impregnated in the gypsum board can prevent dramatic 

temperature fluctuation in both summer and winter and keep the room temperature within the 

comfort zone without the need for heating and cooling units. Moreover, this can be used with 

conventional air conditioning units to provide further flexibility in the application. 

 

However, using this method has a number of limitations of which one is the fact that it is not as 

flexible when compared to conventional heating and cooling systems. For example, it is not 

possible to set a specific set-point temperature and change it during the day as desired. Also, 

PCMs such as those that are paraffin-based must be rendered less combustible by adding fire 

retardant materials which, inevitably, increases the final price of the product. 

 

PCMs used in building envelope must meet the required national buildings codes requirements 

with regard to flammability and combustibility. Also, PCMs such as those that are paraffin-based 

must be rendered less combustible by adding fire retardant materials which, inevitably, increases 

the final price of the product (Banu et. al 1998).  

 

Another issue to be considered for such application is the fact that it is not as flexible when 

compared to conventional space heating/cooling systems. For example, it is not possible to set a 

specific set-point temperature and change it during the day as desired. So the melting 

temperature has to be well adapted to the range of temperature relevant to the pointed comfort 

conditions: 21 °C for winter and 26 °C for summer thermal comfort conditions. 

 

PCM must be well encapsulated before it can be used in any application, especially when is used 

in building envelope. The available microencapsulated/ macro encapsulated products vary in 
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quality with regards to leakage. PCM application in building requires perfect encapsulation to 

avoid leakage through evaporation/ sublimation, which will have two following negative 

impacts; 

 

(1) Environmental issues since the leaked vapour will go to the interior of the building,  

(2) Evaporation leads to change in the melting range. The PCM melts at higher temperatures 

compared to the original one and hence a PCM, which work well, may not work well later. For 

examples paraffin waxes may lose the more volatile component while ester does not lose weight 

at all but rather gain weight due to moisture absorption.  

 

However, PCM should never be used in all rooms or locations in the building, otherwise the 

payback period will be more than 15 years. Its use must be optimised very carefully in order to 

reduce the payback period to 5 years. 

 

 

9.9 Design Tool Development 

The mathematical modeling approach which was developed in Section6.2 was used to develop a 

simplified tool to find the optimum wallboard thickness. According to Bastani et al. (2013), the 

temperature evolution inside a PCM wallboard is a function of the following dimensionless 

numbers: 

 

𝜃𝑃𝐶 = 𝑓(𝐵𝑖, 𝐹𝑜, 𝑋, 𝑆𝑡𝑒,Ψ,Ψ𝑂𝑝𝑡, Ψ𝑃𝐶)  

 

Finding the correlation between the Fo and Ste and Bi makes it possible to size a PCM wallboard 

for any specific application. This correlation presented the thickness of wallboard which has to 

be fully melted in a pre-determined time interval during the off-peak period.  

 

To obtain the mentioned correlation, a number of simulations are required with different Bi and 

Ste numbers. The simulation cases follow the formulations provided in Bastani et al. (2013). 

Also, the assumptions made for the simulations scenario are: 

 No time lag between the set point temperature and room temperature 

 No heat transfer on one side of the PCM wallboard 

 

To investigate the correlation of Fo number versus Ste number, the study was conducted for 

different Bi number and Ste numbers. The PCM parameters in these simulation cases are 

presented in Table 9.8. 

 

Table 9. 8 Simulation cases for various Ste number 

Case 
Heat 

Capacity 
(Cp) [J Kg-1 

Latent 
(L) [J Kg-

1] 
Ste-1 Bi 

Fo (Half of the 
PCM 

completely 

Fo (PCM 
completel

y 

Fo 
(Steady 

state 
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K-1] liquefied) liquefied) condition) 

Case 1 2500 70000 28.00 0.4 14.36 15.00 47.00 

Case 2 2500 80000 32.00 0.4 16.00 16.73 48.73 
Case 3 2500 100000 40.00 0.4 19.36 20.18 52.18 
Case 4 1500 70000 46.67 0.4 21.97 22.88 55.00 
Case 5 2500 120000 48.00 0.4 22.73 23.64 55.64 
Case 6 2000 100000 50.00 0.4 23.41 24.43 56.48 
Case 7 1000 50000 50.00 0.4 22.95 24.09 56.14 
Case 8 2500 140000 56.00 0.4 26.00 27.09 59.09 
Case 9 1000 70000 70.00 0.4 31.14 32.50 64.54 

Case 10 2000 70000 35.00 0.4 17.27 17.95 50.00 
In all cases: Thickness  l=0.01m,conductivity  k=0.25 [W m-1 K-1], density  ρ=1100[Kg m-3], and 

melting range [17°C-23°C] 

 

Fig. 9.19 shows variation of Fo as a function of Ste number and Bi numbers for completely 

liquefied time of the PCM wallboard.  

 
 

Figure 9.19  Fo VS (Ste)-1 in different Bi numbers 

 

Figure 9.19 shows that the change of Fo as a function of (Ste)-1 number is linear for a given Bi 

number. Figure 9.20 shows the change of Fo as a function of Bi number for different Ste number 

for completely liquefied PCM wallboard. Here, unlike the correlation for the Ste number, 

logarithmic magnitude of Fo is changing linearly with the logarithmic value of Bi. By increasing 

the Bi number the Fo of completely liquefied is decreasing. As presented in Figure 9.20, the 

correlation for different (Ste)-1 has almost similar exponent (0.86).  
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Figure 9.20  Fo VS Bi in different (Ste)-1 numbers 

The correlations shown in Figure 9.19 and Figure 9.20 can be used to estimate the time required 

to fully charge a PCM wallboard. Depending on the applications, the PCM wallboard as the 

thermal storage needs to be conditioned to a certain temperature in a given period of time. In 

another word, these correlations can be used as a design tool to find the optimum parameters of a 

PCM wallboard to store the required thermal storage in a pre-determined time period.  

To evaluate the accuracy of the developed tool, ten design scenarios were selected in which the 

Fo of a fully melted PCM was calculated using the correlations developed in this study. Then, 

the results of those testing scenarios were compared with the Fo calculated using mathematical 

simulation.  The thickness and the thermo-physical properties of the PCM wallboards in those 

testing scenarios were selected randomly for the following ranges; thickness (0.005-0.05 m), 

heat capacity (500-3000 J kg-1K-1), conductivity (0.1-1.2 W m-1K-1), and latent heat (50000-

400000 J kg-1).The aforementioned ranges were selected based on the available materials in 

literatures. The specifications of the PCM wallboard in the testing scenarios are presented in 

Table 9.9. Figure 9.21 shows the Fo for completely liquefied PCM for various Bi and Ste 

numbers. Figure 9.21 makes it possible to calculate the time required to fully melt a PCM 

wallboard with melting range of [17-23°C], when the operation temperature is changing from 

20°C to 25°C. 

Table 9. 9 The specifications of the testing scenarios 

 

Testing 
Case 

Thickn
ess 
[m] 

Heat 
Capacity 
[J kg-1 k-1] 

Conducti
vity [W 
m-1 k-1] 

Latent 
Heat    

[J kg-1] 
(Ste)-1 Bi (1)Fo (2)Fo Error 

[%] 

Case 1 0.038 1640 0.43 93000 57 0.88 14.54 14.11 2.93 

Fo = 7.32*Bi-0.86

R² = 1

Fo = 11.28*Bi-0.86

R² = 1

Fo = 15.30*Bi-0.84

R² = 1
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Case 2 0.049 1240 0.93 144000 116 0.53 42.17 41.82 0.82 
Case 3 0.008 1360 0.71 84000 62 0.11 92.70 88.75 4.26 
Case 4 0.010 2790 1.10 126000 45 0.09 88.17 80.20 9.03 

Case 5 0.030 2070 0.35 195000 94 0.86 23.62 22.81 3.43 
Case 6 0.021 1940 0.82 370000 191 0.26 126.9 121.5 4.23 
Case 7 0.015 2610 0.66 355000 136 0.22 102.3 99.75 2.56 
Case 8 0.017 2940 0.50 66000 22 0.33 14.50 15.16 4.53 
Case 9 0.012 860 0.88 158000 184 0.14 214.4 199.3 7.04 

Case 10 0.025 620 0.52 117000 189 0.49 71.24 71.14 0.13 
In all cases: Density ρ=1100[kg m-3], Melting range [17°C-23°C] 

(1) PCM completely liquefied (simulation) 

(2) PCM completely liquefied (Figure 9.21) 

 

For the testing scenarios, the Fo number was calculated using both simulation results and the 

graph in Figure 9.21. To compare the chart with the simulation, the simulation results are 

presented as red circulars in Figure 9.21. The relative error between both calculation methods 

was determined. The mean average error for the testing scenarios was less than 4%.  

 

 

Figure 9.21  Fourier number  of completely liquefied PCM wallboard as function of  Bi and (Ste)-1 



 

numbers 

9.10 Conclusions and Recommendations 

The first part of the study clearly showed that using PCM in the wallboard dramatically reduces 

the temperature fluctuation and keeps it within the comfort zone while the hut without PCM 

suffered serious temperature fluctuations. Also studies on the energy storage with heating during 

winter showed that, when using PCM, the heater needs less number of on/off cycles to keep the 

room temperature within the desired range.  

 

Our studies also showed that using 26%wt PCM in gypsum board gives sufficient storage 

capacity for both winter and summer and does not affect the mechanical strength of gypsum 

boards. The PCM needs to be selected according to the comfort zone and climate. Impregnation 

can be done during production of the gypsum boards or after production soaking the gypsum 

boards in melted PCM for adequate time. 
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Chapter Ten 

 

10 PCM Integration with Active Systems 

 

10.1 Introduction 

Phase change materials (PCM) can be found in a wide variety of building applications either as 

an active component of the structure, or as a passive one. Active systems are the systems in 

which the fluid flow through the components is actuated by a mechanical system (fan, pump, 

etc.), enhancing heat transfer performance and allowing for the storage and release of heat on 

demand. Applications can be found in solar heat pump systems, heat recovery systems and floor 

heating systems. 

 

The active latent heat storage (LHS) systems improve indoor thermal comfort by circulating 

fresh air for cooling needs or hot air for heating needs. In contrary to passive systems, they can 

be operated on specific time slots, being able to correlate the needs with the energy supplies and 

apply in peak power reduction strategies. The interest of such strategies is to reduce the 

expensive and greenhouse gas emitting peak power consumptions as well as to stabilize the 

electricity network. The fact that in most countries the cost of electricity is lower during the 

night constitutes an application field for active thermal energy storage (TES) systems. 

Furthermore, these systems offer the ability of a continuous utilization of solar energy, by storing 

it during the day and releasing it at night, thus reducing temperature fluctuation and improving 

thermal comfort of the occupants. Finally, active TES systems can also be used to reduce high 

indoor diurnal air temperatures during the summer. 

 

By offering a large heat storage capacity, centralized Latent Heat Thermal Energy Storage 

system (LHTES) integrated into HVAC systems is a promising technology for heating and 

cooling of buildings. A centralized LHTES system is a closed hybrid PCM system where the 

PCM is used as a heat storage media. For instance, PCMs are used as a heat transfer medium for 

a free cooling system to store the coolness during nighttime at transition phase change 

temperature and then release it later during daytime. 

 

In this section, the main elements of LHS systems are first introduced. Then, studies performed 

by various laboratories and associated with active LHS applications integrated into HVAC 

systems are reviewed. 

 

10.1.1 The Main Elements and Operation of LHS Systems 

LHS systems are usually composed of four basic elements: 

 The heat exchanger that contains the macro-encapsulated or micro-encapsulated PCM. It 

is the main component of the system and the place where the heat/cold is stored. 
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 A circuit that allows the flow of the heat transferring fluid (mostly air, sometimes water). 

 An electrical or solar heat source that is used to heat the circulating fluid. 

 A fan or a pump that regulates the flow of the circulating fluid in the system. 

 

In addition to these elements, various sensors are usually installed in different parts of the system 

in order to investigate both the inlet and outlet air temperature, as well as the PCM temperature, 

the airflow etc. 

 

LHS applications are usually used to enhance the cooling or heating performance of mechanical 

ventilation systems and for peak power reduction needs. 

Cooling of the building 

During daytime, hot air flows through the heat exchanger at a higher temperature than the 

PCM’s melting point. The PCM, initially in its solid form, absorbs heat from the air while 

obtaining its liquid form. The cooled air is then supplied to the building. In order to solidify the 

PCM, during the night exterior air is circulated at a temperature lower than the PCM’s melting 

point. 

Heating of the building  

The principle is the same but the process is reversed. During daytime, hot air originated from the 

interior of the building or produced from a solar or electrical power system, flows through the 

heat exchanger of the LHS system and provides heat to melt the PCM. When heat is needed, 

cold or interior air is forced through the exchanger, capturing heat from the PCM, while 

solidifying it. The heated air is then supplied to the building. 

Peak power reduction 

For both cooling and heating applications, the active TES systems can be operated in order to 

reduce peak power consumption. Heat or cold is stored in the developed system during an off-

peak period, preferably during the night (for lower electrical cost) or during the time that the 

COP of a heat pump is optimum (for example when indoor and outdoor temperature difference is 

minimal). Control strategies can be developed in order to predict the cooling/heating needs of the 

building and adjust the usage of the system accordingly. 

 

10.1.2     Review of Previous Case Studies 

10.1.2.1  Case Study 1 

Stathopoulos et al. (2013) proposed a system aiming to reduce peak power consumption, by 

storing a sufficient amount of heat in a LHS unit in order to restore it during the peak power 

period. In France the most important power demand occurs during winter in the beginning of the 

night (18:00-20:00), largely because of house holdings heating needs. 

 

The experimental apparatus (Fig. 10.1) consists of a set of aluminum plates containing PCM, 

vertically placed downstream in the ventilation plenum. Two fans are used to produce the needed 

airflow and two electrical resistances to produce heat. The PCM used is the Microtek37 paraffin 



 

with a melting temperature of 37°C and a latent heat of 227 kJ/kg. 31.78 kg of this paraffin were 

introduced into the aluminum plates (18 mm thick) and fins were placed between the plates to 

increase the heat exchange; the dimensions of the heat exchanger, insulation included, are 

(1.05×0.80×0.25) m. 

 

 

Figure 10.1The experimental LHS unit (Stathopoulos et al., 2013) 

 

Two diffusers were used before and after the heat exchanger in order to produce a uniformed 

airflow. The system is coupled with an experimental test cell (Hybcell) as seen in Fig. 10.2 in the 

ENTPE laboratory. Numerous sensors are used to measure the surface temperature of the plates 

and the PCM temperature at different positions of the unit (beginning, middle and end of the 

unit), the inlet and outlet air temperature and humidity and the airflow rate. 

 

 

Figure 10.2 LHS system and coupled test cell (Stathopoulos et al., 2013) 
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Instrumentation was designed in order to study the fusion and the solidification of the PCM, the 

heat losses in the heat exchanger and the charge/discharge phases of the heat exchanger. 

 

Measurements are taken at the following locations: 

 

 Temperature, relative humidity and air flow rate before and after the heat exchanger 

 PCM temperatures and surface temperatures of three places of the aluminum plates, in the 

beginning, middle and final part of the exchanger 

 Surface temperatures of the plates at the outlet part 

 

A control system is integrated to the experimental setup in order to automatize tests at different 

air flow rates and temperatures. The operating principle is as follows: fans and resistances are 

operated to create a hot airflow during the off-peak period, a part of which is used to store heat in 

the PCM exchanger and the rest to heat the test cell. The aim is to store a sufficient quantity of 

heat during the off-peak period and to restore it during peak power time-slot, while turning off 

the electrical heater. At the same time, attention is given to the thermal comfort and the indoor 

air quality of the coupled cell. 

 

Several calibration and characterization tests have been made, varying the airflow rate from 100 

m3.h-1 to 500 m3.h-1. Inlet temperature of the exchanger has been fixed to 44°C during the 

storage phase and 24°C during the discharge phase. Characterization results are illustrated on Fig. 

10.3 where outlet temperature is shown for different airflow rates during the charging and 

discharging phase of the unit. 

 

Once characterized, the air-PCM exchanger has been coupled with an experimental test cell. As 

illustrated in Fig. 10.2, the Hybcell test cell represents an office or meeting room (50 m3) 

equipped with a hybrid ventilation system, heating devices and simulated occupancy. Outdoor 

and indoor conditions in terms of temperature, relative humidity, CO2 as well as energy 

consumptions are monitored. National Instruments based technology allows the overall control 

and management of Hybcell data acquisition system.   

 

 

 

 

 

 

 

 

 

Figure 10.3 Outlet temperature during charging and discharging phase for different 

airflow rates (Stathopoulos et al., 2013) 



 

 

Fig. 10.4 shows an example of developed and experimentally tested control strategies in order to 

manage the integration of the Air-PCM exchanger into Hybcell HVAC system. The evolution of 

the inner air temperature of Hybcell and the electric heating power (100% refers to 2000W) are 

illustrated. 

 

Figure 10.4 The unit integrated with an experimental cell: room and heat exchanger outlet 

temperature during a peak power reduction example (Stathopoulos et al., 2013) 

 

As seen in Fig. 10.4, a part of the heat is absorbed by the heat exchanger and the rest directly 

goes into the test cell. The green areas correspond to the 18h-20h period (peak power period) 

where the HVAC heating system was switched off. During this period the indoor air temperature 

is still in thermal comfort range, with a very low decrease. This means that the discharge of the 

Air-PCM exchanger is enough to bring a good thermal comfort while contributing to energy 

peak reduction. 

 

Experimental results will be used for the development of an empirical model that will be coupled 

to an existing building model. On a second phase, numerical and experimental tools will be used 

to develop and evaluate control strategies of the system. Optimal strategies will then be 

experimentally implemented for two different building configurations, a single-zoned one and a 

multi-zoned one. 

 

10.1.2.2  Case Study 2 

Borderon (2012) proposed a LHS system aiming to cool a house using the freshness of the cold 

night air. It is composed of horizontal PCM plates placed in a heat exchanger and coupled with a 
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ventilation system. A fan forces the air through the exchanger so that the PCM absorbs or 

releases heat. Indoor air is refreshed by passing through the exchanger during the day and 

outside air is used to solidify the PCM during the night. A diffuser is used to equally distribute 

the air between each plate. The PCM used is the Energain® compound, a mixture of 60% 

microencapsulated paraffin in an ethylene based polymer, with a melting point around 21°C and 

a latent heat of 72 kJ/kg for 5°C to 30°C. It is used in a form of plates with dimensions of 

(1.20×1.20×0.05) m, each face of it being covered by an aluminum foil preventing leakage and 

fire risks. 

 

The exact composition of the proposed heat exchanger (as seen in Fig. 10.5) is a first insulation 

layer, a combination of several Energain plates piled up one another, an air layer, a second PCM 

layer double the thickness of the first one, a second air layer, a third and last PCM layer same as 

the first one and finally a second insulation layer. The upper surface of the lower air layer and 

the lower surface of the upper air layer are equipped with flow meters and thermocouples (Type 

K, Chromel/Alumel). An omnidirectional (TSI™, 0-10 V) hot-wire anemometer (TSI™, 0-10 V) 

is placed in each air layer near the outlet. Two relative humidity sensors are placed on both sides 

of the prototype. They consist of 4-20 mA sensors associated with a 500 Ohm resistance and an 

output signal of 0-10 V.  

 

In order to measure the heat flux between PCM and air, four flux meters were installed, two for 

each of the instrumented sides. The thin sensors (less than 1 mm) send an electrical signal that is 

proportional to the heat flow. For each of the flow meters, an air and a surface temperature 

measurement is made. Other air and surfaces temperature measuring thermocouples are spread 

over the plates. Air temperature is measured at the inlet and outlet of the exchanger and a 

differential thermocouple is used to directly measure inlet and outlet difference temperature. 

Data acquisition is performed with a National Instruments device and Labview software. 

 

 

Figure 10.5 The heat exchanger unit (Borderon 2012) 

 

The experiments conducted with the developed heat exchanger allowed to issue temperature, 

relative humidity and airflow profiles. Parallel to the experimental study, a bidimensional Matlab 



 

model was created based on the finite difference method and the equivalent heat capacity for the 

PCM. Experimental data are used to validate the numerical model, concerning convective 

coefficients and hysteresis phenomenon. Fig. 10.6 illustrates the confrontation between 

experimental and simulated results for the outlet air temperature. 

 

 
Figure 10.6 Outlet air temperature experimental and simulation results (Borderon ., 2013) 

 

The validated model is then coupled to a TRNSYS model of house in order to evaluate the 

proposed system’s behavior for different configurations and climates. 

10.1.2.3 Case Study 3 

Zalba et al. ( 2004) developed a system in order to test the performance of PCM in a cooling 

system that allows for the storage of outdoor coolness during the night, to supply it to the indoor 

environment during the day. 

 

The proposed unit (Fig. 10.7) is a closed air circuit consisting of a fan for circulating the air, a 

device for heating and cooling the air at the desired temperature, a flow meter and the TES 

system. The last one consists of flat plate rectangular encapsulation vesicles made with 

methacrylate to allow for visualization of the phase change. 
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Figure 10.7 The experimental set up (left) and heat exchanger unit (right) (Zalba et al.,  

2004) 

Two PCM were selected: 

 

 A molecular alloy consisting of 34% C16 and 66% C18, with a latent heat of 152 kJ / kg and a 

melting range between 19.5 °C and 22.2 °C. 

 The RT25 Rubitherm paraffin, with a latent heat of 164 kJ/kg and a melting range between 

18.8°C and 24.1 °C. 

 

Inlet and outlet air temperature were measured using five calibrated Pt100 sensors at the entrance 

and exit of the unit. Air flow was measured using a calibrated flow meter and customized 

software was used for data acquisition and evaluation. 

 

The two following Figs. (10.8 and 10.9) show the obtained experimental results for Zalba et al. 

(2004) proposed unit. Fig. 10.8 illustrates the heat transfer and Fig. 10.9 the exchanged energy, 

both for melting and solidification process. 

 
Figure 10.8 The unit’s heat transfer during phase change for different (Zalba et al.,  2004) 

[Configurations: DOE1F (30 ºC, 100 m3/h, 15 mm), DOE2F (30 ºC, 150 m3/h,15 mm), DOE3F (28 ºC, 100 m3/h, 15 

mm), DOE4F (28 ºC, 150 m3/h, 15 mm), DOE5F (28 ºC, 150 m3/h, 25 mm), DOE6F (28 ºC, 100 m3/h,15 mm), 

DOE7F (28 ºC, 100 m3/h, 25mm), DOE8F (30 ºC, 100 m3/h, 25 mm); DOE1S (18 ºC, 150 m3/h, 15mm), DOE2S 

(18 ºC,100 m3/h, 15 mm), DOE3S (16 ºC, 100 m3/h, 15 mm), DOE4S (16 ºC, 150 m3/h, 15 mm), DOE5S (16 ºC, 

150 m3/h, 25 mm), DOE6S (18 ºC, 150 m3/h, 25 mm), DOE7S (16 ºC, 100 m3/h, 25mm), DOE8S (18 ºC, 100 m3/h, 

25 mm)] 

 



 

 

Figure 10.9 The unit’s heat exchange during phase change for different (Zalba et al.,  2004)  

[Configurations: DOE1F (30 ºC, 100 m3/h, 15 mm), DOE2F (30 ºC, 150 m3/h,15 mm), DOE3F (28 ºC, 100 m3/h, 15 

mm), DOE4F (28 ºC, 150 m3/h, 15 mm), DOE5F (28 ºC, 150 m3/h, 25 mm), DOE6F (28 ºC, 100 m3/h,15 mm), 

DOE7F (28 ºC, 100 m3/h, 25mm), DOE8F (30 ºC, 100 m3/h, 25 mm); DOE1S (18 ºC, 150 m3/h, 15mm), DOE2S 

(18 ºC,100 m3/h, 15 mm), DOE3S (16 ºC, 100 m3/h, 15 mm), DOE4S (16 ºC, 150 m3/h, 15 mm), DOE5S (16 ºC, 

150 m3/h, 25 mm), DOE6S (18 ºC, 150 m3/h, 25 mm), DOE7S (16 ºC, 100 m3/h, 25mm), DOE8S (18 ºC, 100 m3/h, 

25 mm)] 

 

Studies performed on the designed system showed that for the solidification and the melting 

process the effects with the most important influence are the thickness of the encapsulate 

container, the inlet temperature of the air, the air flow, and the interaction thickness/temperature. 

The researchers also performed a viability analysis that showed that this kind of system can be 

developed in a real installation, in what concerns technical feasibility as well as economic 

advantages (when compared to existing cooling systems). 

 

10.1.2.4 Case Study 4  

Arkar et al. (2006) developed a LHTES device in order to improve the cooling potential of a 

mechanical ventilation system. The device has cylindrical form and is filled with PCM 

encapsulated spheres. The PCM used is the RT20 paraffin from Rubitherm GmbH. For the 

optimization of the LHS device several parameters were taken into account: PCM 

characteristics, the ratio between PCM mass and airflow, and the ratio between the length and 

the diameter of the exchanger.  

