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Abstract 

 

In recent years, population growth and industrial developments have resulted in a dramatic 

increase in energy consumption and greenhouse gas emissions. Energy consumption in 

buildings accounts for one-third of the total energy consumption worldwide, of which 50% is 

responsible for space heating and cooling. This raises the need for sustainable technologies and 

materials to reduce energy consumption with less environmental impact. The incorporation of 

thermal energy storage systems using phase change materials (PCMs) is a promising approach. 

PCM increases buildings' thermal mass and hence improves their overall energy efficiency and 

reliability whilst providing thermal comfort and interior temperature stabilization. The high cost 

of PCM makes the use of a control strategy mandatory to optimize the PCM quantity used.  

This research aims to investigate the potential of an active PCM storage system in combination 

with a smart control strategy to reduce the electrical energy consumption of a building. To this 

end, an air-PCM heat exchanger/storage unit was designed using mathematical modeling 

developed in this work and was fabricated at the University of Auckland.  

Two identical experimental huts, located at the University of Auckland, were used to examine 

the heating/cooling energy-saving of an office-size building in the presence of the designed 

PCM storage unit. The experiments were conducted under real environmental conditions of the 

city of Auckland, New Zealand. A control method was implemented to store solar energy in 

PCM for use in winter during the following cooler hours. The PCM storage could also store free 

cooling available at night in summer for later and hence reduce the cooling demand of the 

building. The results showed an energy-saving of 40% in May and 10.3% in June/July for space 

heating, and an energy-saving of 30% in March/April and 10% in January, for space cooling. 

Further, the use of the active PCM system in conjunction with a price-based control could 

contribute to peak load shifting and cost-saving, consequently. Indeed, low-rate energy, 

powered by an electric heater in winter or an air conditioning unit in summer, was utilized to 

charge the PCM during the off-peak period. The energy was then released during peak hours. 

Up to 47% of daily energy-saving with a corresponding 65% of electricity cost-saving, in winter 

and up to 23% daily energy saving with a relevant 42% of cost-saving, in summer, were 

achieved. 
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The performance of the designed active PCM system was then compared with that of a passive 

PCM system. Results showed that the active system consumed 20% less energy with a 

corresponding less cost to provide comfort when the same energy storage capacity was used. 

Next, a model predictive control strategy, which integrates weather data and electricity cost 

predictions, was implemented to improve the thermal efficiency of the storage system while 

minimizing electricity cost. This numerical study showed a potential of 11.46% cost-saving in 

services buildings, 57% in domestic buildings, and 49.4% in offices.  

Finally, through cost analysis, a payback time of six years was achieved for the implementation 

of the PCM storage system in combination with solar heater and control system.   
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Thesis framework 

This thesis consists of seven chapters, which have been structured as a series of scientific 

papers that are either published or submitted for publication in highly cited and respected 

journals. These chapters may have some overlap, particularly in the introduction and method 

sections. Then, chapter eight provides a summary of the research findings and presents areas for 

future research. The outline of the thesis chapters are as follows: 

 

Chapter 1: Introduction 

The price of PCM is still high, and hence the establishment of a control strategy has become 

essential to optimize the use of PCM in buildings and lower investment costs. This chapter 

provides an overview of different control strategies that have been applied to PCM-retrofitted 

buildings such as ON/OFF control, classical control, optimal, adaptive and predictive control, 

and intelligent controls. The advantages and disadvantages of each control strategy are also 

evaluated. The paper further discusses the opportunities and challenges associated with the 

design of PCM-enhanced buildings in combination with control strategies. 

 

Chapter 2: Experimental and mathematical modeling of an air-PCM heat exchanger 

PCM can be integrated into buildings through passive and active systems. As the active 

systems provide higher control of the system or greater heat transfer performance, this chapter 

focuses on an active air-PCM heat exchanger unit designed using a mathematical model 

developed in this work. The model was implemented in Matlab software, applying a two-

dimensional explicit finite difference method. This comprehensive model considers natural 

convection in the melted PCM, the thermal mass of the PCM container’s wall, and the effect of 

PCM volume expansion. The model was then validated under both static and dynamic loads.  

 

Chapter 3: Application of a Smart Control Strategy into a PCM-enhanced Building for 

Heating/Cooling Load Reduction 
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In this chapter, the energy savings of a large-scale building incorporating an active PCM 

storage under different weather conditions are evaluated. The experimental work presented here 

investigates the effect of PCM thermal energy storage on 1) collecting solar energy, and excess 

heat available in the environment for later use in winter, 2) capturing free night cooling for later 

use in summer, and 3) reducing the electrical energy used for heating and cooling, via the 

application of smart control powered by LabVIEW software. 

 

Chapter 4: Peak Load Shifting Using a Price-based Control in PCM-enhanced Buildings 

This chapter aims to study the effect of an active PCM storage in combination with a price-

based control on creating peak load shifting, experimentally. The experiments were conducted 

using two identical test huts, which were equipped with an electric and solar heater during cold 

seasons or an air conditioning unit during warm seasons.  But in addition, one of the huts was 

equipped with an active PCM storage charged by solar energy. A CompactRio data acquisition 

system, powered by LabView interface, was used to transfer data and communicate with a host 

computer. 

 

Chapter 5: A Comparison Between Passive and Active PCM Systems Applied to Buildings 

In this chapter, a comparative study was conducted to investigate the relative performance 

of active and passive PCM systems in terms of energy consumption and peak load shifting. Two 

identical experimental huts were used to prove the concept. One of the huts was provided with 

an air-based PCM heat exchanger as an active system, while the other one was equipped with 

PCM-impregnated wallboards as a passive system. In winter, both huts were heated by solar and 

electric heaters. In summer, they were cooled using an AC unit and free coolness stored in PCM. 

 

Chapter 6: Model predictive control strategy applied to different types of building  

The results, obtained from the application of price-based control for peak load shifting (in 

chapter 4), raised the need for a predictive control strategy because the system, sometimes, failed 

to charge or discharge PCM on demand. Hence, this chapter investigates the potential of a Model 

Predictive Control (MPC) strategy applied to different types of building for space heating, 

numerically. This control strategy employs a price-based control in conjunction with weather 

and electricity cost predictions to improve the performance of the system. Furthermore, the 
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effect of the prediction horizon and decision time step of the MPC strategy and PCM mass 

capacity on the performance of the MPC were all studies in 1 and 7-day simulations. 

 

Chapter 7: Techno-economic analysis 

This chapter provided a brief and rough cost analysis to estimate the payback time of the 

proposed system for a 100 m2 house located in Auckland.  

 

Chapter 8: Conclusions and future research 

The final chapter of the thesis contains a summary of conclusions drawn from this doctoral 

research. The chapter also discusses promising avenues for further research.  

 

 

The structure of this thesis complies with the University of Auckland guidelines given in the 

Doctoral Handbook, 2011. 
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CHAPTER 1 
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1. Introduction 

 

 

 

 

 

 

 

 

 

 

 

This chapter is based on the following publication: 

 

Gholamibozanjani G, Farid M. A critical review of the control strategies applied to PCM- 

retrofitted buildings. Submitted to the journal of Renewable and Sustainable Energy Reviews. 
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Chapter summary 

The incorporation of phase change materials (PCM) in buildings has the potential to enhance 

the thermal efficiency of buildings, reduce energy cost, shift peak load, and eventually reduce 

pollution. However, the initial capital cost of PCM is still high, and thus the establishment of a 

control strategy has become essential to optimize the use of phase change material in buildings 

and lower investment cost. In this paper, an extensive review has been made with regard to 

various control strategies applied to PCM-enhanced buildings, such as ON/OFF control, 

conventional control methods (classical control, optimal, adaptive and predictive control) and 

intelligent controls. The advantages and disadvantages of each control strategy are also 

evaluated. The paper further discusses the opportunities and challenges associated with the 

design of PCM-enhanced buildings in combination with control strategies.   

 

1.1. Introduction  

In recent years population growth and industrial developments have resulted in a dramatic 

increase in energy consumption and greenhouse gas emissions. Fig. 1.1 and Fig. 1.2 show the 

rising trend of energy consumption by different sectors over the period between 1949 and 2018 

[1] and CO2 emissions from 1949 to 2011 [2], respectively. According to the statistics of U.S. 

Energy Information Administration, today’s rate of energy consumption is higher than its 

production, which is a cause of significant concern about the future availability of energy [1]. 

Studies confirm that the building sector is one of the most prominent energy consumers, 

worldwide. Almost 50% of energy is consumed in buildings in the USA [3], 40% in Europe, 

and 36% worldwide, of which space heating and cooling account for approximately 50% [4]. 

Thus, energy demand with an annual rate of increase of 2.3%  has created awareness of using 

renewable sources of energy to reduce climate change and achieve sustainable development [5].  
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Fig. 1.1. Total energy consumption by sector over the period between 1949 and 2018 [1] 

 

Fig. 1.2. Total CO2 emissions from 1949 to 2011 [2] 

 

Significant attention has been directed to manage the growing energy demand, energy 

security, and energy consumption pattern, especially by HVAC systems and their associated 

grid loads [6]. In many parts of the world, for example, direct solar radiation is a promising 

source of energy as it is free, renewable, unlimited, and eco-friendly. In solar heating 

applications, during sunny hours of a day, a building can absorb solar energy passively without 

requiring any mechanical and electrical devices [7], which then reduces the need for distribution 

investment and can add resilience and reduce peak load.  Otherwise, the use of auxiliary 

equipment can help to efficiently convert solar energy to thermal or electrical energy [8]. Solar 

energy varies according to the time of the day, season, climatic conditions and other factors. 

Generally, solar radiation flux reaches its maximum level at midday, while it diminishes to zero 

at sunset. To tackle this limitation, thermal energy storage (TES) systems allow excess heat or 

cooling energy to be stored for later use. TES or enhanced thermal mass is that property of 
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materials which defines their ability to absorb, store and release heat according to the 

surrounding conditions. TES increases the overall efficiency and reliability of energy by 

providing thermal comfort and indoor temperature stabilization. Additionally, it makes energy 

more affordable due to a decrease in energy consumption, pollution, and CO2 emissions [9].  

Thermal energy is stored in materials through sensible heat by changing the temperature of 

material [10], latent heat by altering the phase of material within a narrow temperature range 

[11], and reversible thermochemical reactions [12]. Among different TES systems, latent heat 

thermal energy storage has attracted wide attention due to its ability to store a large amount of 

energy per unit volume, isothermally, by using phase change materials (PCMs). Studies show 

that PCMs can store heat per unit volume 5–14 times more than sensible heat storage materials 

[13]. Fig. 1.3 compares the thickness of building construction materials required to store the 

same amount of heating energy (the energy required to increase the temperature of 240 mm 

concrete from 20°C to 30°C). Thermochemical energy storage materials are also technically 

complex and challenging to apply and hence require higher capital expenditure [14].  

 

Fig. 1.3. The thickness of building materials required to store the same amount of energy [15] 

 

1.1.1. Incorporation of phase change materials (PCMs) into buildings 

Old buildings were designed based on heavy-weight construction materials with high 

thermal mass and hence could moderate indoor temperature during the extremes of hot and cold 

climates. The thermal properties of such construction significantly enhanced indoor comfort 

without the need for mechanical air conditioning systems [16]. Breaking with this tradition, the 

tendency to implement light-weight construction elements has increased [17]. Light-weight 

materials consume less raw materials and reduce the mass of buildings which in turn decreases 



Chapter 1. Introduction 

 

6 

 

the damage-related issues associated with earthquakes [18]. However, the low thermal mass 

properties of light-weight materials subjects the building to indoor thermal fluctuations; this 

raises the need for heating and cooling systems. The emergence of PCMs, on the other hand, 

could counteract the limitations of the light-weight buildings [19]. Studies show that PCMs have 

great potential for providing dynamic thermal capacity in light-weight constructions [20]. 

PCMs are divided into organic materials such as paraffin and non-paraffin-based 

compounds, inorganic materials such as hydrated salts and metallics, and eutectic materials 

which are a mixture of components with a freezing point less than the individual components 

[21]. Each type of PCM has its advantages and disadvantages, as explained in reference [22]. 

An ideal PCM should exhibit some desirable thermodynamic, chemical, kinetic, and economic 

properties based on the application [23]. In general, the energy analysis of PCM-integrated 

buildings strongly depends on the melting point, thermal properties, location, and the amount of 

the PCM incorporated into the building, as well as the climatic conditions and the design of the 

building [24]. In particular, thermal comfort can be determined from the standard but depends 

on the type of building, season, relative humidity, clothing worn, activity levels, and other 

factors. . Usually, thermal comfort should be within the range of 22°C to 27°C in summer, and 

18°C to 25°C in winter [25]. Therefore, for building applications, the melting temperature of 

PCM should lie between 18°C and 27°C [26].  

On the other hand, PCM cannot provide any benefit in severe weather conditions. Likewise, 

PCM application is useful only if upper limit of comfort level in summer and lower limit in 

winter are maintained. In fact, in summer, PCM application is useful only if the upper limit of 

comfort standard set by World Health Organization is maintained, while it cannot provide the 

lower limit of comfort level at 18°C. 

PCM is incorporated into buildings through both passive and active technologies. In passive 

technology, PCM is embedded in building construction materials without using any auxiliary 

equipment, whilst the active PCM system requires some mechanical or electrical energy for its 

operation [27]. Active systems are preferred where more precise control of the system or greater 

heat transfer performance is needed [28]. It integrates the PCM into HVAC systems (such as air 

conditioning units, floor heating, and ground heat pumps) and storage containers in the vicinity 

of the building (such as an aquifer, borehole, snow storage, and pits or tanks) [29]. The active 

PCM application allows the system to absorb, store and release heat on demand, which results 

in a more efficient heat transfer and less energy consumption in a building. 
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1.1.2. The application of control strategies in PCM-retrofitted buildings    

Energy saving in buildings can be achieved through the use of novel HVAC devices, 

innovative system design and integration, and operational management and control [30]. 

Incorporation of phase change materials into buildings has already been introduced as an 

effective approach, as these can bridge the mismatch between energy supply and demand 

through their large energy storage capacity [31]. However, the application of control strategies 

and investigating the energy performances of such systems remains a challenge [32]. Active 

thermal energy storage systems, on the other hand, require high investment costs. Thus, the 

application of an appropriate control strategy is necessary to maximize the energy benefits 

during its operation. Applying such automation can effectively reduce operating costs and 

energy consumption, which contributes to climate and environmental protection without 

sacrificing comfort [33].   

Over the last decade, there have been numerous review papers on energy management 

techniques [34], control strategies applied to buildings to ensure the indoor thermal comfort 

[35], and peak load shifting [36]. However, to the authors’ knowledge, there is no literature 

review on the application of control strategies to PCM-retrofitted buildings.  

 

1.2. Different control strategies applied to PCM-retrofitted buildings 

Different control strategies have been applied to PCM-enhanced buildings to control the 

operation of the mechanical and electrical devices and hence ensure indoor comfort and 

minimize electricity consumption, the cost associated with energy consumption, and CO2 

emissions. Control strategies can be divided into different categories such as ON/OFF control, 

classical control (P, I, PI, PID,…), adaptive, optimal and predictive control, and intelligent 

controls [35], which are discussed thoroughly in the following subsections. 

 

1.2.1. ON/OFF control 

ON/OFF control, also known as hysteresis control, is the simplest feedback control method 

that switches the manipulated variable between two states of ON or OFF, abruptly. ON/OFF 

controller uses the upper and lower bound of the objective variable to regulate the process within 
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the given thresholds [37]. As an example, Gholamibozanjani et al. [38] implemented an 

ON/OFF control strategy in an experimental hut equipped with PCM storage to ensure its 

thermal comfort in different seasons of a year. In winter, for example, the PCM storage system 

was ON if the PCM temperature was higher than the indoor room temperature; otherwise, an 

electric heater was automatically started to maintain the comfort condition. Such controllers can 

drive the manipulated variables from fully open to fully closed state and vice versa over a 

specified period. Solgi et al. [39] used a night purge ventilation technique to reduce the cooling 

demand of an office building in summer. The night ventilation was scheduled to automatically 

start once the outdoor temperature dropped below 30°C and to stop at 7 am thus solidifying the 

PCM using the coolness available at night and then melting it to absorb heat during the day.  

Although the ON/OFF control method is inexpensive, simple, and easy to implement, it uses 

a high amount of energy as it is either fully ON or fully OFF and hence causes chattering in the 

control output. Also, considerable signal noise is introduced to the measuring process, which 

then results in inaccurate output measurements [40].   

Kenisarin and Mahkamov [41] performed a review on controlling thermal comfort in small 

laboratory models and real-size test rooms enhanced with a PCM used passively. 

Implementation of such control strategies aims to meet different primary objectives such as 

energy-saving, electricity cost-saving, and peak load shifting while maintaining indoor thermal 

comfort; these are discussed in depth in the following subsections.  

 

1.2.1.1. Overall energy consumption  

Application of control strategies to a building can enhance its electrical energy-saving and 

hence reduce the pollution associated with fossil fuel consumption used for power generation 

[42]. Chen et al. [43] examined the effect of combined night ventilation and thermal energy 

storage using PCM to reduce the energy consumed for space cooling in an office building. In 

their simulation-based study, a typical south-facing office room located in Beijing, China, was 

considered as a base case for their study. Also, a control algorithm was implemented to regulate 

the indoor temperature. Based on the control algorithm, during the period from 8 am to 6 pm 

(office hours), fresh air was always provided for the occupants. However, if room temperature 

exceeded the higher bound of comfort level by 1°C, the PCM started cooling down the room. If 

room temperature exceeded the comfort level by 2°C, and the 3-minute shut-off period of the 

air conditioner was met, the air conditioner would hence start. During the night (from 6 pm to 8 
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am), outdoor air was introduced to the storage unit to solidify the PCM to be used during the 

following day. The results showed that between 16.9% and 50.8% of electricity energy-saving 

was achieved. Another example of night ventilation, based on the ON/OFF control algorithm 

showed reduced electrical energy consumption and as a consequence minimize CO2 emission 

[44].  

In addition, by using a simulation tool, TRNSYS, Wang et al. [45] proved that the 

implementation of a control strategy into a ground heat pump system in conjunction with PCM 

reduced electrical energy consumption in Xi’an China (Humid Subtropical Climate). They 

showed 7.88°C improvement in the average temperature of the heat pump with an increase in 

its average coefficient of performance (COP) from 3.4 to 3.8. Also, the proportion of unqualified 

temperature decreased from 87.2% to 8.5%.   

 

1.2.1.2. Cost-saving 

Integration of PCMs into buildings can serve to make energy-savings by storing solar energy 

for later use (heating) or by storing free cooling available at night in summer (cooling). 

Changing the electricity consumption pattern by end-use customers, on the other hand, plays a 

significant role in managing demand resources and cost-saving. In this regard, postponing the 

use of electricity during high wholesale market price periods and using it during cheaper hours 

is an effective approach to demand responses [36]. For example, in 2015, Barzin et al. [46] 

initiated a “price-based” control strategy in a PCM-enhanced building for space heating. They 

examined the potential of PCM technology in conjunction with underfloor heating in an 

experimental hut at the “University of Auckland,” New Zealand. Fig. 1.4 shows a general view 

of the data acquisition and control system applied to their experimental building. According to 

their control system, the underfloor heater was switched ON or OFF based on the online 

dynamic electricity price, price constraint, and desired room temperature, which algorithm is 

shown in Fig. 1.5. The experimental measurements over five days in winter confirmed a total 

energy-saving of about 18.8% with a corresponding 28.7% of cost-saving, while the highest 

energy and cost-saving were equal to 35% and 44.4%, respectively.  
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Fig. 1.4. Control system used in Barzin et al. study [46] 

 

 

Fig. 1.5. The control strategy applied to the huts of the University of Auckland for passive space heating [46] 

 

Barzin et al. [4] also implemented a price-based control strategy for space cooling in 

summer, based on the weather conditions in Auckland which has a “Marine West Coast 

Climate”. Two similar experimental huts (interior dimensions 2.4 m × 2.4 m × 2.4 m), each 

constructed with light-weight materials and provided with a 1 m × 1 m north-facing windows, 

were used to perform some experiments. One of the huts, referred to as “hut 1”, was considered 

a reference for experiments, and its walls and ceilings were finished with 13 mm gypsum boards. 