 

The developed heat exchanger prototype (Fig. 10.10) consists of a cylinder with a diameter of 

0.34 m and a height of 1.52 m, filled with polyethylene spheres with a diameter of 50 mm 

containing PCM. Arkar et al. (2006) investigated a system with two heat exchangers integrated 

in the mechanical ventilation system of a low energy building. The first heat exchanger was used 

for cooling the ambient air when it was hotter than indoor air temperature. The second one was 
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used when additional cooling was needed, using re-circulated air when indoor air temperature 

was higher than a set point value. Three operation modes were considered: a simple ventilation 

mode (constant airflow through the day), night cooling mode (increased airflow during the night) 

and free cooling mode (using the two heat exchangers).  

 

Figure 10.10 Heat exchanger developed by Arkar et al. (2006) 

 

Experiments were conducted in order to study the phase change process of the PCM and verify 

an adapted numerical model. Fig. 10.11 shows the comparison between experimental and 

simulation results during charging and discharging phase.  

 

 

Figure 10.11 Experimental and simulation confrontation for the outlet air temperature of 

Arkar et al. (2006) unit during the melting stage (left) and the solidification stage (right) 

 

The model was then used to form a multi-parametric thermal response function that calculates 

the heat exchanger outlet temperature. Finally, a TRNSYS simulation program was developed, 

using as input the exchanger outlet temperatures and being able to predict the fresh or re-

circulated air supply temperature. With the numerical tool in hand, several simulations were 



 

performed altering the ventilation strategies, the air flow rates and the size of the heat exchanger. 

The investigation demonstrated the advantages of the proposed system in terms of reduction of 

the mechanical ventilation size, thermal comfort and fresh air supply. 

 

 

10.1.2.5 Case Study 5 

Nagano et al. (2004) proposed a latent heat storage system, in which PCM granules consisting of 

porous media and paraffin wax are applied. In particular, the GR25 PCM made by Rubitherm 

GmbH was used to create granules in which paraffinic hydrocarbon was absorbed into 

granulated porous ceramics. The particle had a diameter from 1 to 3 mm and its composition was 

65% ceramics and 35% paraffin wax by weight. The melting and the solidification points are 

23.2 and 24.1°C, respectively and latent heat is 45.3 kJ/kg. 

 

The experimental setup (Fig. 10.12) consists of a cylindrical column made of chloroethene, with 

an internal diameter of 50 mm and a wall thickness of 5mm. The PCM granules were introduced 

in the column from 120 to 350 mm from the bottom. A constant air chamber supplied air to the 

bottom of the column with the use of an air pump. Passing through the PCM packed bed, the air 

was exhausted from the top of the column. A chloroethene plate with air holes was used to 

rectify it, placed at a height of 60 mm. 

 

 

Figure 10.12 The experimental unit (Nagano et al., 2004) 

 

PCM temperatures were measured by using T-type thermocouples at 11 points and a propeller 

vane anemometer was used for air velocity measurement that leads to air flow rate calculation. 

Fig. 10.13 illustrates temperature variations at different points of the PCM packed bed (1 cm 

interval) for various fans velocities and supply temperatures. 
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The experimental unit was used to observe the melting and the solidification process of the PCM 

and to verify DSC measurements. Further remarks were made considering the exchanged heat 

flux between the PCM granules and air. A numerical model was developed and validated with 

the use of experimental results. 

 

 

 



 

Figure 10.13 Temperature variation for different experimental configurations (Nagano et 

al., 2004) 

10.1.2.6 Case Study 6  

Lazaro et al. (2009) designed an experimental setup for free cooling purposes. Studies were 

made for different air to PCM heat exchangers, using a closed air loop setup to simulate indoor 

conditions. The developed system (Fig. 10.14) consisted of two different heat exchanger 

prototypes, an inlet air conditioner for various operating modes simulation, air ducts and gates as 

well as numerous sensors to measure air/PCM temperatures and air flow. 

 

The first prototype uses aluminum pouches filled with an inorganic PCM (Fig. 10.14). A 

metallic grid was used to assure the vertical position of the apparatus. The air flows parallel to 

the pouches from bottom to top. Tests with constant inlet air temperatures showed that the 

cooling rates were very low and that the total melting times were double the melting designed 

time. It was discovered that this was due to PCM leakage from torn pouches.  

 

 

Figure 10.14 LHS system and first encapsulation method: aluminum pouches (Lazaro et al., 

2009) 

In view of these events, a second prototype was developed using aluminum panels (as shown in 

Fig. 10.15) with organic PCM. As with the first prototype, the configuration was also vertical but 

this time air flows from top to bottom. The PCM used for this configuration presents lower 

thermal conductivity and the total stored energy is also lower than the first prototype. 

 

Concerning instrumentation, the inlet and outlet air temperature difference were measured with a 

six junction thermopile and air flow was calculated using fan velocity measurement. Inlet and 

outlet air humidity was also measured, showing a maximum variation of 0.006 kg/kgda. 
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Figure 10.15 LHS second encapsulation method (aluminum panels) (Lazaro et al., 2009) 

 

Fig. 10.16 shows experimental results concerning cooling rate for constant rise of inlet air 

temperature and constant heating power. The second prototype resulted in a cooling capacity 

over 3 kW for approximately 1.5 hour or approximately 1 kW for more than 3 h. This 

information can be useful when designing the optimal operation mode for different applications. 

 

Figure 10.16 Cooling rate evolution with constant rise of inlet air temperature (left) and 

constant heating power for prototype 2 (right) (Lazaro et al., 2009) 

Lazaro et al. (2009) investigated two cases of LHS units. The second unit optimized design led 

to higher cooling power and shorter melting rates. The researchers conclude that enhancement in 

heat exchangers design can be more effective than the use of a higher conductivity PCM. 

 

10.1.2.7 Case Study 7  

Dolado et al. (2011) investigated the performance and thermal cycling of a real-scale PCM-Air 

heat exchanger. The unit in question is a modified version of Lazaro et al. (2009) (Fig. 10.14) 

experimental set up. Modifications include the creation of a single branch closed loop, the 

relocation of the chiller and the removal of the second branch of the duct system and allowed for 

the realization of thermal cycles (Fig. 10.17). 



 

 
Figure 10.17 Modifications in Lazaro et al. system (Dolado et al., 2011) 

 

Approximately 135 kg of the organic RT27 PCM were used in the LHS unit, macro-

encapsulated in 216 aluminum rigid slabs. These slabs were then assembled in a way to form 

parallels walls, separated by a 1 cm thick air layer. The LHS unit fan can be operated for three 

different speeds, varying from 675 m3/h to 1550 m3/h, whereas the fun chiller was single speed. 

 

Investigations of Dolado et al. (2011) led to the full thermal characterization of the LHS unit and 

the development of empirical design tools. The capacity of the proposed system to assure PCM 

solidification for specific time periods as well as the repetitive thermal cycling performance of 

the unit was observed. Fig. 10.18 shows the evolution of the plate surface temperature for a 

melting-solidification cycle. These temperatures are used as an indicator of the phase change 

advancement. Full melting process occurred in less than two hours with a 9.2°C temperature 

difference between inlet air temperature and average phase change of the PCM (ΔTair-PCM). 

 
Figure 10.18 Inlet and outlet air temperature, ambient air, and surface temperature 

distribution for a full cycle of proposed unit (Dolado et al., 2011) 
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Investigations were also performed for the evolution of PCM and encapsulation material 

temperature of a single slab, with measurements occurring at three different points. The points 

are denoted as PCM Up, Middle and Down and Plate, Up, Middle and Down in Fig. 10.19. A 

3°C temperature difference can be observed between PCM and surface temperature during the 

phase transition. It is noted that both melting and solidification processes start at the upper part 

and move towards the lower part of the plate. 

 

 
Figure 10.19 Air, plate and PCM temperatures of a single plate for a full cycle (Dolado et 

al., 2011) 

 

Characterization results were used to develop rules of thumb and an empirical model that can be 

used for LHS designing purposes. 

 

Parallel to that, the experimentally obtained results also served for the validation of a numerical 

model aiming to be used as a design tool for different applications of LHS systems. 

 

10.1.2.8 Case Study 8 

Lin et al. (2007) developed a PCM based floor heating system with the goal of heating and peak 

power reduction. Their aim was to surpass the limitations of a passive under-floor heating 

system by adding thermal storage to it. 

 

The system was integrated in an experimental house and consists of an insulation layer 

(polystyrene 120 mm), electric heaters, PCM (15 mm), an air layer (50 mm), floor cover material 

(40 mm), cylindrical supporters, air inlets and air outlets with fans (Fig. 10.20). 

 



 

 

Figure 10.20 The experimental house and enhanced floor heating system (Lin et al., 2007) 

 

The PCM used consists of 75% paraffin and 25% polyethylene. The paraffin fusion point is 52°C 

and its heat of fusion is approximately 200 kJ/kg. Concerning instrumentation, 18 thermocouples 

were used in order to measure air temperature at different heights and places of the house and a 

data logger was used for data recording. The tracer gas technique was used to calculate the air 

exchanges per hour and solar radiation was measured with a thermal radiometer.  

 

Thermal behavior of the heating system and the instantaneous indoor temperature of the room 

were investigated. The operating principle is as follows: for a period of five days the electrical 

heating system was turned on and for the next five days they were turned off. For the first five 

days the electrical heaters worked from 23:00 to 07:00 and were shut down for temperatures 

higher than 65°C and for the period 07:00 to 23:00. Measurements were made for the indoor and 

outdoor temperature, solar radiation and electricity consumption every 5 minutes. Air outlets and 

inlets were opened and the air supply fans operated from 09:00 to 16:00. 

 

A previous numerical model was modified for this case study. With the use of experimental data 

investigations were made concerning the influence of various factors such as the air supply 

velocity, thickness and fusion temperature of the PCM, thermal conductivity coefficient, heat of 

fusion as well as the floor and air layer thickness. Indoor air temperature was calculated while 

changing one of these factors at a time, the final goal being to optimize the system design for 

different conditions. Figure 10.21 illustrates the comparison between experimental and 

simulation results of the indoor air temperature with (a) and without (c) air supply, and of the 

PCM surface temperature with (b) and without (d) air supply. 
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Figure 10.21 The experimental vs. simulation results for different configurations (Lin et al., 

2007) (a) indoor temperature without air supply, (b) indoor temperature with air supply, 

(c) PCM surface temperature without air supply and (d) PCM surface temperature with 

air supply. 

 

Results demonstrated that indoor temperature can be effectively increased with the use of the 

enhanced air supply during the working hour period. Total electrical energy consumption was 

shifted from peak to off-peak period, resulting to important economic benefits due to lower night 

electricity cost. 

 

In the end, Lin et al. (2007) stated that their study showed the promising perspectives of the 

proposed system for different climatic regions while providing simple and effective design and 

control methods. 

 

10.1.2.9 Case Study 9 

Turnpenny et al. (2001) proposed a cooling ventilation system aiming to reduce energy and 

economical costs. The prototype consists of a number of PCM embedded heat pipes, circularly 

installed and mounted on a support; a fan is also installed in the center of the circle, just above 

the heat pipes (Fig. 10.22). 



 

 

Figure 10.22 LHS unit, overall view (left) and heat exchange pipes (right) (Turnpenny et al., 

2001) 

 

The PCM used is the Na2SO4.10H2O salt with a melting temperature of 21°C and a latent heat 

fusion of 198 kJ/kg. 

 

During the night cool air was directed towards the upper part of the unit with the use of a 

movable board. The ceiling fan blew this air downwards so as to pass over the heat PCM pipes 

and cool them. During the day, the ceiling fan was also used to blow air downwards, cooling it 

while it passes through the exchanger unit and absorbing internal and external heat gains. 

 

Two PRT sensors on each side (unit and control) were used for temperature measurement and 

another one was placed outside of the vent. Three stainless steel thermistors were placed in the 

heat pipe-PCM unit in order to supply spot PCM temperatures at three different distances from 

the container wall. In this way, the phase change process could be estimated. Air speed was 

measured by a movable hot-wire anemometer. 

 

Fig. 10.23 illustrates the results obtained for a 32 hours period for average PCM temperature, 

average room temperature and external temperature. Fig. 10.24 shows upstream-downstream and 

upstream-PCM temperature difference. In both cases, the first cycle was performed with a 1 kW 

heat input and the second with a 2 kW one. Complete melting is assumed to occur when the 

mean PCM temperature rises above 23°C; with a 2°C difference between inlet and PCM 

temperature complete melting occurs after an 8 hour period whereas with a 3.5°C difference the 

time needed is 3 hours. 

 

Studies were made to assess the overall cooling performance of the unit during the summer, 

including temperature monitoring, melting behavior of the PCM, cooling potential, tilting and 

covering of the heat pipes, different air passage configurations and heat transfer rates 

measurements. 

 

Results showed that the system managed to assure adequate rate of heat storage and prevented 

overheating phenomena for a typical UK summer climate. 
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Figure 10.23 Air, PCM and external temperature for 1 and 2 kW heat input, (Turnpenny 

et al., 2001) 

 

Figure 10.24 Upstream-downstream and upstream-PCM temperature difference for 1 and 

2 kW heat input (Turnpenny et al., 2001) 

 

In sum, a comparative table of the different LHS units is given in Table 10.1. 

 

Table 10. 1 Comparative table of the different LHS units 

Heat Compared Parameters 



 

exchanger 

system 
Objective 

PCM (Choice and 

encapsulation) 

System 

integration in 

the building 

Model 

Stathopoulos 

et al. (2013) 

Heating / Peak power 

reduction 

Microtek 37 (paraffin) / Macro 

encapsulation 

False sealing / 

Ventilation 

plenum 

Empirical 

Borderon 

(2012) 
Free cooling 

Energain®,  (60% 

microencapsulated paraffin in 

an ethylene based polymer) / 

Macro encapsulated 

False ceiling 

Implicit finite 

difference 

method 

Zalba et al. 

(2004) 
Free cooling 

Molecular alloy (C16 and 66% 

C18) and RT25 Rubitherm 

paraffin /Macro encapsulation 
- Empirical 

Arkar et al. 

(2006) 
Free cooling RT20 paraffin Rubitherm 

Mechanical 

ventilation 

system 

Finite difference 

method 

Nagano et al. 

(2004) 

PCM performance 

and numerical model 

validation 

Paraffin GR25 Rubitherm and 

porous media / Macro 

encapsulation 

- 
Enthalpy 

method 

Lazaro et al. 

(2009) 
Free cooling 

Inorganic PCM / Macro 

encapsulation 
- - 

Dolado et al. 

(2011) 

Characterization of 

the unit and empirical 

designing tools 

elaboration 

Organic RT27 Rubitherm / 

Macro encapsulation 
- Empirical 

Lin et al. 

(2007) 

PCM enhanced floor 

heating system 

75% paraffin and 25% 

polyethylene 
Floor 

Enthalpy 

method 

Turnpenny et 

al. (2001) 
Free cooling Na2SO4.10H2O salt Ceiling 

One-

dimensional 

mathematical 

model 

 

10.2  Case Study 10 

In chapter 8, the development and validation of a CFD model to characterize the 

performance of a PCM was reported by El-Sawi et al. (2013). Here, the validated CFD model is 

used to perform hourly simulation using 1st June Montreal weather data to investigate the 

potential of using LHTES for free cooling. Paraffin, of RT20, was used as a storage media (the 

PCM) with latent heat of fusion of 172kJ/kg for a phase change range of 4K with an average 

melting point of 297.15K. Figure 10.25 shows the calculated hourly LHTES system’s outlet air 

temperature associated with the PCM’s energy release. When the centralized LHTES system is 

applied, the results show the inlet air temperature, which is extracted from weather data, can be 
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stabilized. The dashed area represents the amount of cooling load that was removed using the 

control strategy by switching to the LHTES system. This results in a reduction of 63% in the 

total required cooling load for June 1st.  

 

Figure 10.25 Hourly variations of the measured ambient air and the LHTES 

system’s outlet air-temperatures for June 1st and the cooling load of the LHTES 

 

10.2.1 Effect of the Geometrical Configuration of a Centralized LHTES  

-LHTES system length 

Figure 10.26 shows the calculated LHTES’s outlet air temperature as a function of time 

for different LHTES system lengths. The length of the LHTES system was changed from 500 to 

650, and to 750mm associated with the change in the inlet air flow rate conditions. Accordingly, 

the mass of RT20 paraffin, which has a phase change temperature range of 294.15-297.15K, is 

increased from 3.6kg for the LHTES system length of 500mm, to 4.68kg and 5.4kg for the 

LHTES system lengths of 650mm and 750mm, respectively. For each selected length, two 

different velocities of inlet air conditions were considered, 1.5m/s and 2.4m/s.   

Figure 10.27 shows that the amount of stored energy increases as the LHTES system 

length increases. However, the thermal performance does not show any improvement with the 

increase of the air flow rate. This figure shows that in the case of a 750mm length size and inlet 

air flows of 1.5m/s and 2.4m/s, the system has a significant potential to stabilize the fluctuation 

of the inlet air temperature, followed by the 650mm length size with 1.5m/s. There is a 

significant improvement (15%) on the reduction of the cooling load when the length of the 

LHTES system is increased from 500mm to 650mm. However, the ventilation airflow rate does 

not show a significant effect on reducing the cooling load when the entering air speed is higher 

than 1.5m/s. This result is consistent with experimental work(Stritih and Butala, 2010). The 

result shows a marginal improvement on reducing the cooling load for the longest size compared 

to the LHTES system length of 650mm.   



 

 

 
Figure 10.26 Hourly calculated LHTES system’s outlet air temperature for the typical first 

two days of a week in July in Montreal for different LHTES system lengths 

 

 

 
Figure 10.27 Reduction in the cooling load for different parameters of the LHTES system 

performance design 

 

 The remaining cases appear to have a similar trend of the variation with relatively small 

differences. This can be interpreted from Figure 10.28, where the variation of volume fraction 

with time for the selected cases is plotted. In the case of the 500mm length size with 1.5m/s, the 

PCM starts melting after about 10hr (10:00AM) and it is completely melted at hour 20 

(8:00PM), resulting in a complete release of the stored cooling energy. As a result, the LHTES’s 

outlet air temperature is sharply increased. However, the melting rate is relatively faster in the 

case with higher air speed. This phenomenon can be observed with the 650mm length when the 

inlet air speed is 2.4m/s; the melting rate is higher, thus increasing the LHTES system’s outlet air 

temperature. On the other hand, when the inlet air speed is 1.5m/s, the LHTES system’s outlet 

air temperature becomes more stabilized, resulting in a higher thermal performance for the 

LHTES system. The longest size shows the best thermal performance on the first day, regardless 

of the inlet air speed.          
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Figure 10.28 Liquid volume fraction calculations of the typical first two days of a week in 

July in Montreal for different LHTES system lengths 

 

10.2.2 Normalization Analysis of the Results 

The computational results of evolution of melting front are employed to describe the 

fluid flow and heat transfer characteristics. For generalization, the dimensionless heat release 

completion time is used as a common approach to explain the cooling completion time. Also, 

Stefan number is sued which is defined as the ratio of sensible heat to latent heat, 𝑆𝑡𝑒 = 𝑐 ∆𝑇 𝐿⁄ , 

where 𝑐 is the specific heat capacity of the PCM, ∆𝑇 is the temperature difference between the 

free stream of air temperature and the PCM average melting temperature, and 𝐿 is the latent heat. 

Figure 10.29 shows a linear relation between the melt fractions multiplied by reciprocal 

of the Stefan number (𝜀. 𝑆𝑡𝑒−1) and the ratio of the dimensionless heat release completiontime  

(ℜ𝑖/ℜ𝑡)  for four cases of the inlet air-temperature with three LHTES’s sizes. As the melt 

fraction was determined based on the inlet air condition and the thermo-physical properties of 

the selected PCM, the determined value on the x-axis is intersected with the specific temperature 

line to figure out the best size of LHTES system with a lower ratio of the dimensionless heat 

release completion time. This figure was performed to take into account the completion time 

required for the entire melting process. For example, when the PCM completely melts, the melt 

fraction (𝜀) and the ratio of the Fourier number are equal to unity. Hence, the LHTES system can 

be selected based on the inlet air-temperature and the available PCM thermo-physical properties. 



 

 
 

Figure 10.29 The dimensionless of completion melting time ratio versus the combined term 

of the melt fraction multiplied by the reciprocal of the Stefan number for four different 

inlet air temperatures at three sizes of LHTES systems 

 

10.2.3 Integrating the Centralized LHTES System into a Building 

-The building model description 

The thermal building response is simulated for a single-zone model used TRNSYS. The 

model is an apartment with dimensions of 11.44m×5.69m×2.76m. Each wall of the apartment is 

divided into several layers of materials, which form a composite wall (more details are provided 

in El-Sawi, 2013). The floor area is 11.44m ×5.69m. The exterior walls, with a façade of 

5.69m×2.76m, are facing south and north. On the south side, there is one door and one window 

with surface areas of 1.98 and 2.07m2, respectively, and one door and two windows of 2.07 and 

1.41m2 (2x), respectively, are on the north side. Since there are no windows on the east-west 

sides of the apartment, two adjacent walls are considered in the building model. 

The test room is occupied by two persons from 8:00AM to 12:00PM and from 1:00PM to 

5:00PM Monday through Friday. During this occupancy there is a constant additional load of 

150W (television) and 100W for electric lights. Typical Meteorological Year (TMY) weather 

file data is used. The weather data (ambient air temperature and solar radiation intensity) is 

generated using TRNSYS Type TMY2. 

The model building is simulated by considering the given assumptions to investigate the 

effect of integrating the LHTES system on the reducing energy demand. Figure 10.30 shows the 

variation of the indoor air temperature which is affected by the supply and the LHTES’s outlet 

air-temperatures. During the month of July, it is obvious that the value of ambient air 

temperature goes down in the middle of the week, which enhances the night ventilation and 

therefore the LHTES system is almost completely charged. However, the opportunity to take 
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advantage of night ventilation decreases when the ambient air temperature increases, causing an 

increase of the indoor air-temperature. In general, the value of indoor air-temperature is 

relatively weighted to the summation of the supply and LHTES’s outlet air-temperatures  

 
Figure 10.30 The variation of indoor air-temperature of the building model integrated into 

the LHTES system for days 6-9 of July for a passive space 

 

Figure 10.31 shows different scenarios of indoor air-temperature using the LHTES system 

and the night ventilation mode. No auxiliary cooling is provided during the selected period. To 

analyze the effect of a night ventilation system with and without the centralized LHTES system, 

three days (July 6-9) are chosen from the summer season. The LHTES’s response function in 

conjunction with night ventilation has a significant effect on reducing the variations of indoor air 

temperature compared to only implementing night ventilation. This is attributed to the thermal 

storage effect of the centralized LHTES system, in which the air stream coldness is stored during 

the night and then it is released to the indoor air during the day. The cooling effect of the 

centralized LHTES system lasts from 9:00 in morning to 17:00 in afternoon, when the PCM 

almost completely melts. This suggests that the centralized LHTES system can not only stabilize 

the temperature swing but also improve building occupant’s comfort. As can be seen from 

Figure 10.31, the indoor air-temperature rises due to the internal load when there is no 

mechanical ventilation system.  



 

  
Figure 10.31 Indoor air-temperature histories with and without LHTES system combined 

with night ventilation for days 6-9 of July  

 

The indoor air-temperature is calculated when only the night ventilation system is applied 

and scheduled as mentioned in the previous section. The indoor air-temperature line overlaps the 

ambient air-temperature line from early morning to about mid-day, and then the indoor air-

temperature increases and remains higher than the ambient air temperature. An auxiliary cooling 

supply is needed to maintain the indoor air-temperature within the comfortable range below 28℃ 

because of high ACH during the daily operation of the system. 

 

10.3 Design Philosophy of a LHS System 

In this section, an effort to sum up the various parameters that influence the design philosophy of 

a TES active system is made.  

 

One of the most important factors when designing such a unit, is that the developed system must 

assure maximal heat exchange rate between the heat transfer fluid (air) and the latent heat 

storage medium (PCM). In general one must bear in mind that the available periods of time for 

the solidification/fusion of the PCM can be limited. The geometry of the heat exchanger as well 

as the choice for the PCM storage (microencapsulation or macro-encapsulation) plays a 

significant role in this matter. Materials with high conductivity and acceptable prices are 

preferred. In some of the macro-encapsulated cases fins have been used to enhance heat 

exchange between the air and the PCM container. The geometry of the heat exchanger also 

affects the pressure drop of the LHS system and as a result the air pumping requirements and the 

electrical energy consumption. 