While the other hut, referred to as “hut 2” was finished with PCM-enhanced gypsum boards. 
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The PCM used was PT20 with a narrow melting temperature of about 20°C. Both huts were also 

equipped with air conditioning units. The aim of the “price-based” control strategy was to keep 

the indoor room temperature in summer between 17°C and 19°C during off-peak periods (when 

the online price was lower than price constraint), and between 24°C and 26°C, during on-peak 

hours (when the online price was higher than the price constraint). An air conditioner was used 

to provide the comfort condition, but 100% more energy was consumed in hut 2 compared to 

hut 1, over 6 days. Therefore, they tried applying night ventilation in combination with air 

conditioning during the daytime, showing an energy-saving of about 73% over one week.  

 

1.2.1.3. Peak load shifting  

Peak demand or peak load is referred to as the maximum demand over a specific billing 

period. Peak demand varies for different types of buildings. Usually residential users are charged 

based on a single tariff rate and only recently some electricity suppliers provided a variable 

electricity rate for the sake of peak load shifting. The incentive of peak load shifting for 

residential users would be electricity cost saving as well as an improved quality and reliability 

of power. Peak demand for a commercial building lasts for a short period; however, it counts 

for half of the overall electricity bill. Hence, peak load shifting can not only reduce the peak 

demand, but it also saves substantially on energy costs [47]. Studies show that peak load 

management can lead to $10 – $15 billion cost-saving in the US market annually [48]. Fig. 1.6 

illustrates the schematic view of a typical peak load shifting in summer.  

 

Fig. 1.6. Overall view of a typical peak load shifting [47] 
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There are other benefits from offsetting the peak load and purchased energy such as the 

reduction of generation of electricity from non-renewable energy sources during periods of peak 

demand and resilience during times of power outages. Even if renewable source of energy is 

used, its generation during peak demand is not guaranteed as it may be cloudy, for instance, 

when solar energy is used. Power generation companies usually design their systems based on 

the average load. Thus, any peak demand requires auxiliary equipment which causes extra cost, 

maintenance and pollution, which can be prevented by peak load shifting. On the other hand, as 

power generation facilities age, equipment failures accelerate, and as the demand for power 

increases over the years, existing plants have trouble meeting load requirements. To compensate 

for this, a plant may elect to install an energy storage system that can be charged when demand 

is low and discharged when demands cannot be met by the primary generation source. 

Shifting of peak load also reduces losses in the transmission and distribution systems and 

hence carbon emission will be reduced as a result of more efficient operation of power plants 

and less load variability. 

Studies show a significant potential of PCMs in peak load shifting [49][50]. In most cases, 

there is either no control strategy or only an ON/OFF control strategy. However, the best results 

have been achieved with control strategies. Peak load shifting control applied to PCM-enhanced 

buildings can be divided into two groups based on either the PCM integration into building 

envelope or into HVAC systems.  

In terms of PCM incorporation into the building envelope, Khudhair and Farid [51], proved 

the concept of peak load shifting by charging the PCM-enhanced gypsum boards using electrical 

energy during low-demand hours to be used during high-demand hours. In Canada, Bastani et 

al. [52] also evaluated the effect of an ON/OFF control on shifting heating peak demand of a 

real bungalow building integrated with PCM wallboards. Through a numerical study via 

TRANSYS, they considered five different room set-point temperature ranges such as 20°C –

25°C, 19°C –24°C, 18°C –23°C, 20°C –24°C and 20°C –23°C. The PCM melting and 

solidification temperatures were 23°C and 17°C, respectively. Based on their control strategy, 

during the off-peak hours from midnight until 5:30 am, a heater was set in operation to charge 

the PCM and hence maintained the room temperature at the upper bound of comfort level. Then, 

during peak hours from 5:30 am to 9:30 am the heater was OFF, but PCM kept the room 

temperature at the lower bound of comfort level. Results showed that larger indoor temperature 

swing resulted in a higher total daily energy consumption and a lower peak load shifting. Also, 

setting the operational temperature range closer to the melting and solidification temperatures 
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of PCM, 18°C –23°C, for instance, resulted in better utilization of the PCM and a longer period 

of peak load shifting. Barzin et al. [53] conducted another price-based control strategy for peak 

load shifting in winter. In their study, two experimental huts were finished with 13 mm gypsum 

boards and equipped with identical electric heaters. However, one of the huts was internally 

lined with DuPont PCM wallboards having a melting temperature of 21.7°C. The indoor air 

temperatures were planned to be kept between 21°C and 23°C during off-peak hours, and 

between 17°C and 19°C, during peak hours. The thermal performance of the hut was then 

compared. Table 1.1 summarizes the energy and cost-savings of the PCM-enhanced hut over 

six days, based on the weather conditions in Auckland. 

 

Table 1.1 Power and cost-savings for six days of winter [53] 

Days 1 2 3 4 5 6 Total 

Power saving (%) 0.24 32.03 –9.39 15.64 60.08 36.5 21.5 

Cost-saving (%) 1.43 45.08 –6.81 16.02 62.64 44.00 26.7 

 

Peak load shifting can also be achieved through the integration of PCMs into Heat 

exchangers [54]. For instance, the potential of an air-PCM heat exchanger unit for peak load 

shifting was investigated by Stathopoulos et al. [55] in France. In their experimental work, a 

heat exchanger unit composed of a set of plates containing paraffin having a melting point of 

37°C (Fig. 1.7) was integrated into a ventilation system in a test cell, known as ‘Hybcell’. 

Considering thermal comfort and indoor air quality of Hybcell, the aim was to reduce peak 

demand, particularly during late afternoon periods in winter. To this end, a preliminary control 

strategy was introduced to evaluate the capability of the system for peak load shifting. An 

electrical resistance heater was also provided to charge PCM and warm up the test cell during 

off-peak hours, then the PCM was discharged during peak hours. The experimental 

measurements showed that the proposed design allowed peak load reduction while the Hybcell 

met the thermal comfort requirement of 21°C. On the other hand, a numerical model was 

developed using the specific heat capacity method, developed by Farid [56] and coupled to a 

building simulation program. The model could accurately predict the experimental 

measurements. Fig. 1.8 compares the calculated and experimental results of the heat exchanger 

unit and the test cell performance during a 4-day test, where the gray highlighted parts 

correspond to the peak demand period (6 pm to 8 pm).  

Using PCMs in underfloor heating is another method that can not only reduce electricity 

costs but also shift the heating load to off-peak hours. Devaux and Farid incorporated a PCM 



Chapter 1. Introduction 

 

14 

 

(melting range 27-29°C) in an underfloor heating system in combination with another lower 

melting point PCM (21.7°C) in the walls and ceiling of a 2.63 m × 2.64 m × 2.64 m hut. The 

results showed that the lower melting point PCM helped to maintain comfort condition, while 

the higher melting point PCM, in underfloor heating system, created peak load shifting with 

energy and cost saving of 32% and 42%, respectively [57]. 

 

 

Fig. 1.7. PCM storage unit used for peak load shifting in Stathopoulos et al. study [55] 

 

Fig. 1.8. Numerical and experimental results for the PCM storage unit for peak load shifting over four days [55] 

 

1.2.2. Classical control 

P (Proportional), I (Integral), D (Derivative), PI (Proportional-Integral), PD(Proportional-

Derivative), and PID (Proportional-Integral-Derivative) are the most commonly used classical 
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controllers [37]. In the process control, a correction is applied to a system based on the feedback 

received from the system. The action of the P controller is proportional to the difference between 

the setpoint and the measured value [37]. The output of the I controller is proportional to the 

integral of the error with respect to time [58]. Finally, derivative control is the mode of control 

where the response is based on the derivative of the error with respect to time [59]. A PID 

controller, however, considers the features of all P, I, and D controllers, as shown in Fig. 1.9. 

 

Fig. 1.9. The diagram of a PID controller  

 

In terms of PCM-enhanced buildings, only three types of controllers were studied. Dehgahn 

and Pfeiffer [60] carried out a numerical study to reduce the energy consumption of a building 

(retrofitted with PCM in its floor) while sustaining comfort. The building incorporated PCM in 

the underfloor heating system.  A water tank charged by either solar energy during daytime or 

electric boiler during the night was used to pump the water into underfloor tubes. The surplus 

of solar energy was stored in the PCM for later use. In this regard, a thermostat having a built-

in P controller was implemented to switch ON the electric boiler when solar energy was not 

enough to maintain the comfort condition. The results showed that the application of a control 

strategy enhanced the performance of the proposed system for space heating. 

Wu et al. [61] coupled PCM storage with a heat pump to reduce the operating cost and 

energy consumption of a refrigeration system used to cool a building. A PI controller was used 

to control the expansion valve opening and hence maintain the superheat at the evaporator exit. 

A dynamic model was then constructed to consider the phase transitions within the heat pump’s 

heat exchangers and PCM storage tank. This mathematical model could successfully predict the 

experimental measurements.  
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In addition, through a TRNSYS-CFD simulation-based study (Fig. 1.10), Gowreesunker et 

al. [62] evaluated the energy performance of a displacement ventilation system in the departure 

hall of an airport. The evaluation was performed by investigating the energy demand of a 

displacement ventilation diffuser retrofitted with a PCM heat exchanger and comparing it with 

that of the diffuser-only. A PID controller was also used to control the operation of the HVAC 

system and hence maintain the comfort temperature of the hall between 18°C and 23°C. The 

results showed that the PCM storage improved the energy efficiency of the HVAC system for 

cooling more than heating (34% for cooling versus 22% for heating), and a maximum energy-

saving of about 34% was achieved.  

 

Fig. 1.10. The diagram of TRNSYS-CFD coupled simulation [62] 

 

1.2.3. Optimal, adaptive and predictive control  

1.2.3.1. Optimal control 

An optimal control method is a branch of applied mathematics used to minimize/maximize 

a performance index of a dynamic system over a certain period [63]. The optimal control can be 

used for scheduling various thermal energy storage systems connected to smart grids [64]. In 

addition, it can be applied to buildings integrated with PCM passively [65] or actively [66]. Zhu 

et al. [67] carried out a numerical study to evaluate the impact of optimal control methods 

applied to commercial buildings, which are equipped with air conditioning units and enhanced 

with shape stabilized PCM. To this end, a “load shifting” control strategy and “demand limiting” 

control strategy were implemented to minimize the electricity consumption during peak hours 

and to minimize electricity used during “demand-limiting” periods, respectively. Based on the 
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“load shifting” control strategy, electricity was used to store the lower price cooling energy in 

PCM during off-peak hours to be used during the on-peak hours. “Demand limiting” control 

strategy reduced the peak demand by resetting the comfort temperature. The results showed that 

the use of PCM in the building envelope significantly improved its thermal performance under 

both control strategies. More than 11% of electricity cost and 20% peak load reductions were 

achieved. 

Hajiah et al. [68] presented a simulation-based study to investigate the benefit of utilizing a 

building thermal mass in combination with an ice storage tank in the objectives of minimizing 

the cooling demand and associated costs. An optimal control strategy was implemented to use 

a chiller to cool down the room and solidify the ice storage tank during off-peak hours, followed 

by melting the ice during peak hours. In this simulation, building descriptions, utility rates, and 

weather data were fed. Then, considering the building dynamics, thermal loads, available energy 

sources, and thermal comfort, the optimal control strategy was applied. The simulation results 

were then validated against controlled laboratory-scale experiments and showed a reasonable 

agreement. In addition, they conducted some parametric analyses to investigate the parameters 

that were effective in reducing the total operating costs [69]. The numerical analysis was based 

on the optimization of the energy cost, size of the cooling system, ice storage tank capacity, and 

weather data. The results showed that the implementation of optimal control strategy into a 

building, equipped with a combination of a thermal mass and ice storage tank, could save up to 

40% of total energy cost in commercial buildings.  

 

1.2.3.2. Adaptive control 

Adaptive control is a control scheme in which the controller adjusts itself to recognize the 

parameters that are unknown or time-dependent, without a priori information about the dynamic 

model of the system [70].  Buonomano et al. [71] implemented a novel optimal Model Reference 

Adaptive Control method into a PCM-retrofitted building to control indoor air temperature and 

humidity. The proposed control method was implemented into a building simulation tool, 

DETECt 2.3, to predict space heating and cooling demands and loads, PCM performance, indoor 

temperature, and humidity. In principle, the reference model represented the desired dynamic 

performance of the building, and the control challenge was to determine adaptive mechanisms 

to provide the indoor room temperature and humidity based on those of the reference thermo-

hygrometric profile (Fig. 1.11). The control method was then applied to different case studies 

with different geometries, construction materials (also enhanced with PCM), and under different 
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conditions to analyze the effectiveness and robustness of the method. The results confirmed that 

the adaptive control method could successfully guarantee thermal comfort despite uncertain 

conditions. 

 

 

Fig. 1.11. Landau’s Model Reference Adaptive control scheme [71] 

 

1.2.3.3. Predictive control 

Model predictive control (MPC) is a powerful optimization-based strategy, in which a plant 

model is used to predict the future behavior of manipulated variables and the effect of control 

actions on the evolving state of the plant, over a receding horizon. These predictions are 

evaluated in an optimization based on an objective function (for example, cost function) and use 

the current state of the plant as the initial state, subject to some constraints. Then, the sequence 

control responses are applied to the plant [72]. Fig. 1.12 shows the basic structure of the MPC 

strategy. 

 

Fig. 1.12. A basic structure of MPC strategy [73] 
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MPC strategy was first applied to PCM-enhanced buildings by Fiorentini et al. [74], in 2015. 

They investigated the performance of a hybrid MPC strategy to control a solar-assisted HVAC 

system, used in “Team UOW Solar Decathlon House”, in Australia (Fig. 1.13). The HVAC 

system consisted of a photovoltaic thermal collector and PCM, integrated into a heat pump. This 

system was used for both space heating and cooling, using solar energy and night sky radiative 

cooling, respectively. High and low-level controllers were implemented to control the system. 

The high-level mode was based on a 24-hour prediction horizon and 1-hour control time step. 

The low-level controller operated with a 1-hour prediction horizon and a 5-minute control step. 

The low-level controller was used to control and optimize the operating mode selected by the 

high-level controller, such as charging the PCM by solar collector or discharging PCM to heat 

the building. Results confirmed that the hybrid MPC chose the operation mode appropriately, 

and indoor thermal comfort was thereby ensured. In addition, the overall energy efficiency of 

the system was optimized. Later they demonstrated the hybrid MPC operation through a 

simulation-based study [75]. Fig. 1.14 shows that their simulation could predict the indoor 

temperature well. 

 

 

 

 

 

 

Fig. 1.13. (A) The “Team UOW Solar Decathlon House”, (B) the overall view of HVAC system [75] 
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Fig. 1.14. Temperature profile generated by the application of the hybrid MPC strategy in the presence of 

available solar radiation in March 2015 [75] 

 

There are not many studies on the application of MPC in PCM-enhanced buildings. These 

studies have considered different objective functions such as energy [76], energy cost [77], and 

PCM performance [78] in MPC strategies. For example, Touretzky and Baldea [77] performed 

a numerical study to minimize the electricity cost of a building incorporating passive and active 

PCM technology, as shown in Fig. 1.15. They proposed a hierarchical, centralized control 

strategy in which a dynamic schedule was considered for active PCM on a slow time scale, and 

a control schedule was planned for managing the passive PCM on a fast time scale. The slow 

and fast time scales were related to a longer time horizon (up to a 24-h period) and a shorter 

time horizon (a few minutes), respectively. The proposed control strategy led to a great cost-

saving (64% to 88%) and showed a better performance compared to the heuristic control even 

under uncertainties in forecasting building loads.  
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Fig. 1.15. Centralized MPC strategy applied to PCM-enhanced building [77] 

 

Gholamibozanjani et al. [79] also looked into the importance of economic MPC strategy on 

the thermal efficiency of domestic, service, and office buildings with different time schedules, 

based on the weather condition of “Auckland”, during winter. In their study, buildings were 

equipped with a solar air heater, an air-based PCM storage charged by the solar heater, and an 

electric heater. The MPC strategy was aiming to utilize the energy captured by the solar heater, 

followed by the heat stored in PCM and only then the electric heater (Fig. 1.16) in order to 

minimize the use of electrical heating. To this end, the thermal behavior of the buildings was 

simulated using EnergyPlus software and saved in an Excel file. The data were then inserted in 

Python to choose the optimal control. Fig. 1.17 illustrates the profile demand obtained from 

EnergyPlus together with the sources of energy used to satisfy the heating demand of different 

buildings while minimizing the cost. The results showed that the domestic building, which was 

planned to sustain comfort from 6 pm until midnight, experienced the highest cost-saving (about 

57%) as a result of utilizing the high latent heat of the PCM, which was charged using daytime 

solar radiation. However, the service building, which had to be kept within the thermal comfort 

level for 24 h had the lowest cost saving (about 11.46%) . In addition, the authors studied the 

impact of prediction horizon and control step (as MPC parameters), on energy cost-saving. As 

a result, extending the prediction horizon delivered a higher cost-saving. However, enhancing 

the control time step without any limitation provided inaccurate readings of input parameters.  
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Fig. 1.16. Schematic view of the automation system applied to different buildings [79] 

 

 

Fig. 1.17. Demand profiles and sources of energy used to ensure comfort in (A) services, (B) domestic, and (C) 

office buildings [79] 

 

1.2.4. Artificial intelligence (AI) 

Nonlinear behavior of the HVAC systems led researchers to implement intelligent control 

methods to enhance the energy efficiency of such equipment in smart buildings [35]. Unlike 

classical methods, intelligent control methods do not rely on a mechanistic model but on a 

learned strategy [80], which may result in a better performance of the system [81]. Artificial 

intelligence (AI) is an area of computer science in which sets of algorithms, simulation 

packages, and computational technologies are used to mimic the cognitive functions associated 

with human minds such as learning, reasoning, social intelligence, problem-solving, and 

creativity [82]. A variety of AI techniques such as fuzzy logic, genetic algorithm, analytic 
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hierarchy process, simulated annealing, and neural network, as well as AI subsets such as 

machine learning and deep learning, have been developed and used in energy-efficient buildings 

[83]. Different AI schemes have been studied to minimize the overall costs, energy 

consumption, and environmental issues associated with the building sector. Also, a few studies 

of PCM-enhanced buildings have been carried out using only genetic algorithm, fuzzy logic, 

and reinforcement learning; these are discussed in the following subsections.  

 

1.2.4.1. Genetic algorithm 

To solve a problem, machine learning can produce a set of rules which are complete, correct, 

and concise. However, there are usually trade-offs between the mentioned criteria; such 

problems are called multi-objective optimization problems, which are difficult or impossible to 

solve. Hence, genetic algorithms can be used to provide a desirable set of rules by evaluating 

the strength of the rules based on their responses to the training inputs. The strictest rules are 

considered as “parents”. New rules are then produced as “off-springs” by genetic operators. In 

each step, some old and low-quality rules are replaced by new and robust rules, leading to an 

evolutionary process [84].  

There are quite a few studies on the application of genetic algorithms in design-based 

optimization of PCM storage units [85] and PCM integration into the building envelopes [86]. 

However, only one study has discussed the implementation of a control strategy into a PCM-

enhanced building using genetic algorithms. Konstantinidou et al. [87] conducted a simulation-

based study using EN adaptive comfort model [88] in combination with multi-objective 

optimization using a genetic algorithm to minimize the cooling demand and discomfort time in 

hours of undivided and subdivided office buildings enhanced with PCM. To this end, the 

application of a control strategy for air conditioning and ventilation patterns was also necessary 

to fully utilize the PCM and enhance its performance. The effect of some parameters such as 

materials, thickness, and location of insulation and PCM used was studied. Also, some 

operational conditions such as the natural ventilation load, the HVAC set-point, and control 

strategies were applied to investigate the cooling demand and comfort period. The results 

showed that PCM could reduce the cooling demand and discomfort hours of the undivided office 

building. However, in the case of subdivided space, a reduction was only observed in the south 

and east orientations of the buildings, probably due to their exposure to solar radiation. 
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1.2.4.2. Fuzzy logic  

Fuzzy logic, which was introduced by Zadeh [89], is a powerful technique to control 

strongly non-linear and not well-defined systems, to overcome the uncertainties of expert 

knowledge and experience and to integrate with the conventional control methods [90]. Based 

on the fuzzy logic, the true value of variables may be any real number between 0 and 1, which 

represents the concept of partial truth, in contrast with the classical set, which are discrete values 

of either 0 or 1. Indeed, unlike the classical set, the fuzzy set allows a smooth membership 

boundary [91]. For example, there are three ranges for pressure, such as low, medium, and high. 