 

The design of a LHS system also highly depends on the heat storage needs of the place where it 

is installed. Different PCM with higher or lower latent heat values can offer solutions in this 

matter. 
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PCM thickness and airflow rates are also important aspects to take into account. Researchers 

often realize experimental and numerical studies to determine the optimized values for these 

parameters. 

 

Another important factor is the size of the designed unit. Smaller units are preferred as they can 

be easier implemented into the building (in ventilation shafts, false ceiling etc). A compromise 

must be made between heat storage capacity and size of the proposed unit. Attention must be 

given to the viability of the system, knowing that some PCM present corrosive properties. In 

addition to that, the proper containment of the PCM can be a difficult task as dilatation is 

observed between phase changes. In some case studies PCM leakage has been observed due to 

this phenomenon (Lazaro et al. 2009). When storing heat in the unit, it is important to consider 

the outlet air temperature due to risks of overheating the coupled building. A solution to 

overcome this issue can be the use of a closed loop air circuit or specially conceived control 

strategies.  

 

The implementation of a LHS system in an inhabited building raises some more aspects to 

consider: fan noise, PCM odors or fire hazards will not be accepted by the occupants. 

 

LHS system design is an elaborate task with various and controversial factors to consider. 

Experimental and empirical/numerical studies are useful tools for the development and further 

improvement of such units. 
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Chapter Eleven 

 

11 Integration of PCM within Hot Water Tank 

 

11.1 Introduction 

Domestic hot water (DHW) demand and space heating demand vary drastically from day to 

night as well as seasonally. Changing energy demand and consumption result in peak and off-

peak energy usage, leading to variation in energy prices offered by the majority of utility 

companies with higher electricity rates being imposed during peak periods (Nkwetta and 

Haghighat, 2013).  

 

In order to improve the performance and reliability of DHW/heating systems and reduce the 

mismatch between energy supply and demand, hot water tanks (HWT) have been widely used in 

building applications and PCM is further being integrated into the HWT as a thermal storage 

medium. Hasnain (1998 a & b) reported that the HWT and thermal energy storage (TES) 

technologies play an important role in re-shaping patterns of electricity use for both the DHW 

and space heating. Moreover, Fuqiao et al. (2002) reported that PCM, due to its high latent heat 

storage density and compactness, allows for greater flexibility in choosing the location of TES 

systems.  

 

11.2 Simulation 

Several hot water tank models have been developed within TRNSYS simulation program. They 

include type 4, type 60, type 534, and type 860.  TRNSYS models “type 4” and “type 60” being 

two different stratified tank models taken from the standard TRNSYS library, type 534” being 

the detailed stratified tank taken from the TESS component libraries and “type 860” being the 

extension of type 60 to include a PCM model. Bony & Citherlet, (2007 a & b) developed 

TRNSYS type 860 model for used in the HWT when integrated with PCM and reported good 

agreement between the numerical modeling and experimental validation. Type 860 was 

developed, based on TRNSYS type 60 used for a HWT without PCM, taking into account a 

nodal stratification method. Extensive simulations were carried out to compare the performance 

of TRNSYS types 4, 60, 534 and 860 for HWT with and without hot water withdrawer profiles. 

 

A typical cylindrical hot water tank (Fig 11.1) of 270 liters with two electric heaters, each having 

a power rating of 4.2kW and located at 20cm and 102cm from the bottom of the tank, 

respectively, was used in this study. The thermostats are located at 25cm and 107cm from the 

bottom, respectively to control the temperature. The tank has a total height of 146cm and cold 

water enters the tank from the top and is brought to the bottom of the tank (closer to node 18) via 

a piping system while the heated hot water is withdrawn from the top of the tank (closer to node 



 

1). Initially, water enters the hot water tank at a temperature of 20°C with a set point temperature 

of 70°C for each heating element. Two temperature dead bands of 10°C and 5°C were used for 

the upper and lower heating elements, respectively. These dead bands correspond to expected 

values for typical water heaters and default manufacturer settings while the set point temperature 

of 70°C was chosen to allow the potential for the PCM to be melted. 

 
Figure 11. 1 Hot water tank with cold water entering the storage tank via an internal 

piping (Moreau, 2011) 

11.3 Comparison of Different TRNSYS Types without Draw-off 

TRNSYS type 4, 60 and 534 models are based on TRNSYS 17 while type 860 is based on 

TRNSYS 16 (Moreau 2011, TRNSYS User’s guide)TRNSYS type 860 is initially modeled 

without the integration of PCM to determine its accuracy and allow comparison with other types.  

Initially, the systems are charged (water is heated) until the two thermostats reach the set point 

temperatures and the energy stored is determined. The energy stored is discharged through the 

process of water draw-off over time taking into account the energy losses to the ambient from 

the tank too. Fig. 11.2 compares the required energy during the charging and discharging of 

different TRNSYS types. 
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Figure 11. 2 Comparison of energy during the charging and discharging predicted by 

different TRNSYS types 

 

This figure shows that type 534 and type 60 produce almost identical results which are slightly 

different from those of type 4 and type 860. Furthermore, it was noticed TRNSYS type 4 does 

not take into account hot water de-stratification in the storage tank and it was excluded from 

further comparison. Further comparison involved critical analysis of temperature response within 

the lower thermostat as the lower heater operates most of the time compared to the upper heater. 

In this analysis, a lower set point temperature of 55oC is used and simulations are performed to 

verify whether different TRNSYS types respect the set point temperature. Fig. 11.3 shows that 

types 534 and 60 cases respected the set point temperature for all cases while the temperature 

distribution for type 860 is slightly different.  

 

 
Figure 11. 3 Temperature response within the lower heater 



 

11.4 Comparisons of Different TRNSYS Types with Real Hot Water Withdrawal Profiles 

To compare the performance of different TRNSYS types, further simulations were carried out 

using measured three different hot water profiles. The simulation is carried out based on a 

control strategy where the hot water draw-off is time dependent and the heaters cannot be turned 

on during the morning (6h-10h) and evening (16h-20h) peak periods even if the temperature falls 

below the set temperature dead band. These profiles are based on extensive field measurements 

which were carried out by Hydro-Quebec researchers (see Fig. 11.4). Fig. 11.5 shows water 

temperature around the lower heater. It shows that during charging, both TRNSYS types follow 

a similar pattern. However, difference in temperature profile occurred during the discharge 

period with the results predicted by type 60 being more closely similar to that of type 543 as 

compared to type 860. An average relative error of less than 10% was however recorded for type 

860 compared to type 60 and 543. Also, the electric energy consumed by type 860 and 534 were 

measured and compared over 48h of simulation and relative errors of 7%, 4% and 6% were 

recorded for type 860 compared to type 543 for draw-off profile 1, 2 and 3, respectively. 

 

 

 

 

 
Figure 11. 4 Different practical residential daily hot water usage profiles 
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Figure 11. 5 Temperature of lower heater with draw-off of profile 1 

 

 

11.5 Validation of TRNSYS Type 860  

Considering that this study was geared toward HWT integrated with PCM, it become imperative 

to validate TRNSYS type 860 – an integrated hot water tank with PCM model. The validation 

was performed by comparing its prediction with the available experimental data reported by 

(Cabeza et al., 2011) which was done by three different control scenario of discharge with PCM 

using a 180-liter hot water tank with a diameter of 474 mm (Enibe 2002).In this comparison, two 

set of simulations were carried out; 1) charging of HWT without PCM, and 2) charging of HWT 

with PCM. The hot water tank without PCM was charged by heating the water from 18°C to 

66°C with a dead band set temperature of 4°C. Thus, the water temperature is set between 62 and 

66°C. Several configurations for the heater position were undertaken to allow comparison of 

model prediction with those in (Cabeza et al., 2011). Even if the heating element and thermostat 

are very close, with thermostat located 5cm above the heating element, a lot of temperature 

fluctuations were noticed. The fluctuations resulted from the thermostat response to the heat 

losses; the heating element continuously switching on and off. If the heating element is located 

20cm from the bottom of the tank and thermostats 10cm above the heating element, oscillations 

due to water de-stratification are noticed. Finally the best positions for the heating element and 

the thermostat noticed was 5cm and 15cm, respectively above the bottom of the tank.  

In the first case, with only thermal losses to the ambient (Fig. 11.6) and no withdraw, some 

variations between the model’s prediction, and reported values is noticed.  Fig. 11.6 shows that 

the set point temperature is reached after 201 minutes of charging and it further takes another 

1144 minutes before the heating element was turned on again compared to 210 minutes and 1010 
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minutes as reported (Cabeza et al., 2011) This difference is a result of different algorithms used 

in the simulation codes as Cabeza et al. (2011) used a fully implicit scheme to compute enthalpy 

in the PCM module while type 860 uses an explicit algorithm: Over all there is a good agreement 

the profile of TRNSYS type 860, and the numerical and experimental results reported in (Cabeza 

et al., 2011) 

 

  
a) Type Trnsys 860    b) reference Cabeza et al., (2011) 

 

Figure 11. 6 Charging time of HWT without PCM compared to numerical and 

experimental results reported in Cabeza et al., (2011) 

 

 

The simulation for the case of HWT with PCM involves heating the water from 22°C to 70°C 

with a temperature dead band of 2.5°C to match testing conditions reported in Cabeza et al., 

(2011) , Fig. 11.7 shows the simulation results, and the available experimental and simulation 

data. The results show the set point temperature is reached after 211 minutes compared to 220 

minutes reported in Cabeza et al., (2011)Then, the heating element is turned off causing the 

temperature water drops. Once the temperature is below the set point temperature plus the dead 

band temperature, the heating element automatically turns on and continues to heat the water as 

can be seen by the on/off in Fig. 11.7.  

   
a) Type Trnsys 860     b) reference (Cabeza et al., (2011)) 

Figure 11. 7 Charging time of HWT PCM compared to numerical and experimental results 

Cabeza et al., (2011) 
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  Furthermore, the on/off occurred from 211 to 330 minutes compared to 220 to 360 minutes 

reported in Cabeza et al., (2011). and it shows that the set point temperature was reached without 

the PCM be fully melted. Also, the heating element turns back on just before 600 minutes 

compared to 612 minutes reported in Cabeza et al., (2011). Actually, the discharge process with 

a corresponding temperature drop involves the transfer of energy from the water to the PCM. 

When the PCM is at water temperature the on/off phenomena stops and the temperature 

decreases as a result of heat losses to the ambient.  

Further simulation with the Type 860 was performed to validate the model’s prediction for a 

discharge scenario. This consists of charging the hot water tank till water temperature reaches 

the set-point temperature. Then, the heater is turned off and water is drawn off at a constant flow 

rate of 12 liters/min. The water-withdraw stops when the system is unable to provide hot water at 

37 °C anymore. A second drawn off is then applied about 180 minutes later. Fig.11.8a shows 

that there is an increase in the water temperature during this last period due to heat contribution 

from the PCM.  

 

  
a) Hot water discharge scenarios                  b) Comparison of total hot water discharging time 

 

Figure 11. 8 Different hot water discharge scenarios and total hot water discharging time at 

different draw-off intervals 

 

The next discharge scenario is similar to the second one with the difference being that this water-

withdraw starts 360 minute after the second one. Fig. 11.8b shows the ability of the system to 

provide hot water at 37°C (hot water discharging time) at different draw-off intervals compared 

to the one reported by Cabeza et al. (2011), There is a good agreement between the present work 

and the reported simulation.  

11.6 Parametric Study 

The validated Type 860 was then used to investigate the impact of PCM type, its position and the 

amount on the system performance. The simulation involved using three different PCMs; 90% 

sodium acetate trihydrate + 10% graphite, industrial grade granulated paraffin wax (100%) and 

RT58-Rubitherm, three different PCM positioning in the hot water tank and three different 

amounts of PCM.  

 



 

11.7 Impact of PCM type 

Initially, 10kg of each of the above mentioned PCM was placed at the upper portion (top) of the 

storage tank with 260 litres of water to make the total storage capacity of 270 litres. As a 

reference, a 270 litres HWT without PCM was used and the total charging time and energy 

stored by these two systems are evaluated and compared with the reference. Fig. 11.9 illustrates 

the water temperature around the lower thermostat as it is the one which operates most of the 

time. The water is heated from 20°C to 70°C with the upper heating element being deactivated 

after about 139 minutes. At this temperature, the heating element is turned-off and the water 

temperature starts to decrease due to the heat losses to the ambient and transfer of energy to the 

PCM, causing the heating element to be re-activated again. Fig. 11.9 shows that the set-point 

temperature is reached without the PCM being fully melted and thus the temperature varies.  

 

 
Figure 11. 9 Temperature around lower thermostat for RT58-Rubitherm 

 

 

Table 11.1 compares the energy stored by these systems. The simulation was carried out for a 

period of 168 hours assuming an initial water temperature of 15 °C. As one expected, more 

energy has been stored in hot water tank integrated with the sodium acetate.   

 

 

Table 11. 1 Comparison of energy stored by different PCM (sodium acetate trihydrate, 

industrial grade granulated paraffin wax and RT58-Rubitherm) and HWT without PCM 

  Sodium acetate 

trihydrate  

RT58-Rubitherm Granulated 

paraffin wax 

Water 

Max  Energy stored over 168h 

of charging (kJ) 

56812 55914 55991 55122 

Energy stored when heaters are 

first turned-off (kJ) 

52528  51722 51750 50587 

Energy stored when 95% of 

system charge  (kJ) 

53971 53118 53191 52366 

0

2

4

6

8

10

12

14

0

10

20

30

40

50

60

70

80

0 6 12 18 24 30 36

P
o

w
er

 d
em

an
d

 (
kW

)

Te
m

p
er

at
u

re
 (

°C
)

Time (H)

Temp. around lower Therm. (°C) Power demand (kW)



216 

 

Energy stored when 99% of 

system charge (kJ) 

56244 55355 55431 54571 

 

As per table 11.1, when the heaters are first turned off, the energy stored by each system is about 

90% of the total energy expected. In terms of maximum energy stored over 168h of charging, it 

can be seen that sodium acetate trihydrate stores 1.58%, 1.45% and 2.98% more energy 

compared to RT58-Rubitherm, industrial grade granulated paraffin wax and water, respectively. 

It is believed that the high thermal conductivity and density of sodium acetate trihydrate 

contributes to storing more energy compared to the industrial grade granulated paraffin wax and 

RT58-Rubitherm which have lower thermal conductivity and density. A higher thermal 

conductivity and a lower tube diameter results in an increase in thermal heat transferred from the 

water to the PCM for storage and thus reduced charging time as shown in Fig.11.10 . Industrial 

grade granulated paraffin wax and RT58-Rubitherm have lower density and thus required larger 

volume of PCM. This results in larger tube diameter with resultant increase thermal resistance 

and charging time.   

 

Fig.11.10 shows that it took about 139, 134, 132 and 131 minutes to reach the initial set point 

temperature for sodium acetate trihydrate, RT58-Rubitherm, industrial grade granulated paraffin 

wax and water, respectively. Furthermore, it takes 59.24%, 66.75%, 67.33% and 67.41% more 

time for the sodium acetate trihydrate, RT58-Rubitherm, industrial grade granulated paraffin wax 

and reference case (only water), respectively to be charged to a total of 95% of total energy 

expected. This charging time further increased to 64.62%, 71.85%, 71.77% and 71.89% for the 

sodium acetate trihydrate, RT58-Rubitherm, industrial grade granulated paraffin wax and water, 

respectively to be fully charged at about 100%. Further analysis shows that it took 85.58%, 

90.64%, 90.71% and 90.84% more time for the sodium acetate trihydrate, RT58-Rubitherm, 

industrial grade granulated paraffin wax and water, respectively to be charged from when the 

heating elements were initially turned off to when the system is fully charged at about 100%. 

This increase in charging time results from the small temperature differential existing within the 

storage tank compared to large temperature differential between the initial inlet and set point 

temperatures.  

 

 



 

 
Figure 11. 10 Comparison of charging time of different PCM for different stored energy 

 

 

11.8 Impact of PCM Position 

The positioning of PCM in the HWT is also critical in improving the overall performance and for 

practical application. Fig. 11.11 illustrates the energy stored using 10 kg of sodium acetate 

trihydrate at three different positions (top, medium and bottom) within the storage tank.  

 

 
Figure 11. 11 Energy stored by 10kg of Sodium acetate trihydrate for three different PCM 

positions 
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Due to the temperature stratification, the top node temperatures reach temperature set point faster 

compared to the lower node and cause the upper thermostat to immediately switch-off the upper 

heating element. It can be seen that placing the PCM on the upper portion of the tank proves 

better compared to the medium position with overall energy storage 56.81MJ and 56.40MJ, 

respectively. Fig. 11.11 also shows that placing the PCM at the bottom of the tank seems to store 

almost the same amount of energy compared to when it is placed on the top of the tank. This 

results from the fact that the lower heater closer to the PCM at the bottom of the tank is on for a 

longer period of time compared to the upper heater. The heat transfer to the PCM is directly 

resulting from the effect of the lower heater while the PCM at the upper part of the tank benefit 

from heat transfer from the lower and the upper heaters. However, further analysis of 

temperature curves for the PCM placed at the bottom of the hot water tank (nodes 13-18) as 

shown in Fig. 11.12a shows that the temperatures of nodes 17 and 18 are below 40°C when the 

second heating elements was off. Thus, at this temperature, the PCM located at these nodes is 

not melted since the melting temperature of the PCM is 58°C. Actually, the PCM does not fully 

play its role as a storage material when placed at this location and thus more time is needed for 

the melting of the PCM. However, by placing the PCM at the upper portion of the tank (Fig. 

11.12b), it is observed that all nodes containing the PCM (note 1-6) reached 70°C and thus the 

potential for complete melting of the PCM. Thus for practical application, it is imperative to 

place the PCM at the top position. 

 

  
a) Temperature node with PCM placed                b) Temperature of nodes with PCM  

                         at the bottom                                                                 placed at the Top 

 

Figure 11. 12 Distribution of sodium acetate trihydrate temperature node with PCM at the 

bottom 

 

 

11.9 Impact of PCM Amount 

To investigate the energy storage potential of different amounts of PCMs, 5kg, 7kg and 10kg of 

sodium acetate trihydrate, industrial grade granulated paraffin wax, and RT58-Rubitherm were 

added to the 270-litre hot water tanks. The model takes into account the amount of water lost due 

to the PCM inclusion. The energy stored by each system is compared to each other and to a 

reference tank (without PCM). Fig. 11.13 compares the total energy stored by each system. As 



 

illustrated, increasing the amount of PCM increases the quantity of energy stored in the system. 

The combined latent and sensible heat showed greater energy storage potential compared to the 

sensible heat store alone, reference tank. 

 

 
Figure 11. 13 Comparison of energy storage potential of different amount of 

 Sodium acetate trihydrate and 270 kg of water 

 

 

 

Adding 5kg, 7kg and 10kg of different PCMs to the hot water tanks resulted in higher energy 

storage potential compared to the sensible heat store. Table 11.2 illustrates the improvement in 

the energy stored (kJ) and percentage improvement due to 5kg, 7kg and 10kg of different PCMs, 

respectively. There is an improvement of 1006.8kJ (1.83%), 503.55kJ (0.91%) and 523.81kJ 

(0.95%) resulting from the addition of 5kg of sodium acetate trihydrate + 10% graphite, 

granulated paraffin wax (100%) and RT58-Rubitherm, respectively compared to reference case 

(no PCM).  The results show that sodium acetate trihydrate + 10% graphite is the best of the 

PCMs with an improvement of the storage capacity by about 2 times by comparison with the 

industrial grade granulated paraffin wax (100%) and RT58-Rubitherm. Also an improvement of 

1690.63kJ (3.07%), 869.14kJ (1.58%) and 791.95kJ (1.44%) resulted from the use of 10kg of 

sodium acetate trihydrate + 10% graphite, industrial grade granulated paraffin wax (100%) and 

RT58-Rubitherm, respectively compared to water. An amount of 10 kg of sodium acetate 

trihydrate + 10% graphite showed an improvement of 94.5% (821.19 kJ) and 113.5% (898.66 kJ) 

compared to the same amount of industrial grade granulated paraffin wax (100%) and RT58-

Rubitherm, respectively. 

 

Table 11. 2 Improvement of energy storage of 270 kg of water in integration of PCMs 

PCM Type Amount 

of PCM 

(kg) 

Energy 

storage 

(kJ) 

Improvement in 

energy storage 

compare to water 

(kJ) 

Energy store compare 

to  Sodium acetate 

trihydrate  (90%) + 

graphite (10%) * (kJ) 

 5 56128.08 1006.08 N/A 
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Sodium acetate 

trihydrate   (90%) + 

graphite (10%) * 

7 56399.13 1277.13 N/A 

10 
56812.63 1690.63 N/A 

 

Industrial grade 

granulated paraffin 

wax 

5 55625.55 503.55 -502.53 

7 55774.83 652.83 -624.30 

10 
55991.14 

869.44 -821.19 

 

RT58-Rubitherm 

5 55645.81 523.81 -482.27 

7 55753.96 631.96 -645.17 

10 55913.95 791.95 -898.66 

Water  
55122 

N/A N/A 

 

 

11.10 Benefits and Barriers 

 

The applications in which PCMs can be used are many and thus different applications need 

different PCMs and different technique of integration. Simulation analysis of PCM hot water 

tank using TRNSYS type 860 with real domestic hot water withdraw profiles commonly used in 

Canada show a relative error of less than 10% compared to TRNSYS type 60 and type 534. The 

validation of TRNSYS type 860 model with numerical and experimental results shows very 

good agreement. Comparison of hot water discharging time at different draw-off intervals shows 

good agreement between predictions. 

The addition of PCM module into a hot water tank increases the amount of energy stored and 

this energy is directly proportional to the amount of PCM. However, the thermal conductivity 

and thickness of PCM module are important criterion to be taken into account in the design and 

usage of PCM in HWT. Based on the above results, sodium acetate trihydrate seems to be the 

best of the PCM to be integrated into the hot water tank due to its potential to store more energy. 

Also, it takes less time for the systems with sodium acetate trihydrate to be completely charged 

after the heating elements were first turned-off due to its higher thermal conductivity. Thus, the 

integration of PCM in hot water tanks improves the storage capacity with the potential to serve 

energy, shift and or smooth peak power demand.  

In order to realise the full benefits of PCM in the HWT, the system must be well designed and 

sized based on the requirements of the application. Furthermore, barriers of the application of 

PCM to the HWT need to be overcome. Main barriers are listed as follows. 

 

 Most PCM have low thermal conductivity needing a technique to enhance the heat transfer. 

 Some PCM are non-compatible with plastic containers. 

 In some PCMs, incongruent melting and sub-cooling has been reported. 

 The integration of PCM into the HWT is still challenging with various concerns such as 

safety and flammability. 

 The poor understanding of PCM, heat exchangers and PCM containers materials.  

 



 

11.11 Conclusions and Recommendations 

The conclusion, drawn from experimental and theoretical modeling of the HWT with PCM 

modules, is that there is higher energy storage density resulting from the use of PCM. 

Furthermore, PCM usage has the potential to serve energy and provides hot water for a longer 

period of time and thus help in shifting and smoothing peak power demand. Despite the merits 

reported by different researchers regarding the use of PCM in the HWT, some few authors 

concluded that the use of PCM in the HWT does not yield significant benefit in energy provided 

to end-users and the systems may not be cost effective since the cost of the systems integrated 

with PCM almost doubles the cost of hot water systems.   

 

However, innovative system design, reduction in heat losses and further tests of such systems are 

to be further investigated. From a practical application need, the effect of boundary wall 

temperature on the melting process and melted fraction of the PCM modules in the HWT has 

been given little attention due to the use of commercial aluminum bottles. Moreover, there is 

lack of clear selection criterion for the quantity of PCM to be included in the PCM modules of 

the thermal energy storage for system optimization as well as complete cost analysis of such 

systems. It is desirable to select the TES based on the following criteria: cost, efficiency, 

environmental impact, life cycle cost, safety, and the required space. Further research is needed 

to develop a procedure for comparison and to further assess accurately the performance of these 

systems in real life conditions with different usage pattern under different climatic conditions. 

Furthermore, national and international test standards and commonly acceptable modeling tools 

for different applications with PCMs are still not widely available, making it difficult for 

comparison to be made. To reduce and solve this problem, model development and integration, 

national and international test standards for different applications with PCMs should be 

harmonized, made compatible to each other and widely available. Additionally, suitable design 

of heat exchangers to improve the heat transfer rates, details on PCM stability and corrosion of 

PCM containers for long term use, systematic approach in the design, integration and evaluation 

of PCM integrated into the HWT, is to be further investigated, in particular to large scale real life 

applications. Furthermore, energy issues should not be considered as single element 

notwithstanding the high performance as this may not be efficient but should be considered from 

a system’s perspective. The optimization, control and automation of these systems and not 

elements/components are further needed. 
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Chapter Twelve 

 

12 Monitoring and Evaluation of Demonstration Designs 

 

12.1 Introduction 

The use of thermal energy storage is nowadays of great interest for both active and passive 

systems integrated into buildings. The future trends in energy efficiency require of a better 

management of heat and cold, which can be achieved by means of storage technologies. 

 

However, the design of such systems is complex and little expertise is available. Moreover, 

design tools usually need to be customized to the studied system and require high expertise and 

detailed studies in order to achieve an efficient product/design. 

 

In Annex 23 one of the main goals was to simplify the selection and design process. This issue is 

addressed in Appendix A by presenting different technologies under development, its potential 

benefits and the current status. This will allow architects and engineers to select the correct 

technology for a specific problem based on the expected benefits that have been determined by 

detailed measurements and analysis in experimental set-ups. 

 

The report also offers detailed information of each analysed system in order to provide the 

designers an insight to the previous experiences. This detailed information also includes the 

contact of worldwide experts in the topic and the available tools developed for that specific 

system (if any). 

 

As a summary of the mentioned Appendix, Table 12.1 to Table 12.9 are included in this section 

in order to present the studied systems and to highlight their benefits, problems, and future 

challenges. Further details of the systems, its main objective, experimental procedure, and results 

can be found in Appendix A. 
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12.2 Executive Summary 

12.2.1 Description of the Studied Systems 

 

Passive systems: Thermal energy storage is integrated in the building components and structure. 

There is no mechanical system used to charge/discharge the energy or to activate/control the 

storage. The description of the studied systems is presented in Table 12.1. 

 

Table 12. 1 Description of the studied passive systems incorporating thermal energy 

storage 

PCM in walls (high inertia – brick wall) – 

University of Lleida (Spain) 

Storage technology: Phase Change Material. 

Location: PCM attached to the south and 

west walls and roof. 

Goal: Reduction of the electrical energy 

consumption during summer by increasing 

the thermal inertia. 

Design tool: General tools (EnergyPlus, 

Trnsys). 

PCM in walls VTAP (high inertia – 

“Monomur” brick) – INSA Lyon 

Storage technology: Phase Change Material. 

Location: PCM in wallboards in the walls 

and ceiling. 

Goal: Improvement of summer comfort by 

increasing the thermal inertia. 

Design tool: General tools (EnergyPlus, 

Trnsys) and own developed code in Trnsys. 

PCM in walls Helios (low inertia – gypsum 

& insulation) – INSA Lyon 

Storage technology: Phase Change Material. 

Location: PCM in wallboards in the walls 

and ceiling. 

Goal: Improvement of summer comfort by 

increasing the thermal inertia. 

Design tool: General tools (EnergyPlus, 

Trnsys) and own developed code in Trnsys. 

PCM in walls (low inertia – timber wall) – 

University of Auckland 

Storage technology: Phase Change Material. 

Location: PCM impregnated in gypsum 

boards. 

Goal: Reduction of temperature fluctuations 

by increasing the thermal inertia. Reduction 

of on/off cycles of heating systems. 

Design tool: General tools (EnergyPlus, 

Trnsys). 

Green roofs – University of Lleida 

Storage technology: Sensible storage and 

vegetation. 

Location: Vegetation and substrate located on 

the roof. 

Goal: Peak temperature shaving and energy 

savings during summer by protection of solar 

radiation and solar energy absorption. 

Design tool: General tools (EnergyPlus) 

 

 

 



 

Hybrid systems: Thermal energy storage is integrated in the building components and structure. 

Mechanical systems are used to charge/discharge the energy or to activate/control the storage. 

The description of the studied systems is presented in Table 12.2. 

 

 

Table 12. 2 Description of the studied hybrid systems incorporating thermal energy storage 

PCM in ventilated facade – University of 

Lleida 

Storage technology: Phase Change Material. 

Location: Inside a ventilated facade in the 

southern wall. 

Goal: Reduce both heating and cooling 

energy consumption by use of solar radiation 

in winter and night cooling in summer. 

Design tool: Own developed code in C 

language. 

Ventilated wall – University of Savoie 

Storage technology: Sensible storage. 

Location: Inside a ventilated facade in the 

southern wall. 

Goal: Reduce both heating and cooling 

energy consumption by use of solar radiation 

in winter and night cooling in summer. 

Design tool: No 

PCM in active slab – University of Lleida 

Storage technology: Phase Change Material. 

Location: Inside a concrete alveolar slab used 

as ceiling. 

Goal: Reduce both heating and cooling 

energy consumption by use of solar radiation 

(coming from an air solar collector) in winter 

and night cooling in summer. 

Design tool: Not available yet 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Active systems: Thermal energy storage is integrated as a special device of the installations of 

the building. The storage is mechanically activated and controlled, interacting with the HVAC 
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system and being able to charge/discharge when desired. The description of the studied systems 

is presented in Table 12.3. 

 

 

Table 12. 3 Description of the studied active systems incorporating thermal energy storage 

PCM in heat exchanger – University of 

Auckland 

Storage technology: Phase Change Material. 

Location: PCM plates inside an air to PCM 

heat exchanger device. 

Goal: Store energy for a later use in the 

building. 

Design tool: No 

PCM in heat exchanger – ENTPE 

Storage technology: Phase Change Material. 

Location: PCM plates inside an air to PCM 

heat exchanger device. 

Goal: Store energy for a later use in the 

building to reduce peak power consumption. 

Design tool: Own developed empirical model 

in Simulink. 

PCM in packed bed water tank – University 

of Lleida and KTH 

Storage technology: Phase Change Material. 

Location: PCM spheres inside a cylindrical 

was tank. 

Goal: Store energy for a later use in the 

building for cooling applications. 

Design tool: Own developed code in C and 

Comsol. 

PCM in heat pump – University of Lleida 

Storage technology: Phase Change Material. 

Location: PCM plates inside a storage tank 

coupled to the evaporator and condenser of a 

heat pump. 

Goal: Peak load shifting during both summer 

and winter for low electricity night tariff use. 

Design tool: Own developed code in EES. 

PCM in heat pump – Buro Happold 

Storage technology: Phase Change Material 

(hydrated salts). 

Location: HDPE units with PCM inside a 

storage tank on the return leg of the chilled 

ceiling circuit. 

Goal: Peak load shifting during summer. 

Reduce cooling energy consumption by use 

of the heat pump during night time. 

Design tool: No 

Integrated solar collector (CSIS) – 

University of Savoie 

Storage technology: Sensible storage. 

Location: Integrated with the solar collector. 

Goal: Integrate the storage system with the 

solar collector to overcome space limitations 

in refurbishment. 

Design tool: Own developed code in Trnsys. 

 

 

 

12.2.2 Achievements of the Studied Systems 

As a summary of the results obtained in the experimental campaigns performed in the different 

laboratories, Table 12.4, Table 12.5, and Table 12.6 present the main achievements for each 

studied system as well as the conditions used to achieve the results. 

 



 

Table 12. 4 Achievements of the studied passive systems. 

System Conditions Achievements 

Passive systems 

(Building structure) 

  

PCM in walls – Lleida Mild summer 

Temp. 18 ºC to 30 ºC 

Rad. 1000-1100 W/m2 

Energy savings 

15-17 % 

 

Peak temperature shaving 

1 ºC 

PCM in walls VTAP 

(heavy weight) – Lyon 
Mild summer 

Temp. 15 ºC to 33 ºC 

Peak temperature shaving 

1 ºC (summer operative 

temperature) 
PCM in walls Helios (light 

weight) – Lyon 
Mild summer 

Temp. 15 ºC to 33 ºC 

Peak temperature shaving 

2.5 ºC (summer operative 

temperature) 
PCM in walls – Auckland Weather conditions 

Typical from Auckland 

Temperature fluctuations 

reduction 
10 ºC 

 

Reduction of on/off cycles 

of heating systems 

Green roofs – Lleida Severe summer 

Temp. 25 ºC to 35 ºC 

Rad. 1000-1100 W/m2 

Energy savings 

14 % 

 

Peak temperature shaving 

 

Table 12. 5 Achievements of the studied hybrid systems 

System Conditions Achievements 

Hybrid systems 

(Activated building structure) 

  

PCM ventilated facade – 

Lleida 

Severe winter 

Temp. -5 ºC to 10 ºC 

Rad. 800-900 W/m2 

 

Summer 

Energy savings 

20-25 % 

 

 

None (needs optimization) 

Ventilated wall – Savoie Weather conditions 

Aquitaine oceanic climate 

(Bordeaux, France, 44° 49'N - 0° 

34'W) 

Peak temperature shaving 

PCM active slab – Lleida Under performance Under performance 

Table 12. 6 Achievements of the studied active systems 

System Conditions Achievements 

Active systems 

(Building installations) 

  

PCM heat exchanger – Heat exchanger Sub-cooling must be 
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Auckland Heating: 

Air flow rate: 0.058-0.067 kg/s 

Initial: T0=7-8 ºC 

Charge: Tin=33 ºC 

Cooling: 

Air flow rate: 0.07 kg/s 

Initial: T0=33 ºC 

Charge: Tin=8 ºC 

accounted for to model 

latent heat discharge during 

solidification 

PCM heat exchanger – 

ENTPE 
Heat exchanger 

Air flow rate: 100-500 m3·h-1 

Charge: Tin=44 ºC 

Discharge: Tin=24 ºC 

Peak heating load shifting 

Consumption from 18h to 20 h 

shifted to off-peak hours. 

PCM packed bed water 

tank – Lleida/KTH 
Flow rate & Temperature 

0.5-1 L/min 

Charge: Tin=11 ºC 

Discharge: Tin=2 ºC 

Increased stored energy 

 

Stratification: 

Not improved during charging 

Promising during discharging 

PCM with HP – Lleida Under performance Under performance 

PCM with HP – Happold Real building under 

operation in UK 
Energy savings 

-645 kWh (higher consumption 

with PCM) 

Integrated solar collector 

(CSIS) – Savoie 
External and artificial 

conditions 

Global performance based 

on ISO 9459-5. 

Energy: 

Satisfactory performance 

 

Stratification: 

Can be improved 

 

 

 

12.2.3 Problems and Future Challenges 

Finally, in order to highlight the main limitations encountered during the experiments, Table 

12.7, Table 12.8, and Table 12.9 present the problems and highlights for each studied system. 

 

 

 

 

Table 12. 7 Problems and challenges of the studied passive systems 

System Problems & Challenges 

Passive systems 

(Building structure) 

 

PCM in walls – Lleida 
Problems to solidify the PCM during the night due to 

ambient temperature limitations. A cooling system 

(either natural or mechanical) must be used. 



 

A new system to reduce the requirements of both heating 

and cooling is required. 

PCM in walls VTAP 

(heavy weight) – Lyon 
The PCM temperature was not appropriate for winter 

operation. 

Problems to solidify the PCM during the night due to 

ambient temperature limitations. A cooling system 

(either natural or mechanical) must be used. 

A new system to reduce the requirements of both heating 

and cooling is required. 

PCM in walls Helios (light 

weight) – Lyon 

PCM in walls – Auckland This system is not as flexible as a conventional heating 

and cooling systems. It is not possible to set a specific 

set-point temperature and change it during the day. 

Paraffin-based PCM must be rendered less combustible 

by adding fire retardant, which increases the final price. 

The PCM temperature must drop below the melting point 

to charge it and rise beyond the melting temperature for a 

complete discharge. Otherwise, the latent heat of the 

PCM cannot be used. 

Green roofs – Lleida During cold periods with low solar radiation and low 

external temperatures during most of the day, the thermal 

inertia of the roof is not useful in preventing energy 

losses, since the thermal amplitude is low and steady 

state is easily reached. 

 

 

Table 12. 8 Problems and challenges of the studied hybrid systems 

System Problems & Challenges 

Hybrid systems 

(Activated building structure) 

 

PCM ventilated facade – 

Lleida 

PCM hysteresis limits its use in summer. New PCM with 

no hysteresis must be used. 

Ventilated wall – Savoie Longer testing experiments should be performed. 

Better control strategies are required. 

PCM active slab – Lleida Under performance 

 

 

Table 12. 9 Problems and challenges of the studied active systems 

System Problems & Challenges 

Active systems 

(Building installations) 

 

PCM heat exchanger – 

Auckland 
Heat exchangers should utilise flow along a vertical axis 

to avoid thermal stratification. 

For active heat storage applications, shape stabilised 
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panels containing PCMs with a higher melting point are 

necessary. 

PCM heat exchanger – 

ENTPE 

Optimized control strategies need to be developed 

PCM packed bed water 

tank – Lleida/KTH 

The way of introducing the PCM could be improved to 

take advantage of both the energy density increase and a 

stratified tank. 

A tank with thinner layers of PCM packed bed instead of 

all the height of the storage tank should be evaluated. 

PCM with HP – Lleida Under performance 

PCM with HP – Happold The solidification onset and end temperatures were too 

low for adequate solidification to occur with typical 

chiller temperatures. 

Integrated solar collector 

(CSIS) – Savoie 

Lack of technology for the operation of the heat pipes 

against gravity. 

 

  



 

Chapter 13 

13 Issues and Barriers  

 

13.1 Reduction of Energy Consumption in Buildings 

Energy consumption in a building can be reduced by using a number of different measures. 

Some major energy saving measures is mentioned below: 

 Thicker insulation in building envelopes 

 Windows with low U-value 

 Improving the air tightness of the building 

 Heat exchanger in ventilation system  

 Heat exchanger in sewage system 

There are other measures that have minor influence on energy saving e.g. LED (light emitting 

diodes) lights. The LED consumes less energy but also produce less thermal energy which 

normally counts as a heating source. 

 

Another possibility for reduction of energy demand in a building is to use building materials 

with capacity to store energy. Heating and cooling loads in buildings vary in time. In most 

circumstances energy production is not easily adjusted to the varying demands. Efficient storage 

of thermal energy enables use of waste heat that is available at times of low demand and it 

decreases the capacity needed in heating and cooling equipment.  

 

Energy efficiency is a relative measure. What we call energy efficient today maybe not energy 

efficient 2050. In addition, the new materials and techniques that are suitable for efficient energy 

consumption can affect other functionalities of a building, such as human health, fire behavior 

and etc. Furthermore, in a larger extent recycling of the new materials, components and systems 

can be crucial. Finally, in order to ensure a high quality building design procedure needs 

development of measuring techniques, calculation tools and standards.  

 

The scope of Task E, Annex 23 is identification of research programs, supporting our future 

homes in the global era, related to thermal storage in building elements that meet the needs and 

anticipated demands of the next generations, while radically reducing resource and energy 

intensity.  

 

There are a number of different solutions for storing heat in a building system. The activities in 

the subtask are limited to thermal storage in building elements and components. Furthermore, it 

is assumed that by using existing technologies, such as insulation, air tightness, ventilation, 

energy-efficient heating systems and renewable energy sources such as solar energy, it is already 

possible to make energy efficient buildings at year 2050. Thus, the thermal storage solution 

should be matched to energy efficient buildings.  
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According to the EU directive 89/106 concerning construction products: “The products must be 

suitable for construction works which (as a whole and in their separate parts) are fit for their 

intended use, account being taken of economy, and in this connection satisfy the following 

essential requirements where the works are subject to regulations containing such requirements. 

Such requirements must, subject to normal maintenance, be satisfied for an economically 

reasonable working life. The requirements generally concern actions which are foreseeable.” 

 

The essential requirements are:  Mechanical resistance and stability, Safety in case of fire, 

Hygiene, health and the environment, Safety in use, Protection against noise, Energy economy 

and Heat retention. 

The EU directive will be used as a base line for identification of the necessary research 

programs.  

Thermal Energy Storage in Building Products and Essential Requirements 

In order to make the product more acceptable in the market, it is necessary to produce the 

information needed by decision makers/designers. Using PCM integrated in building products 

should fulfill also the essential requirements. Furthermore, the designers need guidelines and 

design tools. As long as these requirements are not totally fulfilled, it will be very difficult to 

introduce the latent heat based building products to the construction market.   

13.2 Desired Information for PCM Based Material 

One way to identifying the desired information for future research and development of the PCM 

material is using the essential functions in EU-directive as a base line. The presented information 

in Table 13.1is a suggestion for the desired information related to PCM based material and 

components.   

 

Table 13. 1 Identification of further information that is needed for introducing PCM in 

building components 

Essential functions Pure PCM Integrated PCM 

R= Relevant                          NR = Not Relevant   

Mechanical resistances and stability NR R4 

Safety in case of fire NR R5 

Hygiene health and the environment R1 R6 

Safety in use R2 R2 

Protection against noise NR NR 

Energy Economy and heat retention R3 R7 

R1- Recycling, reuse, long term performance, R2- Leakage, reparation, possible dangers for inhabitants, 

R3 - Costs and benefits in terms of saving energy, R4 - Undesired expansions, corrosion due to leakage, 

R5 - Paraffin based PCM, R6 - demounting, Recycling and reuse, and R7  - Costs and benefits in 

terms of saving energy. 

 

There is a need of measurement-, testing- and certification standards which covers all desired 

essential requirement.  Searching after standard related to PCM was performed by using CEN-

standard data base and ASTM database ‘IHS standard store’. The result of the searching is 



 

presented in Table 13.2. The results presented in Table 13.2  indicate that there are no standards 

that refer specifically to PCM in the title of the standard. 

 

Table 13. 2 Searching for standards related to PCM in CEN database* 

key word CEN IHS 

Energy Out of more than 120 standards- one 

standard is related to sensible heat 

More than 1000* standards 

Paraffin Four standards, none of them is 

about PCM 

90** standards 

Wax Five standards, none of them is 

about PCM 

512** standards 

Salt 34 standards- none of them is about 

PCM 

632** standards 

PCM No standard No standard 

Latent heat No standard No standard 

Enthalpy 1 standard which is about 

Differential Scanning Calorimeter 

(DSC), is used for PCM and PCM 

based material 

34** standards 

Energy storage Five standards- none of them is 

about PCM 

30** standard 

* In an unpublished report which is a result of activities in Annex 24+Annex 24, the measuring 

standards that can be used for characterization of Phase change material are listed.  

** The number of standards does not represent unique number of standard in the area. 

13.3 Identification of Further Research and Activities 

13.3.1 Measuring Technique for Determination of Thermal Behavior  

The important parameters for thermal storage are temperature dependent heat capacity 

(enthalpy), thermal conductivity, density and viscosity. These parameters are also important for 

designing PCM based components. In addition to these parameters, cycling stability should be 

determined in order to ensure the long term performance of the PCM (R3, R7, R1 and R6 in 

Table 13.1). Characterization of thermal properties of PCM and PCM based components is 

essential for fulfilling the energy economy and heat retention (R3 and R7 in Table 13.1).  

 

Characterization of thermal behavior was also identified in the report of Annex 44. There are a 

number of methods that can be used for characterization of thermal properties. One of the targets 

of ongoing task ‘Annex42 +Annex 24’ is to develop measurement standards to obtain the ‘real’ 

material characterization. 

 

The report from Annex 24 (unpublished) contains suggested methods and measurement results 

related to thermal behavior of pure PCM material in the temperature range 20-30 ⁰C. However, 

PCM based components are not treated and there is a need for suggested methods related to 

PCM based components.   
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13.4 Safety in Case of Fire  

Banu et al. (1998) performed fire test on a wall board with PCM material. They conclude that the 

wall with PCM does not meet all requirement in the National Building Code regarding fire 

characterization for building material. However, they mentioned that it is possible to reduce the 

flammability of the wallboard with PCM by using flame retardant.  

 

Sittisart  and Farid (2011) performed fire tests on PCM material with retardants and they 

concluded that ‘measurement results indicated that PCM composite which contained IFR has 

better fire resistance than that containing heat absorber’. The results also showed that adding fire 

retardants to PCM composite has increased the amount of residues which contributed to an 

improvement in thermal stability. Finally, they conclude ‘the incorporation of fire retardant into 

PCM reduced its flammability (as seen from the reduction of peak HRR). In an event of fire, as 

the combustion of PCM releases less heat, other building materials would combust less readily, 

therefore this would increase evacuation time’. 

 

There is a need for guidelines related to using PCM based components in flooring, ceiling and 

walls and proper fire testing. Technical issues such as performing full-scale fire tests or small-

scale fire tests should be investigated. Furthermore, there should be guidelines related to the 

extra ordinary parameter, e.g. smoke production that should be measured during the fire test and 

how the measurement results should be analyzed. 

13.5 LCA Analysis  

A number of parameters influence the life cycle assessments, i.e. the source of energy, the 

location of the buildings, the used thickness of the PCM, the type of PCM. Haavi and Gustavsen  

(2011 a & b) performed a Life cycle assessment for a zero emission single family house using 

PCM material in the floor construction. They also compared the floor with PCM with concrete 

and wood flooring. Furthermore, three different climates were chosen for the study namely, 

Oslo, Prague and Rome. The result of this study showed that:  

 

- PCM gives the highest energy savings, compared with concrete and wood, but have also 

significantly higher GHG-emissions related to production of the materials. Due to this, 

the total GHG-emissions is very dependent on the emission factor for the energy supply 

to the building. 

- When the emission factor of the energy supply is 0.05 kg CO2 eq/kWh, the PCM causes 

increased GHG-emissions at 25 mm and 50 mm thickness. The wood and the concrete 

give only small reductions in emissions at all thicknesses. 

- When the energy supply to the building is 0.5 kg CO2 eq/kWh, the PCM causes the 

highest reduction in GHG-emissions at 5 mm and 25 mm thickness, and concrete causes 

the highest reduction at 50 mm thickness 

- The reduction in energy demand and emissions is slightly higher in Prague than in Oslo, 

but significantly higher in the hot climate in Rome. 

 



 

The results of this study indicates that there is a need of guidelines concerning using PCM in 

different building components e.g. using PCM in floor construction is efficient if the CO2 

eq/kWh is higher than 0.5 kg (Haavi and Gustavsen , 2011). 

 

De Gracia et al. (2010) evaluated the environmental impact of including phase change materials 

in atypical Mediterranean building. A Life Cycle Assessment (LCA) was developed for three 

monitored cubicles built. The aim of study was to analyze if these energy savings are large 

enough to balance the environmental impact originated during the manufacturing of PCM. Some 

hypothetical scenarios, such as different systems to control the temperature, different PCM types 

or different weather conditions are proposed and studied using LCA process to point out the 

critical issues. 

 

The results of the study showed that the addition of PCM in the building envelope, although 

decreasing the energy consumption during operation, does not reduce significantly the global 

impact throughout the lifetime of the building. For the hypothetical scenario, considering 

summer conditions all year around and a lifetime of the building of 100 years, the use of PCM 

reduces the overall impact by more than 10% (De Graciaet al., 2010). In this study, the lifetime 

of building assumed to be 100 year.  

 

Aranda-Usón et al. (2013) performed an environmental analysis based on the life cycle 

assessment (LCA) methodology. The aim of their study was to determine if energy savings are 

large enough to balance the environmental impact caused during phase change material (PCM) 

manufacture and its installation on tiles. Emissions were classified into several impact 

categories; climate change, human toxicity, acidification, ozone depletion, particulate matter 

formation and eutrophication. Three commercial PCMs, evaluated using five different Spanish 

weather climates, were studied to explore a wide range of conditions. The main results conclude 

that the use of PCM can reduce the overall energy consumption and the environmental impacts. 

This reduction is strongly influenced by the climate conditions and the PCM introduced. 

Furthermore, the study shows the importance of PCM selection and establishes a general 

guideline to the viability of the nature and characteristics of PCMs in the locations considered 

(Aranda-Usón  et al., 2013). In this study, the life time of building assumed to be 50 years.  

 

De Gracia et al. (2013) executed also a life cycle assessment for a ventilated facade with PCM in 

its air chamber. The results of the LCA showed that, considering a lifetime of 50 years, the use 

of this particular ventilated façade, 7.7% the overall environmental impact of the whole building 

was reduced. It also highlights that the environmental payback of this active system is 

significantly lower than other systems which use PCM in the building envelopes. The 

environmental payback of the system was 30 years, which can be reduced to only 6 years if 

instead steel or wood would have been used in the structure. 

 

A conclusion of the research results mentioned above can be that, for life cycle assessment of 

PCM based components, it is necessary to create guidelines that cover different building 

elements and their combination with different material, outdoor climate, thickness of the PCM, 

the type of the PCM and finally the time period of the analysis i.e. 30, 50 or 100 years. 
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Furthermore, it is not clear how the long term performance of the PCM based material influence 

the above mentioned results.  

  

13.6 Validated Calculations Tools for Assessment of PCM Based Component  

The thermal behavior of the PCM based building components strongly depends on the air 

temperature in the vicinity of the component (indoor climate), outdoor climate, internal heat 

energy (occupants), heavy- or light weight buildings and  the type of building (passive, close to 

zero, plus). PCM based components can be used in different parts of the building envelope such 

as internal/external walls, floor and ceiling, thus the orientation of the component has also 

influence on thermal behavior of the building.  