The classical set considers each temperature as either low, medium, or high; however, this 

boundary is vague in the fuzzy logic set, as shown in Fig. 1.18. 

 

Fig. 1.18. Representations of classical and fuzzy logic sets [91] 

 

Although fuzzy logic-based controls are flexible, user-friendly, and it is easy to check their 

consistency, redundancy, and completeness [92], the development of the fuzzy rules, 

membership functions and fuzzy outputs is tedious and time-consuming. In addition, a lot of 

data and expertise are required to develop a fuzzy system [93]. Fuzzy logic is sensitive to small 

changes, so the parameters have to be tuned carefully [94].  

Ao et al. [95] used a fuzzy mathematical method to opt for suitable phase change materials 

(out of seven chosen PCM) for the space heating and cooling of solar buildings in China. 

Considering the melting temperature, latent heat, thermal conductivity, material cost, and safety, 

dodecanol was selected due to its highest performance index (B=0.832). Esmaeilzadeh et al. 

[96] attempted to implement different control systems in a combined solar-gas-electric thermal 

system, including a PID controller manipulated by fuzzy rule sets, the ON/OFF controller, and 

fuzzy logic (trial and error) control system. Their objective was to minimize the cost of energy 

consumption while ensuring comfortable temperatures in a building in Tehran, Iran. Fig. 1.19, 
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and Fig. 1.20 show a schematic view of the building and the overall controlled strategy applied, 

respectively. Also, they studied the performance of two energy storage systems, such as hot 

water and paraffin-based PCM reservoirs, to store the surplus available solar energy. The results 

showed that the fuzzy logic was the most economical method in controlling and optimizing the 

proposed system (Fig. 1.21). They claimed that in the systems with no accurate model, fuzzy 

trial and errors can result in more efficient control systems. In terms of the energy storage 

system, both water and PCM were successful in storing the surplus collected solar energy; 

however, based on the selected PCM and its application, hot water was more economical. The 

use of control strategy in combination with the energy storage system led to 33% greater energy-

saving than ON/OFF and PID controllers.  

 

Fig. 1.19. The schematic view of the controlled strategy used for energy management in buildings [97]  
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Fig. 1.20. The overall control strategy applied to the building [96] 

  

Fig. 1.21. Effect of different control algorithms on indoor comfort temperature in the house integrating PCM 

reservoir [96] 

 

1.2.4.3. Reinforcement learning  

Reinforcement learning is a type of machine learning, which is the application of artificial 

intelligence [98]. In problems having a large number of variables or for systems that are difficult 

to model, reinforcement learning is one of the techniques used [99]. In this technique, a system 

is trained through the interactions between the learner and environmental evaluative feedbacks 

to improve its decision-making ability. Reinforcement learning is a system based on a set of 

states and actions. In each state, an action is taken, and a reward is given. A decision is then 
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taken based on the reward function and discount factor to maximize the cumulative discounted 

expected reward [100].  

However, the need for a large number of experimental measurements [101] or a regression 

model to generate synthesized data for policy training purpose [102], and large data storage 

devices are the limitations of the intelligent control systems [103]. 

Several studies have been carried out using reinforcement learning to ensure the thermal 

comfort of buildings [104]. In terms of PCM-enhanced building application, de Gracia et al. 

[105] applied the reinforcement learning technique to control an innovative south-facing 

ventilated façade with PCM integrated into its air chamber to reduce the cooling energy 

requirement of an experimental house-like cubicle (internal dimension of 2.4 m × 2.4 m × 5.1 

m) built with alveolar brick walls and insulated using 8 cm polystyrene, in summer. To this end, 

PCM placed in the chamber was solidified using mechanical ventilation (free cooling powered 

by a fan) at night, and the cold stored in PCM was released to the room during the peak demand 

hours, as shown in Fig. 1.22. The schedule of charging and discharging processes of PCM was 

achieved through optimal control based on the weather forecast and indoor room temperature. 

This control algorithm was then implemented in cities with different climatic regions (according 

to Köppen-Geiger climate classification) and thereby improved electrical energy-savings. The 

comparison of the predicted and real energy-savings in the experimental cubicle in Lleida city, 

Spain, showed less than 18% variation even though the performance of the system was sensitive 

to the accurate weather forecast. In another study, de Gracia et al. [106] designed three control 

strategies with different objective functions such as cost-savings, energy reduction, and CO2 

mitigation. They aimed to control the PCM-enhanced ventilated façade using an experimentally 

validated numerical tool discussed in reference [105], under different climatic conditions. The 

PCM system was composed of several flat containers filled with RT21. The control strategies 

were implemented to optimize the timing and distribution of charging, storing, and discharging 

processes of PCM and thereby get the maximum benefit. The application of these control 

strategies resulted in energy-saving in suitable climatic conditions where the nighttime 

temperature was low enough to solidify the PCM and prevented the possible waste of energy in 

the case where the PCM was not able to solidify. The averages energy-saving, cost-saving, and 

CO2 mitigation were 4.3%, 7.8%, and 16.7%, respectively.   
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Fig. 1.22. Operation of ventilated façade in modes of (A) charging process, (B) storage, and (C) discharging 

processes [106]  

 

1.3. Opportunities 

The implementation of control strategies is important, and the better control over the 

performance of a PCM system provides long-term benefits and compensate for its high cost 

[107]. Each control strategy has some advantages and disadvantages, and hence its selection 

should be based on the associated application. HVAC systems, for instance, have a nonlinear 

behavior and complex dynamic [108]. Therefore, the incorporation of control strategies using 

artificial intelligence methods, without the need for a physical model of the system, is 

advantageous. Behrooz et al. [109] claimed that the fuzzy cognitive map method, which is the 

combination of fuzzy systems and neural network methods, embodies the robust features of both 

methods and hence is a promising control strategy for reducing the energy consumption of 

HVAC systems. As discussed in the above sections, there is very little work done on the control 

strategies using artificial intelligence and its subsections. However, more investigations are 

required to find a proper, simple and economic control method.     

  

1.4. Challenges 

PCM technology has the potential to reduce buildings’ energy consumption under cold, 

mild, and warm weather conditions [24]. However, in hot and humid climates, it may not 

provide thermal comfort due to the elevated humidity [110], which then requires proper 

dehumidification [111]. The cost of PCM is also another crucial factor in designing such 

systems. Since the early stages of PCM integration into buildings [112] until recently [113], 
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researchers have been concerned about the high cost of PCM. Under some circumstances, the 

application of an insulation layer into buildings [86] or an ice storage tank [114] is more cost-

effective than a PCM application, although the latter has higher efficiency [114]. Therefore, the 

wise integration of PCM, in terms of its location, melting temperature, and extent should be 

considered. In passive applications, for instance, the location of PCM depends on the relative 

convection coefficients of the inside and outside surfaces as well as the temperature difference 

between the surface and the environment (ΔT). If convection coefficients and ΔT for inside and 

outside are equal, PCM should be placed in the middle of the wall to minimize the peak load. 

However, ΔT and the convection coefficient of the outside surface is typically larger than that 

of the inside surface because the former is exposed to wind, higher temperature, and effect of 

radiation. Hence, the optimal location of the PCM is in the middle toward the inner surface 

[115]. It is worth noting that the melting temperature of PCM also should lie within the comfort 

zone of the desired building [116]. Besides, to get the maximum benefit of PCM while reducing 

the capital cost, it should be integrated into the proper orientation of the building’s wall, which 

is the south and west-oriented walls in the northern hemisphere and north and east-facing walls 

in the southern hemisphere [117].  

The cost of PCM is still high (25 $/kg on average), which results in 12-15 years for return 

on investment. Thus, to get a better heat transfer performance and hence maximize energy 

benefits, active PCM technology is preferred as it enables the system to absorb and release 

energy on demand. However, some strategies are required to control such active systems, which 

may be costly, time-consuming, and require a high level of expertise. Therefore, these control 

strategies should be designed well and adequately [42]. In addition, problems like sensor faults 

and control strategy flaws may negatively affect system performance and efficiency [118].  

 

1.5. Conclusions 

This review provides an overview of the control strategies applied to PCM-enhanced 

buildings. In general, there are three main categories of control strategies, namely ON/OFF 

control methods, conventional methods, and intelligent methods. ON/OFF control strategies rely 

on a specific schedule such as night/day mode, or an experimental measurement to switch 

HVAC systems from fully open to fully closed and vice versa. Despite its simplicity, it may 

create signal noises and hence fail to provide accurate output measurements. In conventional 

methods, designers should mathematically model the system to be controlled. However, 
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intelligent control methods provide an abstract model of the system based on input and output 

data. Intelligent controls are the best options when a system is highly nonlinear, challenging, or 

impossible to be modeled. The intelligent controls, however, require a large number of empirical 

data or a regression analysis model to generate enough data. Also, appropriate memory and 

computational saving devices are needed for the data storage to be used for modeling the system 

behavior. 

There are still some challenges with the application of control strategies in combination with 

PCM-enhanced buildings. The type of PCM, its amount, location, and price and climatic 

weather conditions are some of the essential factors that should be considered. In addition, the 

implementation of control systems is costly, time-consuming, and requires a high level of 

expertise.  

 

1.6. Research aims and objectives 

The objective of this thesis was to investigate the potential of a solar-assisted active PCM 

system in combination with a smart control strategy in reducing the energy consumption of 

buildings and energy costs, consequently. The authors also aimed at implementing a model-

based control technique for energy management, considering the weather conditions and 

electricity price. The experimental part of the research was conducted using two identical 

experimental huts under real environmental conditions of Auckland city in New Zealand. The 

specific objectives of this project are as follows: 

• To develop an analytical thermal model of air based PCM heat storage and validate it 

under static and dynamic loads, which can be used for system design and control 

optimization.  

• Implement a smart control strategy into two experimental huts to experimentally 

evaluate the thermal performance of an active PCM system, charged by solar energy, in 

reducing heating and cooling loads in different seasons of a year.  

• Apply a “price-based” control strategy to the experimental huts (one of them was 

equipped with an active PCM system) to shift the heating and cooling loads to the off-

peak periods, during different seasons. 

• To compare the performance of an active PCM system with that of a passive PCM 

system in terms of electricity consumption reduction and their efficiency in peak load 

shifting. 



Chapter 1. Introduction 

 

31 

 

• Develop a Model Predictive Control strategy to control and prioritize the use of different 

sources of energy based on the anticipation of weather data and electricity price, and 

hence minimize the cost associated with energy used for space heating and cooling.  

• Perform some cost and benefit analysis to determine the payback time of the 

proposed system. 
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2. Experimental and mathematical modeling of an air-PCM heat exchanger 
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Chapter summary 

The building sector is one of the biggest contributors to world energy consumption and 

greenhouse gas emissions, and consequently, global warming. Latent heat thermal energy 

storage systems in general and phase change materials (PCM) in particular have received 

considerable attention as a means of improving thermal management in buildings. These 

materials can be used to store and release heat in a passive or active way. This paper describes 

an active air-PCM heat exchanger unit designed using a mathematical model developed in this 

work. The model was implemented in Matlab software, applying a two-dimensional explicit 

finite difference method. The advantage of this comprehensive model over previous models is 

the inclusion of natural convection in the melted PCM, the thermal mass of PCM container’s 

wall, and the effect of PCM volume expansion. In addition, the model was validated under both 

static and dynamic loads. For the dynamic load testing, solar energy was used to charge the 

PCM through a solar air heater. The results showed a good agreement between the model and 

experimental measurements, with an average deviation of less than 8%. The model was then 

used to study the effect of airflow rate and orientation of the heat exchanger on the performance 

of the unit. In addition, the experimental measurements confirmed the potential of the designed 

unit to satisfy the heating demand of a residential building at an electricity price peak and shift 

it to off-peak hours. 

 

2.1. Introduction 

Studies show that almost 36% of global energy consumption is associated with the building 

sector [119], of which space heating and cooling are responsible for approximately half, 

contributing to 40% of greenhouse gas emissions [120]. Researchers predict that energy use will 

grow at an average rate of 1.8% annually [3], due to global warming, population growth, and 

higher demand for building services. This suggests the need for energy management systems 

and efficient designs to improve the thermal efficiency of buildings. 

Thermal energy storage (TES) for space heating and cooling of buildings has attracted 

widespread interest as a consequence of rising fossil fuel costs and environmental issues. TES 

is considered an effective approach to reduce heating and cooling energy consumption in 

buildings [9]. There are four types of TES systems: sensible heat, latent heat, thermo-chemical 

(reversible reactions) storage and physical absorption/adsorption. Among these approaches, 

latent heat thermal energy storage (LHTES) is becoming increasingly used because of its ease 
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of application and high energy storage density that can be delivered with minimal temperature 

fluctuations.  LHTES systems incorporate phase change materials (PCM) which can store or 

release heat at a relatively constant temperature [121]. The selection of a PCM system depends 

on the application, required heat transfer rate and most importantly the desired temperature 

range. 

PCMs can be integrated into building services in passive and active ways. Passive 

technologies do not require any additional mechanical or electrical power to operate. In these 

systems, PCMs are embedded into building materials such as plaster-board, gypsum or concrete 

in order to increase thermal mass and hence decrease internal temperature variation and shift 

peak load hours. In contrast, active PCM systems need auxiliary mechanical energy for their 

operation [27]. In circumstances where higher control of the system or greater heat transfer 

performance is needed, active systems are preferred [62]. Indeed, active applications allow the 

system to store and release heat on demand, which ensures more efficient heat transfer and better 

thermal management, reducing the energy consumption of the building. The incorporation of 

active PCM can be achieved through different approaches, such as its use in heat storage tanks 

[61], HVAC systems [122], solar-assisted PCMs system [123] and fixed or fluidized bed energy 

storage system [124].  

PCM heat exchangers can also be used for peak load shaving [125], the development of 

which has been studied extensively since 2000 [126]. PCM heat exchangers can be found in 

various configurations, such as rectangular containers [127], shell and tube design [128], tubular 

containers of PCM [129], and can be internally or externally finned geometries [130]. For 

example, Labat et al. [131], designed a flat air-PCM heat exchanger unit. The unit was able to 

provide 1 kW of heating power for 2 h while applying a constant airflow rate and inlet air 

temperature. Measurements were conducted for air outlet and PCM temperature at different 

locations, which were used to measure the cooling power of the unit.  

The development of computer technologies and modeling techniques has enabled 

researchers to predict the performance of active PCM units in general and PCM heat exchangers 

in particular. In numerical studies, the behavior of PCM can be described via different methods 

such as apparent heat capacity [19, 20], enthalpy [133], heat source [134], and temperature 

transforming models [135].  In 2006, Hed and Bellander [136] performed mathematical 

modeling of an air-PCM heat exchanger unit. They developed a one-dimensional heat transfer 

model in the PCM, along the direction of airflow, using the apparent heat capacity method. 

Halawa and Saman [137] also carried out a one-dimensional heat transfer in PCM with air 
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passing through PCM containers placed in an insulated rectangular duct. The one-dimensional 

model considered the temperature variation along the flow direction and ignored any variation 

along with the thickness of the PCM. Their modeling was carried out via TRNSYS simulation 

software. They investigated the effect of operational and geometrical parameters such as metal 

container thickness, charge and discharge temperature difference, airflow rate, air gap, and metal 

container dimensions on the generated outlet air temperature, heat transfer rate, and 

melting/freezing time. The results showed that increasing the difference between charge and 

discharge temperature as well as airflow decreases melting/freezing time while increasing metal 

container thickness and air gap delays melting/freezing time. Furthermore, they showed that as 

long as the mass and surface area of the metal containers remain the same, the container 

dimension does not play a significant role in the heat transfer rate. Later on, Arzamendia Lopez 

et al. [138] improved modeling by considering a two-dimensional conduction heat transfer in 

the PCM medium. They discretized the heat transfer domain into control volumes and used the 

enthalpy method to describe PCM behavior using a variable order solver to solve the non-linear 

algebraic differential equations. The resulting model of outlet air temperature from the unit over 

time was then compared with experimental measurements showing a good agreement.  

In the majority of these studies, the main domains of heat transfer were PCM and air, while 

the thermal resistance in the metal containers of the heat exchanger containing PCM was 

ignored. Although a thin metal wall will not add significant thermal resistance to heat transfer, 

the extra thermal mass of these containers could be very significant. This oversight can lead to 

an unrealistically sharp increase in PCM temperature during the transition from mushy to the 

liquid phase in the healing process. In order to account for the metal wall resistance, 

Stathopoulos et al. [55] performed a numerical study in which the wall of the PCM container 

was meshed during the numerical analysis. Using Matlab software, they applied the apparent 

heat capacity of PCM and a two-dimensional finite difference method to solve the problem. To 

validate the model, the heat exchanger was connected to the mechanical ventilation system of 

an experimental test cell, the Hybcell. The inlet air temperature to the heat exchanger was kept 

constant at 44°C for charging and 26°C for discharging. In order to evaluate the strategy of peak 

load shifting  (18:00–20:00 in France) to off-peak hours, the heat exchanger model was then 

coupled to an existing model, the Hybcell 1.2 [139]. The Hybcell 1.2 was developed at the 

LGCB ENTPE laboratory, using the Matlab/Simulink environment. The model was found able 

to reproduce the behavior of the heat exchanger. Meshing the metal wall, on the other hand, 

increases the computation time dramatically. To address this issue, the current study ignored the 
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temperature variation along with the thickness of the metal wall, but its thermal mass was taken 

into account.    

While there are a large number of empirical and numerical attempts to model air-PCM heat 

exchangers, to the authors’ knowledge, none have included the effect of natural convection 

inside the PCM melt layer, which could be significant during PCM melting if the PCM thickness 

is high. Therefore, this paper aims to present a comprehensive model that considers two-

dimensional heat transfer in PCM, including the thermal mass of the metal containers of the heat 

exchanger, and also account for natural convection inside PCM. The model also considers the 

volume expansion of PCM during the phase change. Further, previous studies did not include 

the performance of such a system under a dynamic load obtained from a solar heater. The current 

study utilized solar energy as a free and abundant source of energy that has gained significant 

attention for the space heating of residential and commercial buildings [79]. Subsequently, an 

experimental study was conducted to validate the developed model under different geometrical 

and operational conditions. Finally, based on real thermal energy provided from solar air heater 

and heating energy demand of the hut in Auckland, New Zealand, the simulation showed that 

the heat exchanger unit is able to store enough energy that could be used during high peak load 

periods.  

 

2.2. Experimental setup 

The experimental setup used in this study was based on an air-PCM heat exchanger designed 

and fabricated at the University of Auckland to be used for space heating and cooling. Fig. 2.1 

illustrates a side view of the heat exchanger unit, a rectangular duct consisting of 19 parallel flat 

aluminum trays (0.45 m × 0.30 m × 0.01 m) filled with the commercial PCM, RT 25 HC 

(manufactured by Rubitherm GmbH). The amount of PCM in the unit was approximately 9.5 

kg. Table 2.1 and Table 2.2 detail the properties of the studied PCM and aluminum container of 

the trays, respectively, based on the information provided by the manufacturer. The 

specifications of PCM were then cross-checked using differential scanning calorimetry (DSC) 

analysis and water bath experiments. Indeed, DSC was used to measure the latent heat of PCM 

while a water bath was used to determine the melting temperature range of PCM. The water 

bath experiment showed that PCM starts melting earlier than the reported temperature at around 

19°C. The space between the trays was 5 mm.  In this setup, air enters the duct from one side 

and flows parallel to the trays exchanging heat with the PCM. A distributor was fabricated and 
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placed in the pipe connected to the heat exchanger to ensure uniform flow. The whole assembly 

was insulated from the surroundings with a 20 mm layer of PVC/NBR black rubber foam 

(thermal conductivity of about 0.037 W/m·K [140]). Three thermocouples namely inlet, center 

and outlet PCM were inserted into the central metal container to measure the PCM temperature 

at different locations for the purpose of validation (Fig. 2.2). Temperatures of inlet, center, and 

outlet were measured using T-type thermocouples at locations of 0.05 m, 0.225 m and 0.40 m, 

respectively, in the flow direction. In addition, two T-type thermocouples were used to measure 

air inlet and outlet temperatures. 

The heat exchanger unit was connected to a heat pump (Fig. 2.3.A) and a solar air heater 

(Fig. 2.3.B) for charging and discharging processes. The role of the heat pump was to provide 

hot and cold airflow at a relatively constant temperature, while the solar air heater was used to 

provide a dynamic load of air at varying temperatures. 