 

In order to estimate the influence of the PCM based material in a building, accurate and reliable 

calculation tools are needed. Generally, the calculation tool boxes that can cover all aspects 

mentioned above will be very complicated. Thus, simplified models should also be developed 

for designers.  

13.7 Conclusion  

In order to make the product more acceptable on the market, it is necessary to produce the 

information needed by decision makers/designers.  

 

The barriers for application of the PCM based material identified 2004 in the report of Annex 44 

are still valid. The activity in Annex 42+Annex 24 is very close to being a guideline for 

determination of thermal behavior of the PCM. However, it is not quite enough. A 

standardization group should be created in order to produce a standard for characterization of 

thermal properties of PCM material. Furthermore, using PCM integrated in building products 

should fulfill also other the essential requirements i.e. fire safety, safety in use, long term 

performance, recycling. 

 

PCMs used in building envelope must meet the required national buildings codes requirements 

with regard to flammability and combustibility. Also, PCMs such as those that are paraffin-based 

must be rendered less combustible by adding fire retardant materials which, inevitably, increases 

the final price of the product (Banu et al 1998).  

 

Another issue to be considered for such application is the fact that it is not as flexible when 

compared to conventional space heating/cooling systems. For example, it is not possible to set a 

specific set-point temperature and change it during the day as desired. So the melting 

temperature has to be well adapted to the range of temperature relevant to the pointed comfort 

conditions: 21 °C for winter and 26 °C for summer thermal comfort conditions. 

 

PCM must be well encapsulated before it can be used in any application, especially when is used 

in building envelope. The available microencapsulated/ macro encapsulated products vary in 

quality with regards to leakage. PCM application in building requires perfect encapsulation to 

avoid leakage through evaporation/ sublimation, which will have two following negative 

impacts; 



 

 

(1) Environmental issues since the leaked vapour will go to the interior of the building,  

(2) Evaporation leads to change in the melting range. The PCM melts at higher temperatures 

compared to the original one and hence a PCM, which work well, may not work well later. For 

examples paraffin waxes may lose the more volatile component while ester does not lose weight 

at all but rather gain weight due to moisture absorption.  

 

However, PCM should never be used in all rooms or locations in the building, otherwise the 

payback period will be more than 15 years. Its use must be optimised very carefully in order to 

reduce the payback period to 5 years. 

 

Finally, the designers need guidelines and simplified design tools for calculation of the energy 

saving, payoff time and life cycle assessment. As long as the standards, guidelines and 

calculation tools are not available, it will be very difficult to introduce latent heat based building 

products to the construction market.  
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A.1 PCM in conventional and alveolar brick facade (passive cooling) – 

University of Lleida 

A.1.1 Project data 

 Name: Thermal energy storage as a passive system for energy efficiency of buildings 

 Starting date: 2005 – on going  

 Institutions involved, industry partners and country: University of Lleida (Spain) 

 Financed through: Spanish Government, Catalan Government 

 Contact person/s: Albert Castell (acastell@diei.udl.cat), Luisa F. Cabeza 

(lcabeza@diei.udl.cat). 

 

A.1.2 Background 

In 2002, a European project (MOPCON) dealing with the use of microencapsulated PCM in 

building envelopes based on concrete was started. During that project, microencapsulated 

PCM was applied to precast concrete walls to determine its potential benefits for energy 

savings and comfort conditions. Two experimental cubicles were built in Puigverd de Lleida, 

one with conventional precast concrete and the other one with improved concrete with PCM. 

Results showed that the temperature peaks in both wall surfaces and internal ambient were 

reduced (between 2 ºC and 4 ºC) and delayed (about 2 hours). However, only free floating 

temperature experiments were performed, and no HVAC system was used. Therefore, the 

energy consumption was not registered, and the energy savings could only be estimated, but 

not measured. On the other hand, the use of microencapsulated PCM, although being 

incorporated in a simple way to the material, increased its cost significantly due do the 

microencapsulated material. Finally, the precast concrete walls were not a realistic 

construction system for a building, but just a part of it. 

For these reasons, a new concept of using macroencapsulated PCM with typical 

Mediterranean construction systems was designed in order to measure the energy savings 

while reducing the material cost (although making it more complicated to incorporate the 

PCM in the walls). 

 

A.1.3 Goal of the project 

The main objective of this project is to reduce the electrical energy consumption during 

summer by storing solar energy in the walls of the building. Therefore, the application is 

designed for cooling purposed. 

 

A.1.4 Operation principle 

The use of PCM inside building envelopes (both walls and roofs) increases the thermal inertia 

of the building and improves its energy efficiency and consumption. 

In summer, during daytime the sunshine and high temperatures results in a heat wave 

penetrating the walls of the buildings. PCM absorbs the excess heat through melting process, 

mailto:acastell@diei.udl.cat
mailto:lcabeza@diei.udl.cat
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delaying the heat wave inside the building, and even reducing the peak. During most of the 

day the room temperature remains comfortable and the cooling system consumes less energy. 

During night-time, when temperatures are lower, the PCM releases the stored heat to both the 

internal and external ambient, keeping again the room temperature comfortable and closing 

the cycle by solidifying (Figure A.25). 

 

 

 
Figure A.25. Operating principle of PCM integrated into building walls. 

 

A.1.5 Description of the system 

 Climatic conditions 

The experiments were performed under continental Mediterranean weather conditions. Five 

different weather periods can be defined: 

 Severe winter: Very low temperatures (-5 ºC to 10 ºC) and mild solar radiation (800-

900 W/m2). 

 Mild winter: Low temperatures (5 ºC to 20 ºC) and mild solar radiation (800-900 

W/m2). 

 Severe summer: Very high temperatures and solar radiation (25 ºC to 35 ºC, and 1000-

1100 W/m2). 

 Mild summer: High temperatures and solar radiation (18 ºC to 30 ºC, and 1000-1100 

W/m2). 
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 No demand: Temperatures and solar radiation are mild; therefore there is no need for 

cooling or heating. 

 

 Experimental set-up 

An experimental set-up was built in Puigverd de Lleida, to evaluate passive systems for 

building energy efficiency. This installation consists of several cubicles, with internal 

dimensions of 2.4 x 2.4 x 2.4 m (Figure A.26), simulating real buildings and operated under 

real conditions. Five of those cubicles are used in this project to test the incorporation of PCM 

in building envelopes. 

 

 
Figure A.26. Experimental set-up in Puigverd de Lleida used for the testing. 

 

Three of these cubicles were built with typical Mediterranean construction system: 

1. Conventional brick cubicles. Three cubicles built using conventional brick (typical 

Mediterranean construction) with or without insulation, and with or without PCM. 

a. Reference: Built with conventional brick and air chamber (without insulation). 

b. Polyurethane: Built with conventional brick, air chamber and 5 cm of sprayed 

polyurethane. 

c. Polyurethane and PCM: Built with conventional brick, air chamber, 5 cm of 

sprayed polyurethane and an additional layer of macroencapsulated PCM (RT-

27) on the South and West wall as well as on the ceiling. 

Figure A.27 shows a detail of the constructive solutions used, while Figure A.28 shows a 

picture of the cubicle during its construction. 
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1- Aluminium sheet 

2- Gravel 5-10 cm 

3- Sheet asphalt water proofing 

4- Lightweight concrete of slope of 2% 

5- Roof insulation (8 cm) 

6- Perforated bricks (29x14x9 cm) 

7- Facade insulation (5 cm) 

8- Air chamber (11 cm) 

9- Hollow bricks (7 cm thick) 

10- Cement mortar external coat 

11- Plaster 

 

Figure A.27. Detail of the constructive solution of the typical Mediterranean 

construction cubicles. 

 
Figure A.28. Conventional brick cubicle with macroencapsulated PCM. 

 

Table A.1 presents some key parameters of the PCM and studied system. 

 

Table A.1. Storage technology in brick cubicles 

Storage media – PCM 
Paraffin RT-

27 

Manufacturer – 

19-34 ºC  

DSC results –  

19-35 ºC 

DSC results – 

23-29 ºC 

TPCM= 26-28 ºC 

hPCM= 179 kJ/kg 

TPCM= 26-28 ºC 

hPCM= 95 kJ/kg 

TPCM= 26-28 ºC 

hPCM= 60 kJ/kg 

The first demonstration site using PCM in typical Mediterranean 

construction (using brick) is designed, built and monitored.  

Free floating and controlled temperature experiments are performed 

and the energy consumption is measured. 

Target Free cooling/Energy savings 

Capacity/Dimensions 
Internal dimensions of the cubicles: 2.4x2.4x2.4 m 

Amount of PCM:  100 kg 
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The other two cubicles were built with alveolar brick construction system: 

1. Alveolar brick cubicles. Two cubicles built using alveolar brick with and without 

PCM. 

a. Alveolar: Built with alveolar brick (without insulation). 

b. Alveolar and PCM: Built with alveolar brick and an additional layer of 

macroencapsulated PCM (SP-25 A8) in the internal side of the South and West 

wall as well as on the ceiling. 

Figure A.29 shows a detail of the constructive solutions used, while Figure A.30 shows a 

picture of the cubicle during its construction. 

 

 
Figure A.29 Detail of the constructive solution of the alveolar brick cubicles. 

 

 
Figure A.30 Alveolar brick cubicle with macroencapsulated PCM. 

 

Table A.2 presents some key parameters of the PCM and studied system. 
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Table A.2. Storage technology in alveolar brick cubicles 

Storage media – PCM 
Paraffin SP-

25 A8 

Manufacturer – 

15-30 ºC  

DSC results –  

19-35 ºC 

DSC results – 

23-29 ºC 

TPCM= 25-26 ºC 

hPCM= 180 kJ/kg 

TPCM= 28-29 ºC 

hPCM= 159 kJ/kg 

TPCM= 28-29 ºC 

hPCM= 137 kJ/kg 

The first demonstration site using PCM in alveolar brick construction 

(using brick) is designed, built and monitored.  

Free floating and controlled temperature experiments are performed 

and the energy consumption is measured. 

Target Free cooling/Energy savings 

Capacity/Dimensions 
Internal dimensions of the cubicles: 2.4x2.4x2.4 m 

Amount of PCM:  121 kg 

 

 

 Instrumentation 

In order to monitor and analyse the system different data were registered (Figure A.31): 

 Weather conditions (solar radiation (Middleton Solar pyranometers SK08), ambient 

temperature and humidity (ELEKTRONIK EE21), wind velocity (DNA 024 

anemometer)). 

 Internal ambient temperature (ELEKTRONIK EE21). 

 Internal surface temperature of the walls, roof and ceiling (Pt-100 DIN B). 

 External surface temperature of the south wall (Pt-100 DIN B). 

 Energy consumption of the heating/cooling systems with an electrical network 

analyser (MK-30-LCD). 

 

 
Figure A.31. Schematic diagram of the experimental set-up 
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 Experimental procedure 

Two different experiments were performed in the experimental set-up. 

 Free-floating temperature, where no cooling or heating system is used. The 

temperature conditions inside the cubicles are compared. 

 Controlled temperature, where a heat pump or an electrical oil radiator was used to set 

a constant ambient temperature inside the cubicle. The energy consumption of the 

cubicles is compared. 

 

A.1.6 Development status: current progress design 

The project is in demonstration plant status. The technological feasibility is probed in the 

experimental set-up. 

Measurements started in 2007. First experiments were focused on a simple situation with no 

control temperature profile and no internal heat gains. 

Now the experiments are focused on internal heat gains, simulating the thermal loads of a real 

building (people, computers, equipment, etc.) with a workday or a house profile. 

 

A.1.7 System performance evaluation 

Main results showed 17% of electrical energy consumption reduction by the use of PCM as 

passive storage system in building envelopes (Figure 32). These results were obtained for 

mild/medium summer season in Lleida. Further savings are expected for an optimized melting 

system. 

 
Figure 32. Accumulated energy consumption. Set point at 24 ºC 
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A.1.8 Conclusions/Lessons learnt 

Some problems were found with the solidification of the PCM during the night. These 

problems lead to incomplete recharging of the PCM during night for severe summer 

conditions. As a result, next day the PCM was not available for passive cooling. Therefore, a 

cooling strategy (either natural or mechanical) must be defined to improve the performance of 

the PCM. 

Moreover, heating loads are much higher than cooling ones for continental Mediterranean 

climate conditions. Therefore, a new system must be developed to reduce the requirements of 

both heating and cooling. 
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A.2 Office buildings with high internal loads with PCM inserted in 

wallboards 

A.2.1 Project data 

 Name: The VTAP office building in Lyon: Monitoring for testing PCM inserted in 

wallboards in a high internal loads building 

 Starting date: 2007-2010 

 Institutions involved, industry partners and country: INSA Lyon – Centre de 

Thermique de Lyon (France) 

 Financed through: IMCPBAT French research project (ANR/ADEME), 2006-2009 

 Contact person/s: Prof. Joseph Virgone (joseph.virgone@insa-lyon.fr) 

 

A.2.2 Goal of the project 

The main objective of the project was to verify the availability and the efficiency of the PCM 

product for the improvement of summer comfort. In this case internal heat gains due to 

occupancy were high as well as solar heat gains due to large glass surface. 

 

A.2.3 Operation principle 

The use of PCM in low thermal inertia buildings aims to achieve a better thermal management 

and to improve its energy efficiency. 

In summer, during daytime the sunshine and high temperatures result in a heat wave 

penetrating the walls of the buildings, while solar heat gains and internal heat gains due to 

occupancy lead to a temperature increase. PCM absorbs the excess heat through melting 

process, delaying the heat wave inside the building, and even reducing the peak. During most 

of the day the room temperature remains comfortable and the cooling system consumes less 

energy. 

 

A.2.4 Description of the system 

 Climatic conditions 

In the crawl space containing the PCM racks the temperature ranges between 14 ºC in winter 

and 20 ºC in summer. 

External conditions of Lyon in summer (temperature ranging between 15 ºC during day and 

33 ºC during night) gave the results presented (gain of 1 ºC in comfort) with different 

conditions of solar radiation (cloudy or sunny days). 

 

 Experimental set-up 

The experimental set-up consisted in two high thermal inertia office buildings with high 

internal heat gains. In one of the offices PCM was integrated, while the other one remained 
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unchanged (Figure A.33 and Figure A.34). Both offices were monitored in order to compare 

the results. 

The office room has been improved implementing "Energain (TM)" sheets of PCM behind the 

plasterboards of the partitions (on the two sides) and in the ceilings of two rooms. The product 

“Energain” has been provided by the DuPont de Nemours Society: it is constituted of 60% of 

PCM, which fusion temperature has been chosen at 22 °C. This product is like a polymeric 

membrane, relatively flexible, of 5 mm thickness. 

The bottom floor of the crawl space consists of 0.80 m of gravel ( = 2 W / mK). The top 

floor of the crawl space and intermediate floors are made of prefabricated beams completed 

with polystyrene blocks. 

The building envelope is made of brick "monomur" type 37.5 cm thick, external woodwork is 

executed for their aluminium profiles with thermal break. Finally, low-emissivity glazing and 

shading equip all windows and doors. 

 

 
Figure A.33 VTAP project. Sketch of the office building used for the experimental tests. 

 

 
Figure A.34 VTAP project. Details of the office building used for the experimental tests. 
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 Instrumentation 

The following data were registered for the evaluation of the system: 

 Air temperature (Figure A.35) 

- 11 sensors type Pt-1000 where installed in the building: 4 in the crawl space 

(also equipped with PCM and used for the air cooling) and 7 on the first floor. 

 

 
Figure A.35 VTAP project. Air temperature sensors positions in the different rooms. 

 

 Walls and ceilings temperature (Figure A.36) 

- Initially 12 sensors were installed in the walls in contact with the PCM panels. 

3 probes are lost because of short circuits caused by the fire that destroyed a 

part of the partitions, and 2 probes are not connected. Therefore, 7 sensors 

indicate the temperature within the walls equipped with PCM.  

- 4 sensors fitted to the layers of PCM false ceilings, meeting room and the 

office of the supervisors.  

 

  
Figure A.36 VTAP project. Internal temperatures in the two ceilings equipped with 

PCM. 

 

 

 Weather conditions (Figure A.37) 
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- The weather station is installed on the second floor terrace of the south side. It 

includes a relative humidity probe, a probe for measuring wind speed, the 

measurement of direct sunlight and the measurement of diffuse sunlight.  

 

 
Figure A.37 VTAP project. Weather station. 

 

 Experimental procedure 

The experimental part has consisted in the on-site demonstration and monitoring of two office 

buildings of the Grand Lyon urban administration: one with PCM and the other without. The 

monitoring of both offices has been performed during more than one year (taking data every 

10 minutes). 

Other issues of the project have concerned the simulation and the benchmarking with 

reference to laboratory experiments.  

 

Development status: current progress design 

The project is in demonstration plant status. The technological feasibility is probed in the 

experimental set-up. The experiments were performed under real conditions, with occupancy 

in the buildings. 

 

A.2.5 System performance evaluation 

Results of monitored temperatures have demonstrated more than 1 ºC of improvement in 

summer comfort. The comfort has taken into account the surface temperatures of ceiling and 

partitions. The PCM provides cooling during the day. This cooling effect is also due to the 

ventilation system crossing the crawl space of the building, equipped also with PCM. 

 

A.2.6 Conclusions/Lessons learnt 

Although the benefits of using PCM were demonstrated, some problems were also found and 

some suggestions are done for further improvement. The PCM temperature of 22 ºC was, for 

this building, too low because of the high temperatures in winter (the set temperature was 

about 24 ºC during occupancy). On the other hand, frequently in summer, the night 

temperature did not permit a solidification of the PCM. 
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A.3 Office buildings with PCM inserted in wallboards 

A.3.1 Project data 

 Name: The Helios office building in Lyon: Comparative monitoring for testing PCM 

inserted in wallboards 

 Starting date: 2006-2008 

 Institutions involved, industry partners and country: INSA Lyon – Centre de 

Thermique de Lyon (France) 

 Financed through: IMCPBAT French research project (ANR/ADEME), 2006-2009 

 Contact person/s: Prof. Joseph Virgone (joseph.virgone@insa-lyon.fr) 

  

A.3.2 Goal of the project 

The main objective of the project was to verify the availability and the efficiency of the PCM 

product for the improvement of summer comfort. 

 

A.3.3 Operation principle 

The use of PCM in low thermal inertia buildings aims to achieve a better thermal management 

and to improve its energy efficiency. 

In summer, during daytime the sunshine and high temperatures result in a heat wave 

penetrating the walls of the buildings, while solar heat gains and internal heat gains due to 

occupancy lead to a temperature increase. PCM absorbs the excess heat through melting 

process, delaying the heat wave inside the building, and even reducing the peak. During most 

of the day the room temperature remains comfortable and the cooling system consumes less 

energy. 

 

A.3.4 Description of the system 

 Climatic conditions 

We got a benefit of about 2.3 °C during a period with mid-season climatic conditions as 

below: 

 Temperature range: 0 ºC during night and 10 ºC during day. 

 Sunny day with a maximal solar radiation of 800W/m². 

During summer or in less cold periods no crystallization of PCM was possible (too hot in the 

offices). 

 

 Experimental set-up 

The experimental set-up consisted in two low thermal inertia office building (of 18 m²) with 

two stores. Both offices face south and are in use. In one of the offices PCM was integrated, 
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while the other one remained unchanged (Figure A.38 and Figure A.39). Both offices were 

monitored in order to compare the results. 

The low inertia of an office room has been improved implementing "Energain (TM)" sheets 

of PCM behind the plasterboard of the two lateral partitions and in the ceiling (Table A.3). 

The product “Energain” has been provided by the DuPont de Nemours Society: it is 

constituted of 60% of PCM, which fusion temperature has been chosen at 22°C. This product 

is like a polymeric membrane, relatively flexible, of 5 mm thickness. 

 

Table A.3 Helios project. Wall constitution. 

Wall Layers 

South façade  

1. Gypsum: 1.3 cm  

2. Insulation: 6 cm 

3. Glass/Aluminium 1cm 

South window Double glazing 4/12/4  

Ceiling 

1. Gypsum: 1.3 cm 

2. Insulation: 10 cm 

3. Air gap: 5 cm 

4. Steel panel 

Floor 

1. Concrete slab: 16 cm 

2. Air gap: 5 cm 

3. Gypsum: 1.3 cm 

Existent partition between offices Gypsum: 5 cm 

Partition with corridor  1. Simple glass: 1 cm 

 

 

 
Figure A.38 Helios project. Office building used for the experimentation. 
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Figure A.39 Helios project. Detail of the office building used for the experimentation. 

 

 Instrumentation 

Each wall or ceiling is instrumented with:  

 4 temperature sensors (Pt 1000) at each side of the PCM (Table A.4, Figure A.40). 

In addition, a solar radiation sensor has been installed on the vertical south façade. 

The different channels (about 50) are scrutinized every 10 minutes and the data are revelled 

each week via modem from the laboratory situated at about 10 km from the experimental site. 

 

Table A.4 Helios project. Number and position of the temperature sensors. 

 Office with PCM Office without PCM 

Ceiling temperatures 8 4 

Partition temperatures 16 8 

Air temperature 1 1 

Total temperature sensors 25 13 
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Figure A.40 Helios project instrumentation. Left: ceiling. Right: partition. 

 

 Experimental procedure 

The experimental part has consisted in the on-site demonstration of two office rooms of the 

Grand Lyon urban administration: one with PCM and the other without. The monitoring of 

both offices has been performed during more than one year. 

Other issues of the project have concerned the simulation and the benchmarking with 

reference to laboratory experiments.  

 

Development status: current progress design 

The project is in demonstration plant status. The technological feasibility is probed in the 

experimental set-up, where a reference space was compared to another one including the 

PCM. The experiments were performed under real conditions, with occupancy in the 

buildings. 

 

A.3.5 System performance evaluation 

Results of monitored temperatures have demonstrated more than 2 ºC of improvement in 

summer comfort. The comfort has taken into account the surface temperatures of ceiling and 

partitions. The PCM provides cooling during the day, being the ceiling the envelope with a 

higher effect. 

 

A.3.6 Conclusions/Lessons learnt 

Although the benefits of using PCM were demonstrated, some problems were also found and 

some suggestions are done for further improvement. The PCM temperature of 22 ºC was, for 

this building, too low because of the high temperatures in winter (the set temperature was 

about 24 ºC during occupancy). On the other hand, frequently in summer, the night 

temperature did not permit a solidification of the PCM. 
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A.4 Small office cubicle with PCM impregnated gypsum board 

A.4.1 Project data 

 Name: Small office cubicle with PCM impregnated gypsum board 

 Institutions involved, industry partners and country: University of Auckland (New 

Zealand) 

 Contact person/s: Prof. Mohammed Farid (m.farid@auckland.ac.nz) 

 

A.4.2 Goal of the project 

The purpose of this was to study the effect of using PCM for natural heating and cooling 

application in order to minimize temperature fluctuation inside the building. It also made it 

possible to study passive PCM temperature effects and active heating effects. 

 

A.4.3 Operation principle 

The solar energy coming through the window is stored in the PCM by melting it. The PCM 

will use this energy to reduce stabilize the temperature inside the cubicle during both day and 

night. 

On the other hand, the same operation principle can be applied with an active heating system, 

where the heater will keep the temperature of the room above a certain set-point. The PCM 

should be able to stabilize the temperature and reduce the on/off cycles of the heater. 

 

A.4.4 Description of the system 

 Climatic conditions 

The experimental set-up was located in Auckland. Therefore tests were performed under 

Auckland typical weather conditions. 

 

 Experimental set-up 

The experimental offices comprise of four buildings, Office 1, 2, 3, and 4. Office 1 is the 

control, it does not have PCM. It has dimensions 2.6 m long, 2.6 m wide, and height of 2.6 m 

on low end / 2.8 m on high end. This is because it has a 5° single slope roof. It is 0.4 m off the 

ground and supported by timber stands. There is a window on the north facing wall and a door 

on the east facing wall. The wall construction is made of a wooden frame with 0.1 m 

weatherboard exterior, 0.025 m particle board, 0.075 m fibreglass insulation, and 0.013 m 

gypsum board interior. The floor is made of 0.025 m particle board and carpet. The roof is 

made of corrugated iron with 0.025 m particle board, 0.075 m fibreglass insulation, and 0.013 

m gypsum board interior. All construction complies with the New Zealand Building Code 

(Figure A.41). 
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Figure A.41. Office 1 used for the experimentation. Can also see half of Office 2 on the 

right. 

 

Office 2 is the PCM Office. It has identical construction to Office 1 except the gypsum board 

on the walls is impregnated with Rubitherm RT 21 PCM at 26.2% WT.  

Office 3 is the data acquisition room. It is only used to store the digital equipment needed for 

the experimentation. However, if required this room can also be used.  It is made from the 

same material of construction as Office 1 except twice the size in dimension. 