Solar air heaters are an efficient and cost-effective way of capturing solar energy and 

converting it into thermal energy for space heating. The solar heater in this study was a non-

concentrating flat plate (Fig. 2.3.B) installed vertically on the northern exterior wall of the hut, 

shaded with no nearby trees, buildings or other obstructions. The dimensions of the solar heater 

were 1m × 1m with a 0.1m × 1m photovoltaic (PV) panel on top to drive the fan used to circulate 

air through the solar heater and subsequently the heat exchanger unit. The efficiency of the solar 

collector can be calculated from the following equation.  

,
0.74 8.22

in SAH amb

SAH

T T

I


− 
= −  

 
 (2.1) 

where,  is efficiency, T temperature, and I is the intensity of solar radiation. The subscript 

SAH is the acronym for the solar air heater. Subscripts in and amb represent the inlet and ambient 

temperature of the solar heater, respectively.  

The effect of vegetation, chilling and draught from under the hut were not investigated as 

the purpose of the experiments was to study the performance of PCM in providing comfort 

condition and creating peak load shifting. So, a comparison-based investigation was performed, 

while both huts were equipped with similar solar heaters and a similar orientation. According to 

weather conditions and solar radiation in Auckland city, New Zealand, the solar heater was able 

to provide an airflow rate of around 0.036 kg/s and temperature ranging between 20°C and 40°C. 

The airflow rate was measured manually using a digital anemometer model AM-4201.  
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The portable heat pump was a 7000 BTU Milano, Model KY-22/A. It was also modified to 

provide 0.036 kg/s airflow, so as to be consistent with the solar heater. As mentioned earlier in 

this section, a distributor was utilized to ensure a uniform airflow (Fig. 2.4). 

 

Fig. 2.1. Schematic side view of the heat exchanger unit with one magnified metal container 

 

 

 

 

 

 

Fig. 2.2. A PCM container with three thermocouples inserted in different locations  
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Fig. 2.3. The air-PCM heat exchanger connected to (A) an air conditioner and (B) a solar air heater 

 

 

Fig. 2.4. The distributor used to provide a uniform flow 
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Table 2.1 The physical and thermal properties of the PCM RT 25 HC [141][142]. 

Parameter Unit Value 

PCM type - Organic 

Melting temperature range °C 22-26 (main peak: 25) 

Heat of fusion  kJ/kg 230 

Specific heat  kJ/kg·K 2 (solid) 

2 (liquid) 

Thermal conductivity  W/m·K 0.2 

Dynamic viscosity kg/m·s 1.7976×10-3 

Density kg/m3 880 (solid) 

770 (liquid) 

Volume expansion % 12.5 

Thermal expansion 1/K 0.001 

Max operating temperature °C 65 

 

 

Table 2.2 The physical and thermal properties of the aluminum. 

Parameter Unit Value 

Specific heat  kJ/kg·K 0.9  

Thermal conductivity  W/m·K 205 

Density kg/m3 2700  

 

2.3. Numerical Modeling 

A two-dimensional heat transfer model of a flat heat exchanger unit (Fig. 2.1) was developed 

in this work, which is needed for future scale-up design. The model was implemented in Matlab 

R2017b, using the explicit formulation of finite differences to solve non-linear algebraic 

equations describing heat transfer in different media. The heat transfer media were PCM, metal 

container, and air. Fig. 2.5 displays the nodal distribution of model domains: i and j denote nodal 

counts in x and y directions, respectively. x  refers to nodal discretization in x direction and 

y in y direction; and dp and dc, show half of PCM thickness and metal container thickness, 

respectively. L is the length of the metal container in flow direction. Tp,center represents PCM 

temperature in the center of the PCM layer in x and y directions.  

The current numerical study used the enthalpy method to study the behavior of PCM, which 

simplifies the calculation of heat transfer during phase change and convert it to a single-phase 

problem [143]. This method is able to describe the mushy zone between solid and liquid phases, 
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without the need for additional equations to satisfy the solid-liquid interface [13]. The 

expression for enthalpy was developed based on the datasheet provided by the Rubitherm GmbH 

[141] and modified based on the real melting temperature range. 

 

Fig. 2.5. Nodal distribution in the 2-D system of the current study 

 

2.3.1. Model assumptions 

Several assumptions and simplifications were made to develop the mathematical model. The 

metal containers were considered not to be fully filled with PCM; indeed, a small volume was 

left empty for volume expansion. All the metal containers were identical, and the air was 

assumed to flow uniformly between the metal containers. Conduction and natural convection 

were the dominant heat transfer mechanisms in the PCM medium, while forced convection 

dominated the mechanism of heat transfer in the air and conduction was the mechanism of heat 

transfer in the metal container. There was no radiative heat transfer between the containers of 

the unit. Heat transfer was considered to be two-dimensional in the PCM and the metal of the 

containers, however for air, only airflow direction plays an important role in heat transfer. The 

air was incompressible, and its density did not change during its flow through the ducts since 
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the temperature change was small. Thermal conductivity of PCM and metal container were 

assumed to be independent of temperature. 

Due to the assumption of uniform distribution of air between the metal containers, the 

system was studied based on a single container. Furthermore, due to symmetry, computations 

were conducted based on half PCM container (Fig. 2.5). Middle PCM container, which was 

chosen for investigations did not experience heat loss to the surrounding of the unit; however, 

the performance of containers close to the wall could be affected by heat loss.  

 

2.3.2. Energy balance equations 

To evaluate the thermal behavior of the heat exchanger unit, energy balance equations on 

both air and PCM were solved with initial and boundary conditions. To this end, applying a one-

dimensional energy balance equation on the air and two-dimensional equations for both the 

container wall and PCM media results in Eqs. (2.2), (2.3) and (2.4), respectively. Energy 

gained/released in the air was calculated from both mC T
•

  and m H
•

 .  The latter equation is 

a function of temperature and humidity.  Under the environmental conditions of this study 

difference between the two equation is less than 1%.  

2 ( ( ,0, ) ( , ))a a a a c am C dT h w T x t T x t dx
•

= −            Air energy balance (2.2) 

2 2

2 2

( , , ) ( , , ) ( , , )
c c c c

c c

T x y t k T x y t T x y t

t C x y

  
= +

  

 
 
 

       Container energy balance (2.3) 

2 2

2 2

( , , ) ( , , ) ( , , )
p p p

p p p

H x y t T x y t T x y t
k k

t x y


  
= +

  
    PCM energy balance (2.4) 

where, m
•

 is the mass flow rate, w the width of the metal container and T temperature. In addition, 

h is the convective heat transfer coefficient, C specific heat capacity,   density, k thermal 

conductivity and H enthalpy. The time element is defined by t, and x and y express the two 

locations. Subscript a, c and p refer to the air, container and PCM media, respectively. 
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2.3.3. Initial and boundary conditions 

The model measures the temperature evolution for half of the PCM and air layers by 

assuming symmetry along the PCM thickness. Hence, the initial and boundary conditions are 

defined according to the equations below. 

For Air:  

0( 0)a aT x T= =  (2.5) 

For metal container: 

( )( , 0, ) ( , ) ( ,0, )

( , , ) ( , , )

c
a a c

pc
c p c

T
k x y t h T x t T x t
c y

TT
k x y d t k x y d t
c y y


− = = −




− = = − =

 

 (2.6) 

( )( 0, , ) (0, ) (0, , )

( , , ) ( , , )

c
a a c

pc
c p c

T
k x y t h T t T y t
c x

TT
k x d y t k x d y t
c x x


− = = −




− = = − =

 

 (2.7) 

( )( , , ) ( , ) ( , , )

( , , ) ( , , )

a a c

p

c p c

c

c

T
k x L y t h T L t T L y t
c x

TT
k x L d y t k x L d y t
c x x


− = = − −




− = − = − = −

 

 (2.8) 

0( , ,0)c cT x y T=  (2.9) 

For PCM: 

( , , ) ( , , )

( , , ) 0

p c c c

p

c p

T x d t T x d t

T
x y d d t

y

=


= + =



 (2.10) 

( , , ) ( , , )

( , , ) ( , , )

c c

c c

p c

p c

d d

d d

T y t T y t

T x L y t T x L y t

=

= − = = −
 (2.11) 

0
( , ,0)

p pT x y T=  (2.12) 
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2.3.4. Spatial discretization 

Discretization of the energy balance equations using explicit finite differences in the air, 

metal container and PCM, leads to Eqs. (2.13), (2.14) and (2.15) respectively. 

( 1, ) ( , ) 2
( ,0, ) ( , )a a a

p a

a a

T i n T i n h w
T i n T i n

x m C
•

 
 

+ −
= −


 

(2.13) 
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+ − + −
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+ −
=



+ − + −
+



+ − + −



 (2.15) 

where n denotes the time-step of the calculations. 

To avoid solution instability a very small time-step was set based on the condition described 

in Eqs. (2.16) and (2.17).  

2

1

2

t

x






 (2.16) 

2

1

2

t

y






 (2.17) 

where α is thermal diffusivity, t time-step, x and y nodal discretization in x and y 

directions, respectively. 
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2.3.5. Thermo-physical properties 

2.3.5.1. Air properties 

The convective heat transfer coefficient (h) is not a property of fluid alone, rather, its value 

depends on all the parameters affecting convection, including surface geometry, nature of the 

flow, fluid properties, and bulk flow velocity [144]. Hence, in order to get an accurate estimation 

for the convection coefficient of air flowing through a duct, certain considerations were 

required.  

According to the experimental conditions, airflow rate and heat exchanger dimensions, 

Reynolds number (Re) was always less than 2300. Thus, the flow was considered to be close to 

laminar. On the other hand, the correlations for thermal and hydrodynamic entrance [145] 

showed that the current flow was thermally and hydro-dynamically developing. In this case, 

convective heat transfer coefficient for a laminar developing airflow can be calculated through 

Eq. (2.18) [146], for which Eqs. (2.19) to (2.22) need to be solved [145][146].  