Office 4 has similar construction as Office 1 except it has been fitted with a Gable roof. This 

is a double sloping roof with a ridge forming a triangle at each end. Generally these sections 

are uniform in slope and meet in a ridge. Inside the roof cavity a 2.3 kW heat recovery 

ventilation has been fitted to transfer cool/hot dry into the building envelope. The process 

space directly above the false ceiling is fitted with 42 PCM bags containing Rubitherm RT 21. 

A total of approximately 50 kg PCM is installed in the roof space (Figure A.42). 

 

 
Figure A.42. Office 4 used for the experimentation. 
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Table A.5 and Table A.6 present some key parameters of the construction materials and the 

PCM. Figure A.43 presents the assumed effective specific heat. 

 

Table A.5. Material properties considered for the experimentation. 

Material1 

Thickness 

(cm) 

Density 

(kg/m3) 

Thermal Conductivity 

(W/mK) 

Specific Heat 

(kJ/kgK) 

Weatherboard 1 7824 0.094 1170 

particle board 2.5 510 0.12 1380 

fibreglass insulation 7.5 32 0.038 835 

gypsum board 1.3 670 0.25 1089 

carpet 1.3 288 0.12 1380 

corrugated iron 0.8 7824 200 500 

door 4 510 0.12 1380 
1Material properties from manufacturer’s data sheets and Incorpera & Dewitt (1996), Fundamentals of Heat 

and Mass Transfer. John Wiley and Sons, Inc. USA. 

 

Table A.6. PCM properties of pure RT-21. 

Property RT-21 

Melting range (ºC) 18 ºC – 23 ºC 

Congealing range (ºC) 22 ºC – 19 ºC 

Heat storage capacity (kJ/kg) 134 

Density solid (kg/L) 0.88 

Density liquid (kg/L) 0.77 

Specific heat capacity solid (kJ/kgK) 1.8 

Specific heat capacity liquid (kJ/kgK) 2.4 

Heat conductivity (W/mK) 0.2 

 

 
Figure A.43. Effective specific heat for RT 21. Found from assuming equal effect of 

latent heat over the melting range of 18°C - 23°C. 

 

The above are the properties for pure RT 21 PCM. The properties for 26.2% WT PCM 

gypsum board (PCMGB) are presented in Table A.7. 
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Table A.7. PCM properties of PCMGB. 

Property PCMGB 

Melting range (ºC) 18 ºC – 23 ºC 

Congealing range (ºC) 22 ºC – 19 ºC 

Heat storage capacity (kJ/kg) 34 

Density (kg/L) 0.893 

Specific heat capacity (kJ/kgK) 1.34 

Heat conductivity (W/mK) 0.2 
1Calculations based on 25% WT PCM. 
225% of pure RT 21 PCM heat storage capacity. 

3Based on pure gypsum board density of 0.67 kg/L. 

4Based on averaged PCM specific heat capacity of 2.1 kJ/kgK and 

gypsum board specific heat capacity of 1.09 kJ/kgK. 

5Kept the same as pure RT 21 PCM. 

 

 Instrumentation 

A number of sensors are used for all three Offices. Each Office has 

 8 thermocouples (Type-K thermocouple) in different locations: the north outside wall 

skin, north wall cavity, north inside wall skin, south inside wall skin, east inside wall 

skin, ceiling inside wall skin, inside air, and outside air. 

Office 1 and Office 2 also have: 

 One inside relative humidity sensor. 

Outside there are weather measurement sensors for: 

 Wind speed (global wind speed sensor GWWE550). 

 Global radiation (Pyranometer VAEQ08E).  

 

 Experimental procedure 

Office 1 and Office 2 were identical in construction except for the PCM impregnated gypsum 

board in Office 2. They were used to study passive PCM temperature effects and active 

heating effects. Heat sources used include electric oil heater, heat pump, and under-floor 

heating. 

Simulations of the Offices are primarily through the building energy simulation program 

EnergyPlus. Currently simulations are being completed in version 7.0. Key parameters of 

interest for simulation are presented in Table A.8. 

 

Table A.8. Key parameters for EnergyPlus simulations. 

Key EnergyPlus parameter Input 

Heat balance algorithm Conduction finite Difference 

Glass solar transmittance 0.837 

Infiltration (ACH) 0.5 

Weather file data On site, historical, calculated, 

and local weather body 
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A.4.5 Development status: current progress design 

Office 1 and 2 were tested under demonstration status. Different working conditions have 

been studied such as passive heating/cooling and active heating. 

 

A.4.6 System performance evaluation 

As can be observed from the experimental data, the test offices absorb energy during the day 

from solar radiation and outside heat which raises the indoor temperature. However, the 

temperature increase in the PCM office is much lower than that in the office without PCM. 

This is due to the fact that the PCM starts absorbing the heat to change phase to liquid form 

thereby preventing the office from being heated. During the night, office temperature start to 

drop in both offices but, as temperature drops below the melting point of the PCM, it starts to 

release energy and solidify, which eventually slows down the temperature reduction process. 

As the result of using the PCM, it is clear that the temperature fluctuations inside the office 

can be reduced from almost 16°C to approximately 6°C in the office with PCM (Figure A.44).  

 

 
Figure A.44. Effect of using PCM for natural heating and cooling applications. 

 

It should be noted, however, that in the case of passive heating and cooling this can only 

occur if the PCM temperature drops below the melting point to charge it and raise it beyond 

the melting temperature for a complete discharge. Otherwise, the latent heat of the PCM 

cannot be used as can be observed in Figure A.45 which compares passive heating and 

cooling in experimental offices with and without PCM. 

A study was also conducted on the temperature profile of the test offices with and without 

PCM using identical heaters. As can be observed in the circled area “A” in Figure A.46, the 

room temperature in both offices fluctuates above 23˚C which is greater than the melting 

point of the RT21. This means that the PCM never solidifies within this period of time and, 

thus, the latent heat of the PCM cannot be used. That is the main reason that the temperature 

at both test offices is almost the same due to the higher thermal mass of the office with PCM. 

However, in the circled area “B”, the office temperature fluctuates about the melting point of 

the PCM which means the PCM charged and discharged at each cycle. As a result, there is a 
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significant difference between the temperature profiles of both offices. For example, the 

office without PCM reaches 28˚C at the hottest time of the day whereas the office with PCM 

barely reaches 24˚C. Similarly, during the night, melted PCM from the day starts to release its 

absorbed energy which prevents dramatic temperature drop during the night. As can be 

clearly observed from area “B”, the temperature of the office with PCM hardly goes below 

20˚C whereas the temperature of the office without PCM drops below 17˚C. 

 
Figure A.45. Comparison of passive heating and cooling with and without PCM. 

 

Similar experiments were performed for active heating systems to compare the effect of using 

PCM in a gypsum board. A heater was placed in Hut 1 (which does not have PCM) and 

another identical heater in Hut 2 (which does have PCM). It was arranged that heaters 

activated when the ambient temperature fell below17˚C. As can be seen from Figure A.46, the 

office with PCM did not require to be heated as much as the office without PCM thereby 

reducing energy costs. 

 
Figure A.46. Temperature profile with and without PCM. 
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Conclusions/Lessons learnt 

As presented in the results, using PCM impregnated in the gypsum board can prevent 

dramatic temperature fluctuation in both summer and winter and keep the room temperature 

within the comfort zone without the need for heating and cooling units. Moreover, this can be 

used with conventional air conditioning units to provide further flexibility in the application. 

However, using this method has a number of limitations of which one is the fact that it is not 

as flexible when compared to conventional heating and cooling systems. For example, it is not 

possible to set a specific set-point temperature and change it during the day as desired. Also, 

PCMs such as those that are paraffin-based must be rendered less combustible by adding fire 

retardant materials which, inevitably, increases the final price of the product. 
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A.5 Green roofs as a tool for passive energy saving system 

A.5.1 Project data 

 Name: Thermal energy storage as a passive system for energy efficiency of buildings 

 Starting date: 2010 – on going  

 Institutions involved, industry partners and country: University of Lleida (Spain) 

 Financed through: Spanish Government, Catalan Government 

 Contact person/s: Gabriel Pérez (gperez@diei.udl.cat), Luisa F. Cabeza 

(lcabeza@diei.udl.cat), Julià Coma (jcoma@diei.udl.cat).  

 

A.5.2 Background 

The building sector accounts for 40% of total energy consumption in the European Union 

(EU). Therefore the reduction of energetic demand in this area is a priority in the framework 

of the objectives "20-20-20" in energy efficiency. Almost half of materials used in the 

European Union are for the construction and maintenance of buildings. For this reason, the 

choice of materials and constructive systems with low environmental impact becomes an 

important factor to achieve a more sustainable building and comply with the raised objectives. 

In addition, the Energy Performance of Buildings Directive forces us to rethink our processes 

and constructive systems in the quest for greater energy efficiency and better integration of 

renewable energy. 

To follow this sustainable construction model in 2010 University of Lleida started research 

about green roof infrastructures in buildings. Three experimental cubicles were built in 

Puigverd de Lleida (Spain), where the only difference between them is the roof construction 

system. Two of them incorporated 9 cm depth extensive green roof without insulation 

(comparing reused rubber and puzolana as drainage materials), while the last one cubicle had 

a conventional insulated flat roof. 

Results showed that the two green roofs constructive systems without insulation layer reduced 

the accumulated energy consumption around 14% and 6% respectively, compared to the 

accumulated energy consumed of cubicle with a conventional insulated flat roof during 

representative periods of summer. These energy savings are regardless of using rubber crumbs 

or puzolana as drainage material. 

 

A.5.3 Goal of the project 

The main objectives of this project are: 

1- Reduce the electrical energy consumption using extensive green roofs without 

insulation instead of traditional insulated flat roofs. 

2- Use of recycled materials in green roofs in order to achieve more sustainable 

constructive systems for buildings. 

mailto:gperez@diei.udl.cat
mailto:lcabeza@diei.udl.cat
mailto:jcoma@diei.udl.cat


ECES Annex 23 Final Report  

A.5.4 Operation principle 

The use of extensive green roofs on buildings increases the thermal inertia of the building and 

improves its energy efficiency and consumption. 

In summer, during daytime the sunshine and high temperatures results in a heat wave 

penetrating the roof of the buildings. The 9 cm depth of the green roof absorbs the excess heat 

during the day, delaying the heat wave inside the building, and even reducing the peak. 

During the night, the external temperature decreases and the stored heat in roof is easily 

released to the ambient instead of being transmitted to the interior of the cubicle. Therefore, in 

such conditions the important thermal amplitude (day-night) makes the thermal inertia to be 

very useful. During most of the day the room temperature remains comfortable and the 

cooling system consumes less energy. 

 

A.5.5 Description of the system 

 Climatic conditions 

The experiments were performed under continental Mediterranean weather conditions. Five 

different weather periods can be defined: 

 Severe winter: Very low temperatures (-5 ºC to 10 ºC) and mild solar radiation (800-

900 W/m2). 

 Mild winter: Low temperatures (5 ºC to 20 ºC) and mild solar radiation (800-900 

W/m2). 

 Severe summer: Very high temperatures and solar radiation (25 ºC to 35 ºC, and 1000-

1100 W/m2). 

 Mild summer: High temperatures and solar radiation (18 ºC to 30 ºC, and 1000-1100 

W/m2). 

 No demand: Temperatures and solar radiation are mild; therefore there is no need for 

cooling or heating. 

 

 Experimental set-up 

The experimental set-up consists of three house-like cubicles (Figure A.47) located in 

Puigverd de Lleida, Spain, with the same internal dimensions (2.4 x 2.4 x 2.4 m). Their bases 

consist of a mortar base of 3 × 3 m with crushed stones and reinforcing bars. The walls 

present the following layers from the inside out (Figure A.2): gypsum, alveolar brick (30 × 19 

× 29 cm), and cement mortar finish. No additional insulation was used in these cubicles. 

 
Figure A.47. Experimental set-up in Puigverd de Lleida. 
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The only difference between the three cubicles is the construction system of their roofs: 

a) Reference cubicle. A conventional flat roof (precast concrete beams and ceramic floor 

arch 25 cm) with 3 cm of polyurethane insulation layer above, concrete relieved 

pending formation of 2%, double asphalt membrane and finished with a single layer of 

gravel of 7 cm thickness (Figure A.48). 

 
Figure A.48. Constructive sections of the green roofs cubicles. Reference and puzolana 

cubicles. 

 

b) Puzolana cubicle. A conventional flat roof (precast concrete beams and ceramic floor 

arch 25 cm), concrete relieved pending formation of 2%, double asphalt membrane 

and 4 cm of puzolana directly below the substrate layer of 5 cm thickness (Figure 

A.48). 

c) Rubber cubicle. A conventional flat roof (precast concrete beams and ceramic floor 

arch 25 cm), concrete relieved pending formation of 2%, double asphalt membrane 

and 4 cm of rubber crumbs directly below to the substrate layer of 5 cm thickness 

(Figure A.49). 
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Figure A.49. Constructive sections of the green roofs cubicles. Rubber cubicle. 

 

 Instrumentation 

All the cubicles were fully instrumented and the following data was registered at five minutes 

intervals to evaluate their thermal performance: 

 Internal wall temperatures (east, west, north, south, roof and floor) measured with Pt-

100 DIN B. 

 Internal ambient temperature and humidity (at a height of 1.5 m and 4.5 m) measured 

with ELEKTRONIK EE21. 

 Electrical consumption of the HVAC systems using an electrical network analysed 

(MK-30-LCD). 

In addition, the weather data was also registered every 5 minutes. Two Middleton Solar 

pyranometers SK08 are used to capture the horizontal and vertical global solar radiation, the 

outer air temperature and humidity are measured using an ELEKTRONIK EE21 with a 

metallic shield to be protected against radiation, and finally the wind speed and direction is 

provided by a DNA 024 anemometer. 

Figure Figure A.50 shows a diagram of the location of the sensors in the experimental set-up. 
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Figure A.50. Schematic diagram of the experimental set-up and its instrumentation. 

 

 Experimental procedure 

Two different experiments were performed in the experimental set-up. 

 Free-floating temperature, where no cooling or heating system is used. The 

temperature conditions inside the cubicles are compared. 

 Controlled temperature, where a heat pump or an electrical oil radiator was used to set 

a constant ambient temperature inside the cubicle. The energy consumption of the 

cubicles is compared. 

 

A.5.6 Development status: current progress design 

The project is in demonstration plant status. The technological feasibility is probed in the 

experimental set-up. 

Measurements started in 2010. First experiments were focused on a simple situation with no 

control temperature profile and no internal heat gains. 

Now the experiments are focus on a situation with internal temperatures are under control at 

22 ºC and 24 ºC and under free floating regime to check the thermal behaviour between them 

when no heat pump is used. 

 

A.5.7 System performance evaluation 

Main results showed up to 14% of electrical energy consumption reduction by the use of 

green roofs as passive system in building envelopes (Figure A.51). These results were 

obtained for summer season in Lleida. 
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Figure A.51. Accumulated electrical energy consumption. Controlled temperature (set 

point 24ºC), summer 2012. 

 

A.5.8 Conclusions/Lessons learnt 

After performing experiments under a continental Mediterranean climate it can be concluded 

that, the two green roofs constructive systems without insulation layer reduced the 

accumulated electrical energy consumption around 14% and 6% respectively, compared to the 

accumulated electrical energy consumed in a cubicle with a conventional insulated flat roof 

during representative periods of July, August and September. These energy savings are 

regardless of using rubber crumbs or puzolana as drainage material. Therefore green roofs can 

be a good tool for passive energy savings system during summer periods. 

It is important to note that the new green roof solution proposed is innovative and sustainable 

because it has similar thermal behaviour than typical flat roof, with no insulation layer, the 

drainage layer is made from out of use tires and the system does not use a filter layer between 

drainage and substrate layers. 

Finally, during cold period, especially with low solar radiation, external temperatures are low 

during most of the day. Therefore, the thermal inertia of the roof is not useful in preventing 

energy losses, since thermal amplitude is low and steady state is easily reached. 
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A.6 Ventilated double skin facade with PCM in its air chamber 

A.6.1 Project data 

 Name: Meclide. Soluciones estructurales con materiales especiales para la 

climatización tecnológica de Andalucía. 

 Starting date: 2009/2012  

 Institutions involved, industry partners and country: DETEA (Spain), University of 

Sevilla (Spain), and University of Lleida (Spain) 

 Financed through: Spanish government, Catalan government, Corporación 

Tecnológica de Andalucía 

 Contact person/s: Albert Castell (acastell@diei.udl.cat), Luisa F. Cabeza 

(lcabeza@diei.udl.cat), Alvaro de Gracia (adegracia@diei.udl.cat).   

 

A.6.2 Background 

As a result of the Meclide project, a prototype of a ventilated double skin facade (VDSF) with 

phase change material (PCM) in its air chamber has been developed and experimentally tested 

under Mediterranean winter and summer weather conditions. 

 

A.6.3 Goal of the project 

The objective of Meclide project is to design and test a VDSF with PCM which could be used 

to reduce both heating and cooling demands of a building. 

 

A.6.4 Operation principle 

During the heating season the VDSF acts as a solar collector during the solar absorption 

period (Figure A.52). Once the PCM is melted and the solar energy is needed by the heating 

demand, the heat discharge period starts. During this period the openings drive the air flowing 

from indoor to the solar collector cavity, where it is heated up by the PCM panels and sent it 

back into the cubicle (Figure A.52b). This discharge period is performed until no more 

thermal energy is needed or can be provided by the system. 

 
Figure A.52. Operational mode of the system during the heating season. 

mailto:acastell@diei.udl.cat
mailto:lcabeza@diei.udl.cat
mailto:adegracia@diei.udl.cat


ECES Annex 23 Final Report  

Moreover, the system is also designed to reduce the energy consumption of a building during 

the cooling season. During this period, the outer skin of the collector is covered with an 

opaque insulating panel in order to supress the solar gains inside the channel. The versatility 

of the system allows operating under two difference sequences (Figure A.53): 

(i) Cold storage sequence: First the PCM is solidified during night time (Figure A.53a). 

Hereafter, the cold is stored inside the system until is needed (Figure A.53b). Once the 

demand requires a cooling supply, the cold is released to the air with mechanical 

ventilation as shown on Figure A.53c. 

(ii) Night free cooling sequence: During the night time, after the heat stored in the PCM is 

released to the outer environment, air from the outside is injected mechanically to the 

inside (Figure A.53d), producing a night free cooling effect. 

 

 

Figure A.53. Operational mode of the system during the cooling season. 

 

A.6.5 Description of the system 

 Climatic conditions 

The experiments were performed under continental Mediterranean weather conditions. Five 

different weather periods can be defined: 

 Severe winter: Very low temperatures (-5 ºC to 10 ºC) and mild solar radiation (800-

900 W/m2). 

 Mild winter: Low temperatures (5 ºC to 20 ºC) and mild solar radiation (800-900 

W/m2). 

 Severe summer: Very high temperatures and solar radiation (25 ºC to 35 ºC, and 1000-

1100 W/m2). 

 Mild summer: High temperatures and solar radiation (18 ºC to 30 ºC, and 1000-1100 

W/m2). 

 No demand: Temperatures and solar radiation are mild; therefore there is no need for 

cooling or heating. 

 

 Experimental set –up 
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Two real cubicles with the same inner dimensions (2.4 x 2.4 x 5.1 m) were monitored in the 

experimental set-up located in Puigverd de Lleida, Spain. The constructive system used in the 

walls of both cubicles is based on alveolar bricks (30 x 19 x 29 cm) with an external cement 

mortar and inner plaster coating. The only difference between the two cubicles is that one of 

them has a VDSF with PCM inside its air chamber in the south wall, while the other cubicle 

presents no changes in its south facade. Both roofs were made using concrete pre-cast beams, 

3 cm of polyurethane and 5 cm of concrete slab. The polyurethane is placed over the concrete 

and it is protected with a cement mortar roof with an inclination of 3%, a double asphalt 

membrane and 5 cm of gravel. During the winter period a glasses outer skin is used to allow 

solar radiation inside the cavity (Figure A.54). On the other hand, the same experimental 

facility has been used to test the VDSF but with an opaque outer skin for cooling purposes 

under summer conditions. Figure A.55 the experimental set-up used for winter and summer 

seasons. 

A metallic structure is used to build the VDSF with an air cavity of 15 cm thick, which 

represents 0.36 m2 of channel area. The inner layer is based on the alveolar brick constructive 

system while the outer envelope is made by a glass layer. 

 

 

Figure A.54. Experimental set-up during the winter period. 

 

 

Figure A.55. Experimental set-up during the summer period. 
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The VDSF has an effective solar absorption area of 6.4 m2 and it is equipped with three fans 

(FCL 133 Airtecnics) in the air cavity to provide mechanical ventilation when needed. 

Moreover, in order to control the operational mode of the facade, six gates were installed at 

the different openings of the channel. Hence, the air can flow through the facade from the 

outer or inner environment, or operate as a Trombe wall. Those gates are controlled by 

ST450N linear spindle actuators. The system to control the fans and gates is programmed in a 

Microchip 18F45J10. 

The PCM used in this application was the macro-encapsulated salts hydrate SP-22 from 

Rubitherm. A total of 112 PCM panels are distributed over the facade creating 14 air flow 

channels (Figure A.56). 

 

 

Figure A.56. Location of PCM inside the cavity. 

 

 Instrumentation 

Both cubicles were fully instrumented and the following data was registered at five minutes 

intervals to evaluate their thermal performance: 

 Internal wall temperatures (east, west, north, south, roof and floor) measured with Pt-

100 DIN B. 

 Internal ambient temperature and humidity (at a height of 1.5 m and 4.5 m) measured 

with ELEKTRONIK EE21. 

 Electrical consumption of the HVAC systems using an electrical network analysed 

(MK-30-LCD). 

Moreover, in order to analyse the behaviour of the VDSF with PCM, the following data was 

also measured: 

 Air temperature of the cavity at different heights and locations (10 Pt-100 with an 

irradiative cover). 

 Air velocity of the cavity at different heights and locations (4 hot wire sensors KIMO 

CTV 210). 

 Pressure drop across the air cavity (KIMO CP 200). 
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 Outer and inner skin surface temperature (glass and alveolar brick, respectively) at 

different heights and locations (6 Pt-100 each). 

 Exterior surface temperature at different heights and locations (6 Pt-100). 

 Heat flux transferred to the inner environment (2 HUKSEFLUX HFP01). 

 Heat flux transferred to the front and back surface of a PCM panel (2 HUKSEFLUX 

HFP01). 

 Temperature of the PCM at 3 different heights (3 Thermocouples Type T, 0.5 mm 

thick inserted in the PCM panels). 

 Front and back surface temperature of the PCM panels (2 Thermocouples Type T). 

In addition, the weather data was also registered every 5 minutes. Two Middleton Solar 

pyranometers SK08 are used to capture the horizontal and vertical global solar radiation, the 

outer air temperature and humidity are measured using an ELEKTRONIK EE21 with a 

metallic shield to be protected against radiation, and finally the wind speed and direction is 

provided by a DNA 024 anemometer. 

 

 Experimental procedure 

The experimental set-up offers the possibility to perform two kinds of inner conditions: free 

floating temperature and fixed controlled temperature. Both cubicles are provided by two heat 

pumps (Fujitsu Inverter ASHA07LCC). 

 

Winter period: 

The thermal control of the VDSF depends on the weather conditions and the energetic 

demand of the building, for that purpose three different experiments were performed: 

 Free floating (FF): During this experiments no HVAC system is used, hence the 

thermal response of the building is evaluated by its inner temperature. This experiment 

is presented in the mechanically ventilated mode for severe and mild winter weather 

conditions. During the experiments under severe winter conditions, the system 

discharge the absorbed solar heat from 12:00 to 18:00, while during the mild winter 

test, the discharge period is programmed from 18:00 to 23:00 h. 

 Controlled Temperature (CT): The inner temperature of each cubicle is fixed by using 

the heat pumps. The electrical energy consumed by each heat pump is measured and 

compared. This experiment was performed in the mechanically and naturally 

ventilated mode for severe and mild winter weather conditions. Moreover, different 

temperatures set points were analysed. Similarly as in the FF experiment, the heat 

discharging time varies depending on the weather conditions (from 12:00 to 18:00 h 

during severe winter conditions and from 12:00 to 23:00 in the mild period). 

 Demand Profile (DP): In the mild season, the HVAC systems were controlled by a 

timer, so they operate altogether with the facade from 18:00 to 23:00 h. This 

experiment is presented with the facade operating as a Trombe wall, and in the 

mechanically and naturally ventilated mode. 
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The set of experiments which were performed during the winter season are summarized in 

Table A.9. 

Table A.9 Set of experiments description during the winter season. 

Exp. Date Fans flow rate 
Heat Pumps Set 

point 

Heat Pump 

required 

PCM discharge 

period 

1 February 2012 0.6 m3/s - - 12 to 18 h 

2 March 2012 0.6 m3/s - - 18 to 23 h 

3 February 2012 0.6 m3/s 21 24 h/day 12 to 18 h 

4 February 2012 0.6 m3/s 19 24 h/day 12 to 18 h 

5 February 2012 nat 21 24 h/day 12 to 18 h 

6 March 2012 0.6 m3/s 19 24 h/day 12 to 23 h 

7 March 2012 nat 19 18 to 23 h 18 to 23 h 

8 March 2012 0.6 m3/s 19 18 to 23 h 18 to 23 h 

 

Summer period 

In addition to the winter experiments, two different sequences of operation were tested: 

 Cold storage sequence: First the PCM is solidified during night time using the “PCM 

charge period” mode with mechanical ventilation. This mode is typically programmed 

from 2 to 8 a.m. Hereafter, the cold is stored inside the DSF until is needed and all the 

openings of the DSF are closed to minimize the heat gains from the outer 

environment. Once the demand requires a cooling supply, the cold is discharge with 

mechanical ventilation (typically from 11 to 13 hours). After all the available cooling 

has been pumped to the inside, the DSF starts the “overheating prevention period”, 

where using the natural ventilation mechanism reduces the overheating effect. 

 Night free cooling sequence: During these experiments, the cold storage sequence is 

also programmed, but with one difference. During the night time, after the heat stored 

in the PCM is released to the outer environment, air from the outside is injected 

mechanically to the inside, producing a night free cooling effect (typically from 4 to 8 

a.m). 

 

The set of experiments which were performed during the summer season are summarized in 

Table A.10. 

Table A.10. Set of experiments description during the summer season. 

Exp. Date 
Fans flow 

rate 

Heat Pumps 

Set point 

PCM 

discharge 

period 

Preventing 

overheating 

period 

PCM 

charge 

period 

Free 

cooling 

period 

1 May 2012 0.9 m3/s 23 ºC 14 to 19 h 19 to 3 h 3 to 8 h - 

2 July 2012 0.6 m3/s 25 ºC 11 to 13 h 13 to 2 h 2 to 8 h - 

3 August 2012 0.6 m3/s 25 ºC 11 to 13 h 13 to 0 h 0 to 2 h 2 to 7 h 

4 September 2012 0.6 m3/s 25 ºC 11 to 13 h 13 to 0 h 0 to 4 h 4 to 8 h 

5 September 2012 0.6 m3/s 25 ºC 11 to 13 h 13 to 0 h 0 to 4 h 4 to 8 h 
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A.6.6 Development status: current progress design 

The system has been tested in a demonstration plant. Experiments under winter and summer 

conditions of Spain were performed in 2012. Two journal articles were published and a patent 

was done. 

 de Gracia A, Navarro L, Castell A, Ruiz-Pardo A, Álvarez A, Cabeza L.F, 

Experimental study of a ventilated facade with PCM during winter period, Energy and 

Buildings 58, 324-332, 2013. 

 de Gracia A, Navarro L, Castell A, Ruiz-Pardo A, Alvárez S, Cabeza LF. Thermal 

analysis of a ventilated facade with PCM for cooling applications. Energy and 

Buildings 65, 508-515, 2013. 

 Javier Cortés del Niño, Servando Álvarez Domínguez, Lluisa Cabeza Fabra, Álvaro 

Ruíz Pardo, Albert Castell Casol. Cerramiento y fachada ventilados. 

PCT/ES2011/070872 

 

A.6.7 System performance evaluation 

The experimental results demonstrated the high potential of this new VDSF in reducing the 

electrical energy consumption of the HVAC systems of a building during the winter season. 

These savings depend strongly on the mode of operation and the weather conditions, being 

under severe winter conditions 19% and 26% depending on the HVAC set point (21 ºC and 

19 ºC, respectively). The measured electrical energy consumption of the heat pumps and fans 

demonstrated that the use of mechanical ventilation in this system during winter is 

unnecessary unless a fast heating supply is needed. 

On the other hand, no net electrical energy savings were registered due to the use of the 

VDSF with PCM during the summer period. The excessive use of fans during the 

solidification process must be reduced. Moreover, there is a necessity of improving the 

thermal resistance of the outer skin by supressing, when possible, the thermal bridges 

occurring through the metallic structural frame. 

 

A.6.8 Conclusions/Lessons learnt 

The hysteresis provided by the used PCM limits strongly the use of the stored latent heat for 

heating purposes and makes difficult its solidification during the cooling season. Therefore 

other materials without hysteresis should be tested in the future to overcome these limitations. 

The use of a wooden structure, instead of the actual metallic one, could limit the heat losses to 

the outer environment and hence increase the storage efficiency during both winter and 

summer periods. 

The net electrical energy savings would have been even higher if a thermal control system had 

been used being programmed depending on the energy demand, production and storage. 
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A.7 Small timber house with an internal ventilated wall 

A.7.1 Project data 

 Name: Small timber house with an internal ventilated wall connected to an air 

collector 

 Starting date: 2003 - 2006 

 Institutions involved, industry partners and country: University of Savoy (France) and 

CTBA (France) 

 Financed through: Project ADEME-PUCA, Projet “Bâtiments à ossature bois: 

définition d’une enveloppe pariéto-dynamique” and Project PREBAT Bois’Climatique 

 Contact person/s: Dr. Gilles Fraise (gilles.fraisse@univ-savoie.fr) 

 

A.7.2 Goal of the project 

The objectives of this research are to test a heavy ventilated wall coupled with air solar 

collectors during winter period, and to assess the potential of cooling using only night 

ventilation of the wall during summer. 

 

A.7.3 Operation principle 

The high thermal inertia of the wall is suitable to act as thermal energy storage for the timber 

frame house. The ventilated wall is charged and discharged depending on the weather 

conditions and requirements of the building. The double wall can be used as solar energy 

storage during winter and as cold storage during summer using night ventilation. 

In winter time, solar energy is accumulated in the wall during sunny periods. The energy is 

later used to provide heating to the building when no solar radiation is available. 

In summer, the wall is cooled during night using the mechanical ventilation system. The cold 

stored in the wall can be used for cooling purposes during daytime, when the external 

temperatures are higher. 

 

A.7.4 Description of the system 

 Climatic conditions 

The experiments were performed under Aquitaine oceanic climate (Bordeaux, France, 44° 

49'N - 0° 34'W). 

 

 Experimental set-up 

The experimental set-up consists of one room located in Bordeaux (France) (7.5 x 4.7 x 

2.5m). The objective of this set-up is to test a ventilated wall coupled with air collectors 

during summer (Figure A.57). The double wall (5 x 2.5m) is made-off concrete blocks (Figure 

A.58). It stores solar energy during winter. The ventilated wall is used as an emitter too. In 
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summer, the wall is cooled during night using the ventilation of the wall. Also, the ventilated 

wall can be used as a cooling system using its storage capacity. 

 
 

Figure A.57. Ventilated wall (concrete blocks) during erection and small timber frame 

house (with solar air collectors and the ventilated wall). 

 

 
Figure A.58. Sketch of the experimental set-up. 
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 Instrumentation 

The following data were registered for the evaluation of the system: 

 Weather conditions 

- External temperature (PT 100 probes) 

- Solar radiation (global) 

- Humidity 

- Wind speed 

 Ventilated wall: 

- Inlet and outlet air temperatures (PT 100 probes) 

- Surface temperature (PT 100 probes) 

- Air flow rate  (180 m3/h) (hot-wire anemometer) 

- Room temperature  (both sides) (PT 100 probes) 

 Solar collectors: 

- Inlet and outlet air temperatures (PT 100 probes) 

- Air flow-rate (hot-wire anemometer) 

- Absorber temperatures (PT 100 probes) 

 

 Experimental procedure 

The experimental set-up offers the possibility to perform two kinds of experiments: 

- Solar energy storage in the ventilated wall: air solar collectors are directly coupled to 

the ventilated wall. The ventilated wall acts as a “Direct Solar Wall” (like Direct Solar 

Floor with hot water). 

- Cooling the double ventilated wall in summer during the night. During, this period, the 

solar collectors can be used to preheat domestic hot water. 

Figure A.59 and Figure A.60 show the functioning of these two cases. 
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Figure A.59. The solar energy is directly coupled to the ventilated wall (winter, closed 

loop). 

 
Figure A.60. During summer, the ventilated wall is cooled with night ventilation. (open 

loop). 

 

A.7.5 Development status: current progress design 

The project was tested at a laboratory scale. The experimental set-up is no more used, but it 

can be seen in FCBA (Bordeaux, Jean-Luc.Kouyoumji@ctba.fr). 

 

A.7.6 System performance evaluation 

Results can be seen in the following papers: 

mailto:Jean-Luc.Kouyoumji@ctba.fr
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 G. Fraisse, B. Souyri, R. Boichot and J-L Kouyoumji. Night Cooling with a Ventilated 

Internal Double Wall. Energy and Buildings, Volume 42, Issue 3, March 2010, Pages 

393-400 

 G. Fraisse, K. Johannes, V. Trillat-Berdal. and G. Achard. The use of a heavy internal 

wall with a ventilated air gap to store solar energy and improve summer comfort in 

timber frame houses. Energy and Buildings, Volume 38, Issue 4, April 2006, Pages 

293-302 

 

A.7.7 Conclusions/Lessons learnt 

The interest of the ventilated wall is both to increase the inertia of the building (timber frame 

house) and store solar energy. This can be captured through the integration of a solar air 

collector in the façade of the timber frame house. This integration is facilitated by the 

presence of insulation and air gap, and the modular type of the timber frame walls. 

Models have been validated with the experimental data. Unfortunately, the tested period was 

quite short due to the planning of the project. The closed loop mode during winter is 

interesting as there is no interference with the mechanical ventilation system (fresh air). 
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A.8 PCM in a prefabricated concrete slab (active cooling and heating) 

A.8.1 Project data 

 Name: Thermal energy storage in building components as an active system for cooling 

and heating 

 Starting date: 2012 – on going  

 Institutions involved, industry partners and country: University of Lleida (Spain) 

 Financed through: Spanish Government, Catalan Government 

 Contact person/s: Albert Castell (acastell@diei.udl.cat), Luisa F. Cabeza 

(lcabeza@diei.udl.cat), Lidia Navarro (lnavarro@diei.udl.cat).  

 

A.8.2 Background 

In 2002 and experimental set-up to study the effect and the thermal behaviour of a PCM-

concrete material was built in Puigverd de Lleida in the frame of a European project 

(MOPCON). The results obtained were promising and a new complementary project was 

developed in 2006 to analyse the effect of adding macroencapsulated PCM in a typical 

Mediterranean construction.  

The experimental set up was composed by two different constructive systems, a conventional 

brick system with 5 cm of polyurethane and another one with alveolar brick walls. Four 

cubicles were built to compare their thermal performance, a reference cubicle for each 

constructive system and two more with the implementation of macroencapsulated PCM in the 

roof and walls. The PCM was included as a passive cooling system for increasing the thermal 

inertia of the wall and roof. 

Results demonstrate that the energy consumption of the cubicles containing PCM was 

reduced about 15% (conventional brick system) and 17% (alveolar brick) compared to the 

cubicles without PCM. Even though, night ventilation to ensure the complete solidification of 

the PCM is needed, leading to a better performance. 

After the experience on PCM incorporation in buildings as passive system, one step forward 

is done. The use of PCM as a storage and active system inside a building component is 

designed to reduce the cooling and heating demand. 

 

A.8.3 Goal of the project 

The main objective of this project is to reduce the electrical energy consumption of the HVAC 

for cooling and heating by storing energy in the internal slab of the building. Therefore, the 

system is designed for summer and winter conditions. 

 

mailto:acastell@diei.udl.cat
mailto:lcabeza@diei.udl.cat
mailto:lnavarro@diei.udl.cat
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A.8.4 Operation principle 

The internal concrete slab of the cubicle is used as a storage component with the incorporation 

of PCM (RT-21) inside its hollows. An installation of air ducts allows the air to be forced 

through the inside of the slab and therefore enhancing the heat exchange with the PCM. 

In order to provide versatility to the system four different openings are located in the slab that 

allows us to work in different modes. Figure A.61 describes in a simplified scheme where the 

gates are placed. A control system will be programmed to run the operating mode of the 

storage system according to the different temperatures registered.  

 
Figure A.61. Operating scheme of the openings in the active slab. 

 

For the winter mode (Figure A.62, left) a solar air collector is installed, where the outside air 

is heated by the solar radiation and then used to melt the PCM. When a heating demand is 

needed the air of the internal ambient is pumped through the slab and the heat exchange with 

the PCM provides an important heating supply. 

The operational mode in summer (Figure A.62, right) lies in solidifying the PCM during the 

night time when the temperatures are below the phase change temperature (20 ºC). Once the 

PCM is completely solidified the cold is stored. During the day, when a cooling demand is 

needed, the cold stored in the slab is used to cover part of the demand. 

 

  

Figure A.62. Operating principle of the active slab with PCM during winter (left) and 

summer (right). 



44 

 

 

A.8.5 Description of the system 

 Climatic conditions 

The experiments are going to be performed under continental Mediterranean weather 

conditions. Five different weather periods can be defined: 

 Severe winter: Very low temperatures (-5 ºC to 10 ºC) and mild solar radiation (800-

900 W/m2). 

 Mild winter: Low temperatures (5 ºC to 20 ºC) and mild solar radiation (800-900 

W/m2). 

 Severe summer: Very high temperatures and solar radiation (25 ºC to 35 ºC, and 1000-

1100 W/m2). 

 Mild summer: High temperatures and solar radiation (18 ºC to 30 ºC, and 1000-1100 

W/m2). 

 No demand: Temperatures and solar radiation are mild; therefore there is no need for 

cooling or heating. 

 

 Experimental set-up 

An experimental set-up was built in Puigverd de Lleida, to evaluate different constructive 

systems for building energy efficiency. This installation consists of several cubicles (Figure 

A.63), simulating real buildings and operated under real conditions. Two of those cubicles are 

used in this project to test the incorporation of PCM in a prefabricated concrete slab.  

 

 
Figure A.63. Experimental set-up in Puigverd de Lleida. 

 

These two cubicles were built with alveolar brick walls and the same roof constructive 

system. Their internal dimensions are 2.4 x 2.4 x 5.1 m, in this way the internal height of the 

cubicle allow us to simulate a two storey cubicle with different internal slabs.  

One of the cubicles has an active slab composed by a prefabricated concrete plate of 30 cm 

thick located at medium height of the cubicle (Figure A.64). The hollows of the concrete slab 

are filled with a mesh of metal tubes (Figure A.65). The PCM used in this application is RT-

21 and it is placed inside the metal tubes, therefore the air can flow through the channels and 

take advantage of the phase change. Some characteristics of the PCM are described in Table 

A.11. 
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Figure A.64. Construction of the experimental cubicle with the concrete slab. 

 

 
 

Figure A.65. Prefabricated concrete slab filled with PCM tubes. 

 

Table A.11. Storage technology in active slab. 

Storage media – PCM 
Paraffin 

 RT-21 

Manufacturer DSC results 

TPCM= 18-23 ºC 

hPCM= 134 kJ/kg 

TPCM= 19-21 ºC 

hPCM= 95 kJ/kg 

Macroencapsulated in aluminium tubes of 115 

mm height and 25 mm of diameter. 

Target Heating and cooling/Energy savings 

Capacity/Dimensions 
Internal dimensions of the cubicle: 2.4 x 2.4 x 5.1 m 

Amount of PCM: 20 kg (aprox.) 
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 Instrumentation 

In order to monitor and analyse the system different data is going to be registered at five 

minutes intervals. 

 Internal wall temperatures (east, west, north, south, roof, floor and south external) 

measured with Pt-100 DIN B. 

 Internal ambient temperature and humidity (at a height of 1.5 m) measured with 

ELEKTRONIK EE21. 

 Electrical consumption of the HVAC systems using an electrical network analyser 

(MK-30-LCD). 

Moreover, in order to analyse the behaviour of the active slab with PCM, the following data 

will be measured: 

 Air temperature inside the hollow of the slab at the inlet and outlet (2 Pt-100). 

 Air velocity of the cavity at different locations (4 hot wire sensors KIMO CTV 210). 

 Pressure drop across the cavity (KIMO CP 200). 

 Temperature of the PCM at different locations (Thermocouples Type T, 0.5 mm thick 

inserted in the aluminium tubes). 

 Inlet and outlet air temperature of the air solar collector (2 Pt-100). 

 

In addition, the weather data was also registered every 5 minutes. Two Middleton Solar 

pyranometers SK08 are used to capture the horizontal and vertical global solar radiation, the 

outer air temperature and humidity are measured using an ELEKTRONIK EE21 with a 

metallic shield to be protected against radiation, and finally the wind speed and direction is 

provided by a DNA 024 anemometer. 

 Experimental procedure 

Two experimental campaigns are planned for the summer and winter mode. 

 Free-floating temperature, where no cooling or heating system is used. The 

temperature conditions inside the cubicles are compared. 

 Controlled temperature, where a heat pump or an electrical oil radiator is used to set a 

constant ambient temperature inside the cubicle. The energy consumption of the 

cubicles is compared. 

 

A.8.6 Development status: current progress design 

The project is in demonstration plant status. Experiments are under development and are 

expected to be finishes at the end of 2014 in order to test the system under both summer and 

winter conditions. 

A patent was done and several papers are expected as an output of the experimental 

campaign. 

 Javier Cortés del Niño, Servando Álvarez Domínguez, Lluisa Cabeza Fabra, Álvaro 

Ruíz Pardo, Albert Castell Casol. Losa y forjado alveolar. PCT/ES2011/070873. 
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A.9 PCM-Air heat exchanger 

A.9.1 Project data 

 Name: Shape-stabilized PCM – air heat exchanger 

 Institutions involved, industry partners and country: University of Auckland (New 

Zealand) 

 Contact person/s: Prof. Mohammed Farid (m.farid@auckland.ac.nz) 

 

A.9.2 Goal of the project 

The main goal of the project is to assess the performance of the PCM heat exchanger unit. 

Charging, discharging and storage efficiencies need to be addressed, as well as power output 

and temperature at the outlet. 

 

A.9.3 Operation principle 

The PCM is located in the heat exchanger in plate geometry, forming channels where the heat 

transfer fluid flows. The PCM can be charged (melted) using hot air as heat transfer fluid. On 

the other hand, when the heat is needed the PCM can be discharged (solidified) by flowing 

cold air through the channels. 

 

A.9.4 Description of the system 

 Experimental set-up 

An experimental heat exchanger is designed with Dupont Energain PCM. The heat exchanger 

unit is hexagonally shaped with the Energain PCM hung inside (Figure A.66 and Figure 

A.67). There is an air inlet on one side connected to a heat pump and an air outlet to ambient 

on the other side. There are 10 panels of Energain PCM hung inside. They are hung because 

the Energain PCM loses its structural strength when heated and cannot support their own 

weight. The Energain PCM is paraffin based within an ethylene copolymer matrix. The panels 

are 1.0 m x 1.2 m and 5.3 mm thickness. They are covered by a thin layer of aluminum sheet 

of thickness 0.1 mm. Each panel weighs 5.8 kg, thus 10 panels weigh 58 kg. Properties of 

Energain PCM are presented in Table A.12. 

Table A.12. Thermophysical properties of Energain. 

Property Energain PCM 

Paraffin (%) 60 

Melting point (ºC) 21.7 

Latent heat (kJ/kg) >70 

Total heat storage (kJ/kg) 140 

Specific heat capacity paraffin (kJ/kgK) 2.3 

Specific heat capacity polymer (kJ/kgK) 2.9 

Density (kg/L) 0.86 
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Thermal conductivity solid (W/mK) 0.18 

Thermal conductivity liquid (W/mK) 0.14 

 

 
Figure A.66. The PCM heat exchanger. 1) steel container, 2) inlet connection to heat 

pump, 3) outlet, 4) lid, 5) wheels on base. 

 

 
Figure A.67. Energain panels inside the PCM heat exchanger. View after opening the 

lid. 6) 50mm polystyrene insulation, 7) Energain PCM panels, 8) distance spacing, 9) lid 

seal. 
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 Instrumentation 

8 Type-K thermocouples were used to measure the temperature at different points in the PCM 

heat exchanger. The placement of these thermocouples is shown in Figure A.68. A DIMPLEX 

heat pump, model number GDC-AC14RWC, was used. It had a heating and cooling capacity 

of 4.4kW and 4.1kW respectively. 

 

 
Figure A.68. Thermocouple locations in the PCM heat exchanger. Each labelled circle is 

one thermocouple. Note DPE stands for Dupont Energain. 

 

 Experimental procedure 

The experimental setup was used to assess the performance of the PCM heat exchanger unit. 

The temperatures were recorded in 3 second time intervals. For the heating experiment the 

PCM was fully solidified at a temperature of 7-8 ºC prior to start the test. The experiment 

consisted on supplying an air stream at 33 ºC with a flow rate of 0.058-0.067 kg/s for 2-3 

hours. Cooling experiments followed the same procedure but in reverse (melted PCM as 

initial condition and cooled down using air at 8 ºC and a flow rate of 0.07 kg/s). Repeatability 

was ensured by performing 5 experiments under each working conditions. 

A mathematical model was developed to describe the system and improve its heat transfer 

performance. 

 

Development status: current progress design 

The project is in research status. The system has been evaluated in the laboratory 

experimentally. 
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System performance evaluation 

For the heating experiment, a “plateau” is observed between 14–24.5 ºC, which represents the 

phase change of the PCM (melting process). On the other hand, during the cooling experiment 

a peak phase change temperature around 17 ºC was observed, indicating the freezing 

temperature. 

Figure A.69 shows a heating experiment with inlet air at 33°C, initial PCM temperature about 

8-10°C, and an air flow rate of 0.058 kg/s. Figure A.70 and Figure A.71 represent enthalpy 

analyses of a cooling experiment with an inlet air at 8°C and a flow rate of 0.07 kg/s. 

 

 
Figure A.69. Experimental heating enthalpy analysis. 

 

 
Figure A.70. Experimental cooling enthalpy analysis- model ignoring sub-cooling. 
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In Figure A.70 an absolute mean deviation of 29 % is observed between the air enthalpy and 

the PCM one. On the other hand, Figure A.71 shows an absolute mean deviation of less than 6 

% as a result of the use of the sub-cooling modified model. This result suggests that the sub-

cooling must be accounted for in order to accurately model latent heat discharge during 

solidification. 

 

 
Figure A.71. Experimental cooling enthalpy analysis- model which accounts for sub-

cooling. 

 

 

A.9.5 Conclusions/Lessons learnt 

In order to avoid thermal stratification, which would enhance accuracy and consistency of 

results, heat exchangers should utilise flow along a vertical axis. Moreover, for active heat 

storage applications (such as HVAC), shape stabilised panels containing PCMs with a higher 

melting point than those tested in this project (designed for passive applications) are 

necessary. 
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A.10 PCM-Air heat exchanger 

A.10.1 Project data 

 Name: Stock-Air2 

 Starting date: January 2011 

 Institutions involved, industry partners and country: LGCB ENTPE (France), 

CETHIL INSA (France), EDF (France), RIBO (France) 

 Financed through: National Research Agency (France) 

 Contact person/s: Mohamed El Mankibi (Mohamed.elmankibi@entpe.fr) 

 

A.10.2 Goal of the project 

The aim of the system is to reduce peak power consumption by storing a sufficient amount of 

heat in a LHS unit in order to restore it during the peak power period. 

 

A.10.3 Operation principle 

LHS applications are usually used to enhance the cooling or heating performance of 

mechanical ventilation systems and for peak power reduction needs. 

For both cooling and heating applications, the active TES systems can be operated in order to 

reduce peak power consumption. Heat or cold is stored in the developed system during an off-

peak period, preferably during the night (for lower electrical cost) or during the time that the 

COP of a heat pump is optimum (for example when indoor and outdoor temperature 

difference is minimal). Control strategies can be developed in order to predict the 

cooling/heating needs of the building and adjust the usage of the system accordingly. 

The operating principle of this system is as follows: fans and resistances are operated to create 

a hot airflow during the off-peak period, a part of which is used to store heat in the PCM 

exchanger and the rest to heat the test cell. The aim is to store a sufficient quantity of heat 

during the off-peak period and to restore it during peak power time-slot, while turning off the 

electrical heater. At the same time, attention is given to the thermal comfort and the QAI of 

the coupled cell. 

 

Description of the system 

 Experimental set-up 

The experimental apparatus (Figure A.72) consists of a set of aluminium plates containing 

PCM, vertically placed downstream in the ventilation plenum. Two fans are used to produce 

the needed airflow and two electrical resistances to produce heat. The PCM used is the 

Microtek37 paraffin with a melting temperature of 37°C and a latent heat of 227 kJ/kg. 31.78 
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kg of this paraffin were introduced into the aluminium plates (18 mm thick) and fins were 

placed between the plates to increase the heat exchange; the dimensions of the heat 

exchanger, insulation included, are (1.05×0.80×0.25) m. 

 

 
Figure A.72. The experimental LHS unit (Stathopoulos et al., 2013). 

 

Two diffusers were used before and after the heat exchanger in order to produce a uniformed 

airflow. The system is coupled with an experimental test cell (Hybcell) as seen in Figure A.73 

in the ENTPE laboratory. This cell represents an office or meeting room (50 m3) equipped 

with a hybrid ventilation system, heating devices and simulated occupancy. 

 

 
Figure A.73. LHS system and coupled test cell (Stathopoulos et al., 2013). 
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 Instrumentation 

Numerous sensors are used to measure the surface temperature of the plates and the PCM 

temperature at different positions of the unit (beginning, middle and end of the unit), the inlet 

and outlet air temperature and humidity and the airflow rate. 

Instrumentation was designed in order to study the fusion and the solidification of the PCM, 

the heat losses in the heat exchanger and the charge/discharge phases of the heat exchanger. 

Measurements are taken at the following locations: 

 Temperature, relative humidity and air flow rate before and after the heat exchanger. 

 PCM temperatures and surface temperatures of three places of the aluminium plates, 

in the beginning, middle and final part of the exchanger. 

 Surface temperatures of the plates at the outlet part. 

 

For the experiments where the air-PCM exchanger is coupled to the Hybcell, outdoor and 

indoor conditions in terms of temperature, relative humidity, CO2 as well as energy 

consumptions are monitored. National Instruments based technology allows the overall 

control and management of Hybcell data acquisition system. 

 

 Experimental procedure 

A control system is integrated to the experimental setup in order to automatize tests at 

different air flow rate and temperatures. 

Several calibration and characterization tests have been made, varying the airflow rate from 

100 m3·h-1 to 500 m3·h-1. Inlet temperature of the exchanger has been fixed to 44°C during the 

storage phase and 24°C during the discharge phase.  

 

Development status: current progress design 

The project is in research status. The system has been evaluated in the laboratory 

experimentally. 

 

System performance evaluation 

Characterization results are illustrated on Figure A.74 where the outlet temperature is shown 

for different airflow rates during the charging and discharging phase of the unit. 
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Figure A.74. Outlet temperature during charging and discharging phase for different 

airflow rates (Stathopoulos et al., 2013). 

 

Once characterized, the air-PCM exchanger has been coupled with an experimental test cell. 

Figure A.75 shows an example of developed and experimentally tested control strategies in 

order to manage the integration of the air-PCM exchanger into Hybcell HVAC system. The 

evolution of the inner air temperature of Hybcell and the electric heating power (100% refers 

to 2000W) are illustrated. 

 

 
Figure A.75. The unit integrated with an experimental cell: room and heat exchanger 

outlet temperature during a peak power reduction example (Stathopoulos et al., 2013). 
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As seen in Figure A.75, a part of the heat is absorbed by the heat exchanger and the rest 

directly goes into the test cell. The green areas correspond to the 18h-20h period (peak power 

period) where the HVAC heating system was switched off. During this period the indoor air 

temperature is still in thermal comfort range, with a very low decrease. This means that the 

discharge of the air-PCM exchanger is enough to bring a good thermal comfort while 

contributing to energy peak reduction. 

Experimental results will be used for the development of an empirical model that will be 

coupled to an existing building model. On a second phase, numerical and experimental tools 

will be used to develop and evaluate control strategies of the system. Optimal strategies will 

then be experimentally implemented for two different building configurations, a single-zoned 

one and a multi-zoned one. 
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A.11 Packed bed thermal energy storage system 

A.11.1 Project data 

 Name: Packed bed thermal energy storage tank 

 Starting date: 2011 – 2012 

 Institutions involved, industry partners and country: University of Lleida (Spain) and 

Royal Institute of Technology KTH (Sweden) 

 Financed through: European Union 

 Contact person/s: Viktoria Martin (Viktoria.Martin@energy.kth.se), Luisa F. Cabeza 

(lcabeza@diei.udl.cat), Eduard Oró (eduoro@diei.udl.cat). 

 

A.11.2 Background 

District cooling is an already established technology which is able to provide cooling to a 

whole district with centralized production. However, new cooling requirements in existing 

installations that are at full capacity require an expansion of the plant with high capital costs. 

A good solution would be to increase the storage capacity of the plant in order to be able to 

meet the new demand. To achieve this goal without a significant change in the layout of the 

system, PCM can be a good solution to increase the energy density. 

 

A.11.3 Goal of the project 

The main goal of the project is to increase the energy density of storage tanks in order to be 

able to store more energy with the same volume. This would also be useful for expanding 

installations already in operation without major changes in the layout. Moreover, the inclusion 

of PCM in the storage tank could provide some benefits to its stratification. 

 

A.11.4 Operation principle 

The use of PCM inside a water tank increases the thermal inertia of the system and improves 

its charging/discharging efficiency. The improvement of the stratification due to the addition 

of PCM packed bed is under evaluation. Figure A.76 shows the charging and discharging 

processes. 
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Figure A.76. Charging/freezing (left) and discharging/melting (right) processes. 

A.11.5 Description of the system 

 Experimental set-up 

The experimental set up consists of a cylindrical storage tank and a water bath with a capacity 

of 10 L used for setting the temperature and the flow rate of the HTF, which is water. The 

cylindrical storage tank has an internal diameter of 101 mm and a total height of 500 mm, 

where only 3.73 L are used for storage. To increase the storage capacity of the tank, an 

organic PCM was added. The encapsulation of this PCM in a spherical form (average 

diameter of 3.6 ±0.1 mm) lets it work as a packed bed. The PCM analysed is an organic 

material with a storage capacity of 175 kJ/kg (from –2 ºC to 13 °C) and the permeability of 

the PCM was calculated experimentally using the above mentioned experimental set up. The 

encapsulation form of the PCM is not inside a spherical capsule having two thicknesses (PCM 

and capsule) but it is a mixture between the PCM and some additive in the form of a sponge 

sphere. 

The storage tank was insulated with 40 mm thick polyurethane and the pipes are insulated 

with 20 mm thick foam. A sketch of the system is shown in Figure A.77 shows the storage 

tank filled with PCM in the experimentation. 

 

 
Figure A.77. Storage tank full of PCM. 
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It was important to maintain the stratification and to avoid mixing inside the storage tank, 

therefore the HTF flow had to be maintained as a plug flow through the storage medium. 

Therefore, two filters with 100 holes of 2 mm diameter were included, one at the bottom and 

another one at the top of the water tank in order to constrain the PCM and evenly spread the 

HTF flow. 

A correct inlet velocity profile is crucial in reaching numerical sound simulation. Different 

numerical models with various velocity profiles were compared with experimental data. With 

the same experimental set up described before but without PCM, the tank was filled with 

water at 11 °C and water at 2 °C was introduced from the bottom at a flow rate of 0.5 L/min. 

The experimental data was compared with 4 different models which were the same except the 

velocity profile in each of them. Therefore four different velocity profiles were analysed, from 

a constant velocity (plug flow) till a very pronounced velocity profile. The results clearly 

showed that the best velocity profile according to the experimental data was the constant 

velocity profile. Therefore, the filter used was adequate and all the models studied in this 

work have used a constant velocity profile. 

The physical properties of the materials used in the model are detailed in Table A.13. 

 

Table A.13. Thermophysical properties of the materials used in both the model and 

experimentation. 

Material Property Value 
PCM   

 
 837 kg/m3 

 k 2 W/m·K 

 Cps 4000 J/kg·K 

 Cpl 3000 J/kg·K 

 h ∆h 
100 kJ/kg (7-3 °C) 

175 kJ/kg (2-13 °C) 

 Phase change 

temperature range 
7 – 3 °C 

Methacrylate   

 
 1170 kg/m3 

 Cp 1280 J/kg·K 

 K 0.28 W/m·K 

Polyurethane   

 
 35 kg/m3 

 Cp 1000 J/kg·K 

 K 0.028 W/m·K 

 

 Instrumentation 

Twelve thermocouples type T were placed inside the storage tank in order to measure the 

porous media temperature at different heights in the vertical plane and two more 

thermocouples (type T) were located at the inlet and the outlet of the tank (Figure A.78). 
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Figure A.78. Scheme of the experimental set up used in the experimentation. 

 Experimental procedure 

The experimental set-up offers the possibility to perform two kinds of experiments with and 

without PCM: charging and discharging processes. When charging (cold), the tank and hence 

the PCM remains at 11 ºC and water at 2 °C is introduced from the bottom at a flow rate of 

0.5 and 1 L/min. On the other hand, when discharging, the tank and hence the PCM remains 

at 2 ºC and water at 11 °C is introduced from the top at a flow rate of 0.5 and 1 L/min. 

 

Development status: current progress design 

The project is in research status. The system has been evaluated in the laboratory 

experimentally. 

 

A.11.6 System performance evaluation 

A comparison of the stratification between a plain water storage tank and a water storage tank 

filled with PCM packed bed during charging and discharging process with two different flow 

rates was done. Several dimensional and dimensionless parameters were used to characterize 

the stratification in both PCM and none-PCM tanks. 

Results showed that the implementation of PCM packed bed does not enhance the 

stratification as was expected in charging; but its contribution to stratification is promising in 

discharge. In general, PCM packed bed provides higher energy storage density to the storage 

unit. Moreover, if the stratification achieved when using PCM, even lower than without PCM, 

is able to maintain the temperature at a useful level, the benefits of the PCM would be 

enhanced, since the energy density would be higher and the thermal stratification would be 

enough for the required application. 

Figure A.79 shows the temperature profiles registered during a charging experiment, where 

the stratification can be seen for both PCM and none-PCM tanks. 
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Figure A.79. Storage tank temperature during charging at flow rate of 0.5 L/min. 

 

Finally, two numerical models were developed, validated with experimental results and 

compared in order to determine the most suitable one for future design and evaluation studies. 

The first numerical model is the Brinkman’s equation model which is assumed to behave as a 

continuous phase model with conduction as the heat transfer mechanism. This model 

describes accurately the fluid flow in porous media and the gravitational force can be 

considered. The second model studied is the energy equation model which allows for thermal 

gradients inside the PCM capsules considering conduction and convection as the heat transfer 

mechanism. However this mathematical model cannot describe the fluid flow as the first one 

does.  

Figure A.80 and Figure A.81 show the experimental validation and the accurate agreement 

with measured data. 

 

 
Figure A.80. Brinkman’s equations model validation during PCM charging. 
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Figure A.81. Energy equations model validation during PCM charging. 

 

The results from the energy equation model show a basic understanding of cold charging. Due 

to the temperature of the water, there is more power at the bottom to exchange between the 

HTF and the PCM than at the upper part; therefore the time needed to exchange the cold is 

much lower. 

The comparison between both mathematical models indicated that free convection is not as 

important as forced convection in the studied case. However, when lower Re number 

dominates the heat and mass transfer due to a lower flow rate or no flow rate situation, free 

convection starts to play an important role. Therefore, the Brinkman equation will be the most 

useful mathematical model. 

 

A.11.7 Conclusions/Lessons learnt 

The addition of PCM as a packed bed into the storage tank did not improve the stratification. 

Therefore, a better way of introducing the PCM should be studied in order to take advantage 

of both the energy density increase that provides the PCM and the benefits of a stratified tank. 

For such a purpose, a new concept consisting of a thinner layer of PCM packed bed instead of 

all the height of the storage tank should be evaluated. 
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A.12 PCM thermal energy storage units for an HVAC system 

A.12.1 Project data 

 Name: HESTOR – Development of Thermal Storage Application for HVAC solutions 

based on Phase Change Materials 

 Starting date: 2010 – 2012 (on-going research) 

 Institutions involved, industry partners and country: TRV Kliima AS (Estonia), Phase 

Change Materials Product LTD (UK), TEINSA (Spain), Eesti Innovatsiooni Instituut 

(Estonia), University of Lleida (Spain) 

 Financed through: European Union, Spanish Government, Catalan Government 

 Contact person/s: Albert Castell (acastell@diei.udl.cat), Cristian Solé 

(csole@diei.udl.cat), Luisa F. Cabeza (lcabeza@diei.udl.cat), Pere Moreno 

(pmoreno@diei.udl.cat).  

 

A.12.2 Background 

The idea comes from the European project FP7- 262285 “Hestor – Development of Thermal 

Storage Application for HVAC solutions based on Phase Change Material” after a detailed 

study of the state of the art and the possible market applications. 

 

A.12.3 Goal of the project 

The use of heat pumps for heating and cooling is based on the use of electricity for its 

production. However, this system, although efficient, requires an electrical consumption when 

operating, which results in peak consumptions of electricity at certain periods of the day. On 

the other hand, at night there is an excess of electricity which difficult the management of the 

grid. To overcome this problem, differentiated electricity tariffs are available in some 

countries to foster the balance of the grid by excess energy displacing part of the peak 

consumption. 

The objective of this project is to use PCM in thermal energy storage units in order to take 

advantage of the low electricity night tariff. 

 

A.12.4 Operation principle 

The system is composed by a heat pump, an air handling unit (AHU), and two PCM tanks 

(one for heating and other for cooling applications). 

The PCM of the two tanks are charged at night and discharged during the day so that the heat 

pump only works at night-time. The PCM of the heating tank has a melting temperature of 46 

ºC while the cooling tank PCM has 10 ºC as melting point. 

According to the load necessities of the room the system can supply heating or cooling when 

the TES units are discharged. In winter, the heating tank supplies hot water to the coil heat 

exchanger placed in the AHU in order to warm up the room. At the same time, the cooling 

mailto:acastell@diei.udl.cat
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tank discharges the cold water to the other coil heat exchanger in order to cool the water 

(Figure A.82). 

 

 
Figure A.82 Heat pump with PCM storage working in winter conditions. 

 

During summer the PCM units are discharged on the other way around. The cooling unit 

cools the air which goes into the room and the heating PCM unit discharges the heat in the 

outside coil in order to dissipate it (Figure A.83).   

 
Figure A.83 Heat pump with PCM storage working in summer conditions. 
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A.12.5 Description of the system 

 Experimental set-up 

The project focuses on improving the performance of Heating, Ventilation and Air 

Conditioning (HVAC) system through PCM thermal energy storage units. 

The system is mainly composed by an air handling unit, a heat pump and the two PCM units 

(Storage tank with Flat PCM +10 and Storage tank with Flat PCM +46). A small house-like 

cubicle (2.4x2.4x2.4 m) is used as a heating/cooling demand (Figure A.84 and Figure A.85). 

 

 
Figure A.84. Diagram of the system. Heat pump, air handling unit and PCM storage. 

 

 
Figure A.85. Prototype of the system. 
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 Instrumentation 

Several measurement and control devices (temperature sensors, valves, flow meters) were set 

up in order to know the behaviour of the whole system and to be able to do the energy balance 

of each device. 

In PCM storage tanks the temperature of the heat transfer fluid should be measured to control 

the charging and discharging processes of the PCM. Similarly, the air flow circulating through 

the AHU and the indoor temperature of the room are monitored with temperature sensors.  

Commercial temperature sensors are used to get data from the system. The data to be 

measured are listed: 

 PCM tanks: 

- Inlet heat transfer fluid temperature (Pt-100 DIN B). 

- PCM temperature (Pt-100 DIN B). 

- Outlet heat transfer fluid temperature (Pt-100 DIN B). 

- Heat transfer fluid temperatures inside the tank (Pt-100 DIN B). 

- Mass flow rate for each tank (Meister DIGA-10). 

 Air Handling Unit (AHU): 

- Supply air temperature (NTC 10). 

- Outside air temperature (NTC 10). 

- Extract air temperature (NTC 10). 

- Return air temperature (NTC 10). 

- Air temperatures before coils (NTC 10). 

- Air flow rate (KIMO CTV 100). 

 Room: 

- Inside temperature (ELEKTRONIK EE21). 

 

 Experimental procedure 

Under performance and evaluation. 
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A.13 Active PCM Cooling System in Occupied UK Office 

A.13.1 Project data 

 Name: Active PCM Cooling System in Occupied UK Office 

 Starting date: 3rd September 2009 

 Institutions involved, industry partners and country: China Shipping UK (Building 

Occupiers) (United Kingdom) and Buro Happold Engineers (Data treatment) (United 

Kingdom). 

 Financed through: The Engineering Doctorate Programme, sponsored by Buro 

Happold Engineers and funded by the UK Engineering and Physical Sciences 

Research Council 

 Contact person/s: Gideon Susman (Gideon.susman@burohappold.com) 

 

A.13.2 Goal of the project 

The use of heat pumps for cooling is based on the use of the energy available at the ambient 

air and of electricity. However, this system, although efficient, requires an electrical 

consumption when operating, which results in peak consumptions of electricity at certain 

periods of the day. Moreover, the highest demand of cooling usually coincides with the 

hottest hours of the day, when the free cold available in the ambient air is minimal. These 

operating conditions result in lower COP of the heat pump and higher energy consumptions. 

The main objective of the project is to shift part of the daytime cooling load to night time in 

order to take advantage of the cold ambient air and increase the COP of the heat pump and 

therefore reduce the energy consumption. 

 

A.13.3 Operation principle 

During the day time, when the external temperature is higher, as well as the cooling demand, 

and the heat pump is expected to have a low COP due to the high ambient temperature, the 

solidified PCM (at a lower temperature than the external ambient) cools down the water of the 

cooling system, thus pre-cooling it before entering the chiller and reducing its load. The heat 

released by the water is absorbed by the PCM and it is melted. 

During the night time, when the external temperature decreases and there is no cooling 

demand, the melted PCM units are re-solidified by running the chillers for an hour to 

discharge the accumulated heat. 

Energy savings should be realized by virtue of the raised chiller COPs, resulting from lower 

ambient temperatures at night. 
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A.13.4 Description of the system 

 Experimental set-up  

A central cooling system serving a 3250 m2 office consisting of open plan spaces, meeting 

rooms and an atrium is studied. Two Trane CGAN 900 chillers provide cold. A tank 

containing stacked HDPE units, filled with a hydrated salt (Table A.14), is situated on the 

return leg of the main chilled ceiling system circuit. Water flowing through the tank 

exchanges heat with the PCM units, thus pre-cooling water entering the chiller and reducing 

their load. The melted PCM units are re-solidified by running the chillers for an hour at night 

to discharge accumulated heat. Energy savings should be realized by virtue of the raised 

chiller COPs, resulting from lower ambient temperatures at night (Figure A.86). 

 

Table A.14. Thermophysical properties of S-13 salt, as found using DSC testing. 

Specific 

Heat 

(kJ/kg/K) 

Latent 

heat of 

melting 

(kJ/kg)  

Latent 

heat of 

freezing 

(kJ/kg) 

Melting onset 

temperature 

(˚C) 

Melting peak 

temperature 

(˚C) 

Freezing onset 

temperature 

(˚C) 

Freezing peak 

temperature 

(˚C) 

1.54 118.15 111.75 13.46 15.2 6.47 5.09 

 

 
Figure A.86. Global view of the experimental system. 

 

 Instrumentation 

System temperatures are comprehensively monitored and controlled by a central BMS. Data 

was taken from the BMS at the same time as the electrical power to the chiller was monitored 

with current clamps.  
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 Experimental procedure 

The accumulated data was supplemented with system schematics and component 

specifications in order to calculate all major heat flows in the system, such as the cooling and 

heating of the PCM tanks. Energy savings were calculated by finding the difference between 

the energy actually consumed and that required from an identical system without the PCM 

tanks. 

 

A.13.5 Development status: current progress design 

The system is in demonstration status and was evaluated under real operating conditions in an 

occupied building. 

 

 System performance evaluation 

Data was collected from 4th to 9th September and during this period the system was shown to 

incur negative energy savings of 645 kWh (Figure A.87). DSC analysis was performed on the 

hydrated salt used in the tanks which showed it to experience severe undercooling. The 

solidification onset and end temperatures were found to be 6.38 and 0 °C. This is too low for 

adequate solidification to occur with chiller flow temperatures typically being around 6° C. 

 

 
Figure A.87. Tank heat exchange and chiller input power profiles for Tuesday 8th 

September. Negative tank heat exchange values indicate a flow of heat out of the tank. 

Periods in which the system is idle, 2:00am to 8:00am and 8:30pm to 2:00am, have been 

greyed out. 
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A.14 Integrated Solar Collector 

A.14.1 Project data 

 Name: RENEAUSOL // Production d’Eau chaude Solaire adaptée à la Rénovation 

énergétique grâce à une approche innovante de l’intégration du stockage au capteur 

 Starting date: 2010 – 2012  

 Institutions involved, industry partners and country: University of Savoie (France), 

CEA-INES (France), CSTB (France), CETHIL (France), CRESSON (France) 

 Financed through: This work was funded by the French National Research Agency 

(ANR) through the “Habitat intelligent et solaire photovoltaique” program, the French 

Environment and Energy Management Agency (ADEME) and by the Assemblée des 

Pays de Savoie (APS-BQR). 

 Contact person/s: Dr. Gilles Fraise (gilles.fraisse@univ-savoie.fr) 

 

A.14.2 Background 

If the integration of renewable energies in new buildings does not pose a problem, the rise of 

solar thermal in the market of the energy renovation on the other hand is limited by 

constraints of implementation recurring related to the installation of storage. This is why the 

Integrated Solar Collector (CSIS in French) constitutes a very promising concept to develop 

(Figure A.88). As well in the new building as for the renovation of the existing buildings, the 

CSIS give opportunities of reduction of the cost of installation and operation comparatively to 

a Solar Domestic Water Heater, because of their simplicity and their passive operating 

process (without pump, nor controller). This second advantage is extremely important from 

the developmental perspective of the thermal solar market which is currently slowed down by 

the level of investment. The third advantage of the CSIS is the possibility of offering a 

successful architectural integration, contrary to the currently available solutions with the 

storage laid out in roof. 

 

 

Figure A.88. Initial concept of the CSIS. 

 



ECES Annex 23 Final Report  

Goal of the project 

The project aims to study a new concept of integral collector storage (ICS). The originality is 

due to the solar heat flux provided at the bottom part of the cavity.  The ICS technology is 

very interesting in the case of renovation as storage and solar collector are only one 

component: no space is needed inside the building.  

 

A.14.3 Operation principle 

The operation principle is to provide solar energy at the bottom part of the storage cavity. To 

improve thermal stratification, a plate is used. Hot water goes through the channel and is 

deposited at the corresponding temperature layer. Anti freezing fluid is used in the solar loop. 

The storage cavity is filled with water. 

 

A.14.4 Description of the system 

 Experimental set-up 

A new concept of CSIS adapted to the energy renovation with a multidisciplinary approach 

was developed. Its design took into account various aspects: industrial, architectural and 

technological (Figure A.89 and Figure A.90). 

 

  

 
 

Figure A.89. Design of the prototype (DHW heat exchanger, stratification device, solar 

heat exchanger, the prototype). 
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Figure A.90. Before and after renovation (new room and CSIS integration). 

 

 Instrumentation 

Several parameters were measured in order to perform the evaluations of the system. The 

location of the sensors is shown in Figure A.91. 

 Thermocouples (12) 

 Artificial solar light (500 to 1100 W/m²) 

 Flow rate measurement 

 

 

Figure A.91. Sketch of the experimental set-up with the location of the sensors. 
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 Experimental procedure 

Experiments were performed under both external and artificial conditions. The global 

performance was evaluated based on norm ISO 9459-5. 

The project made it possible to study on the one hand its global performance (stratification, 

energy) and on the other hand the phenomenon of associated convective heat transfers. The 

approach rests on the use of numerical tools (architectural draft and design of the prototype, 

global modelling, velocity, and temperature fields) and experimental (test of heat pipes in 

ECA-Grenoble, PIV on a cavity heated at the bottom with the LOCIE, test of the prototype 

with the CEA-INES). 

 

Development status: current progress design 

The research project continues with optimization and detailed studies related to heat pipes and 

natural convection. 

 

System performance evaluation 

The first prototype of CSIS put forward the very satisfactory energy performances. 

Improvements are possible with respect to the stratification (Figure A.92 and Figure A.93). 

 

 
Figure A.92. Stratification inside the cavity with and without stratification device. 

 

Concerning the operation of the heat pipes against gravity, the project highlighted the current 

lack of technological solution adapted to our needs. The study of the building integration 

showed the architectural opportunities given during the renovation (new volumes) and the 

technical constraints which were solved (weight, insulation of storage, freezing). 

 

The global evaluation showed a good behaviour of the system (Figure A.94). 
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Figure A.93. Improvement of the stratification using a new design of the device. 

 

 
Figure A.94. Solar share of domestic hot water requirements. 

 

Moreover, a numerical model was developed in Trnsys (global model of the CSIS) and 

validated against experimental data. The comparison showed a good agreement (Figure A.95). 

 
Figure A.95. Comparison between experimentation and TRNSYS CSIS model. 

 

0.0%

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

70.0%

80.0%

90.0%

100.0%

Ta
u

x 
d

e
 c

o
u

ve
rt

u
re