. a
a

Nu k
h

D
H

=  (2.18) 

1.14 0.17 0.64

* *

0.17 0.64 2

*

0.024 (0.0179Pr 0.14)
Nu 7.55               

(1 0.0358Pr )

Re 2300,   ,   

x x

x

w
T constant



− −

−

−
= +

+

 = = 

 (2.19) 

4
H

A
D

P
=  (2.20) 

.
Re a H

a

u D


=  (2.21) 

.
Pr a a

a

C

k


=  (2.22) 

where, Nu, Re, Pr define the Nusselt number, Reynolds number and Prandtl number of the fluid 

flow, respectively. DH is hydraulic diameter,   gap between the PCM containers, *x  thermal 

entrance coordinate, A cross-sectional area and P wetted perimeter of the cross-section. The 

symbols u, ν and μ show the velocity, kinematic viscosity and dynamic viscosity of the air.  
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2.3.5.2. PCM properties 

The thermophysical properties of PCM, including viscosity and density were modified based 

on PCM liquid fraction in the enclosure (Eq. (2.23)) [147]. 

, ,(1 )p p l p sLF LF  = + −  (2.23) 

where,  is a certain property of PCM such as density and viscosity, and LF is liquid fraction 

defined by Eq. (2.24) [148]. Subscripts s and l refer to solid and liquid phase, respectively. Tp,s 

and Tp,l were measured from water bath experiment mentioned in section 2.2.  

,

, , , , ,

,

0

( ) / ( )

1

p p s

p p s p l p s p s p p l

p p l

T T

LF T T T T T T T

T T

 


= − −  
 

 (2.24) 

As the phase of PCM changes during melting/solidification processes, conduction becomes not 

the only heat transfer mechanism. The impact of natural convection inside the melted PCM 

needs to be considered. This effect was captured using effective thermal conductivity [149]. 

Effective thermal conductivity is expressed as a function of Rayleigh number (Ra) [150]. The 

coefficient and power of Ra are calculated based on the geometry of the heat exchanger. For a 

medium inside a rectangular enclosure, the effective thermal conductivity can be obtained 

through the empirical correlation of Eq. (2.25) [151]. 

0.25 3 6

,

0.1(Ra )                  10 Ra 4 10
eff

p l

k

k
 =     (2.25) 

where, Ra is defined by Eq. (2.26). 

2 3
, ,

,

( )
Ra

p w mp l p l

p p l

g C T T

k

  



−
=  (2.26) 

where, g is gravity acceleration,  thermal expansion and melt layer thickness. Subscripts eff, 

p and p,l denote the effective definition, PCM and liquid PCM, respectively. ( w mT T− ) expresses 

the difference between wall and melting temperatures during melting, or between the liquid bulk 

and melting temperature during solidification.  , C, k and  represent the dynamic viscosity, 

specific heat capacity, thermal conductivity and density. 
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In addition, the volume expansion of PCM was taken into account by changing the thickness 

of PCM in the container. In fact, the thickness was estimated based on the PCM liquid fraction 

and its total volume expansion derived from the weight and density of PCM in liquid and solid 

phases. Accordingly, the position of each node change with time as phase change occurs. The 

location of each node was calculated after each time-step when melting occurs.  

 

2.4. Results and Discussion 

2.4.1. Constant inlet air temperature 

Several verification and characterization tests were carried out to verify the performance of 

the air-PCM heat exchanger, as well as to validate the numerical model. The temperature profile 

of PCM in the center of PCM container, Tp,center and outlet air temperature from the unit were 

used for testing during heating and cooling processes. The inlet air temperature was kept 

constant at 42°C for heating and 10°C for cooling using an air heat pump, however, it took 15 

min for the temperature to stabilize at the desired values. The inlet air temperature was then used 

as input in the modeling. The mathematical model allowed the solid, mushy and liquid phases 

to be recognized. In order to increase the reliability of the model while reducing calculation 

time, natural convection effect in the PCM was included. The effect of airflow rate and the 

orientation of the heat exchanger unit were also studied.  

In terms of experimental measurement uncertainties, it was impossible to repeat the same 

experiment, several times. In fact, inlet airflow to the heat exchanger was provided either from 

a heat pump or solar air heater. While the performance of both heat pump and solar air heater 

were dependent on environmental conditions and provided different inlet air temperatures. 

Nevertheless, six experiments with different inlet air temperatures were done and all of them 

show the same trend. In addition, the limits of error for the thermocouples used in this study was 

0.5 °C. Fig. 2.6 is an example of the experimental measurements of PCM and outlet airflow 

under different operating conditions. 
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Fig. 2.6. Experimental measurements PCM and outlet air temperature, under different operating conditions 

 

2.4.1.1. Natural convection 

The presence of a moving interface and natural convection in the melt phase make 

mathematical analysis more complicated. Natural convection plays a significant role during the 

melting process of PCM; but not during solidification, since the main resistance lies in the 

solidified layer. Fig. 2.7 demonstrates the effect of natural convection on PCM temperature in 

the center of PCM in the container. The results confirm that considering natural convection 

using Eq. (2.25) improved the accuracy of the analyses. As shown in Fig. 2.7 and Fig. 2.8, 

natural convection affects heat transfer mechanism as soon as the melting process starts (50 min 

after the beginning of heating process). In fact, considering natural convection in the melt PCM 

increases heat transfer rate. Hence, as PCM temperature goes higher, it melts faster, and the 

model moves closer to the experimental measurements.  

Table 2.3 compares the prediction of PCM and air temperature with and without including 

natural convection inside the melted PCM with those measured, using average model deviation 

(AMD) and maximum model deviation (MMD) shown in Eqs. (2.27) and (2.28), respectively. 

where, N   represents the number of experimental points and subscripts “Exp” and “Model” refer 

to the experimental measurements and the results of mathematical modeling, respectively. AMD 

confirms the improved prediction when natural convection inside the melt PCM was included. 

It is worth mentioning that the effect of natural convection was small in this study, because of 

the very thin layer of PCM (5 mm). In fact, natural convection is very much dependent on the 

melt layer thickness “ ” defined in Eq. (2.26). In this study, the Raleigh number was the order 
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of 1000 and hence the effect of natural convection was insignificant. While, this study is 

important for any further designs, which may involve thicker slabs. 

 

Fig. 2.7. Effect of natural convection on PCM temperature 

 

Fig. 2.8. Effect of natural convection on outlet air temperature 
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Table 2.3 Average and maximum model deviation for evaluation of mathematical modeling, with and without 

natural convection inside the melted PCM 

Medium Status AMD (%) MMD (%) 

PCM No natural convection 4.41 21.14 

PCM With natural convection 3.90 21.14 

Air No natural convection 8.86 15.41 

Air With natural convection 6.16 15.41 

 

2.4.1.2. Container nodal discretization 

This study first aimed to consider a two-dimensional heat transfer in the metal containers of 

the heat exchanger, along with a two-dimensional heat transfer in PCM and one-dimensional 

transfer in air. The results of the modeling based on these assumptions are shown in Fig. 2.9 

(blue line). On the other hand, temperature variation along the thickness of the two metal sides 

of the container is very small (of the order of 10-3), as shown in Fig. 2.10. Hence, there is no 

need to mesh the metal wall. However, the specific heat capacity of the metal container needs 

to be taken into account since it is very significant. To this end, Eq. (2.4) and its boundary 

conditions were not required and Eqs. (2.10) and (2.11) were replaced with Eqs. (2.29) and 

(2.30), respectively. The red line in Fig. 2.9 shows the PCM temperature based on one-

dimensional heat transfer in the container while considering the metal thermal mass. 
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 (2.30) 

Considering a one-dimensional heat transfer in the metal wall has an insignificant effect on 

the performance of the heat exchanger; however, it reduces the computation time from 26 h to 

7 min. Indeed, according to the thermal conductivity and thickness of the metal container, a very 

small dt  is required to satisfy Eqs. (2.16) and (2.17), which increases the calculation time. As 

computation time plays an important role in engineering applications, a one-dimensional heat 

transfer was considered in the wall container for the remainder of the current study, while heat 

transfer in the PCM was considered two-dimensional.  
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Fig. 2.9. PCM temperature considering 1D and 2D metal container nodal discretization 

 

 

Fig. 2.10. Temperature difference between the inner and outer sides of the metal container 

 

2.4.1.3. Comprehensive model 

Temperature variation in the wall of the metal container along airflow direction as well as 

its thermal mass and natural convection in the PCM inside the container were all considered as 

described earlier. In addition, solid PCM movement into liquid due to volume expansion was 

considered. This has improved model prediction significantly. Fig. 2.11 and Fig. 2.12 show 

PCM temperature in the center of container and inlet and outlet air temperatures. As can be seen, 

there are small deviations at some points, such as the beginning of melting and solidification. 

Indeed, according to the information provided by the supplier of the PCM, the melting and 

solidification temperatures are supposed to be at 22–26°C and 26–22°C, respectively (Table 
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2.1). However, the experiments showed that melting began much earlier, at around 18°C, and 

solidification occurred at 24–22°C. Hence, mismatches occurred at 18–23°C for melting and 

26–24°C for solidification due to the inaccuracy of the enthalpy curve. Table 2.4 details the 

deviation of the model prediction from the experimental measurements using average model 

deviation (AMD) and maximum model deviation (MMD) [152], as indicated in Eqs. (2.27) and 

(2.28), respectively. The deviations were calculated for PCM and air temperatures in the heating 

and cooling processes. For the PCM and air media, AMD of less than 4% in the heating process 

and 8% in the cooling process were obtained. The MMD was less than 21% and 12% in the 

heating and cooling processes, respectively. In comparison, previous studies have estimated an 

AMD of 12% and MMD of 30% [152].  

 

Table 2.4 Average and maximum model deviation for evaluation of mathematical modeling of heat exchanger 

unit 

Medium Process AMD (%) MMD (%) 

PCM Heating 3.26 21.14 

Air Heating 3.84 15.41 

PCM  Cooling 4.37 8.24 

Air Cooling 7.88 11.92 

 

 

Fig. 2.11. Temperature profile of PCM in the center of the metal container 
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Fig. 2.12. Temperature profile of outlet airflow from the heat exchanger unit 

 

The model prediction for the measured temperatures at different locations in the PCM, such 

as inlet, center and outlet, based on the thermocouple allocation in Fig. 2.2 was also validated. 

In this regard, Fig. 2.13 confirms that the melting and solidifying process of PCM happens 

earlier for the inlet PCM, followed by the center and then the outlet node, as expected. Overall, 

the figure shows a very good model prediction of temperature measured at different locations in 

the PCM. As discussed before, the same mismatch at the beginning of the melting and 

solidification points is still present. This mismatch is more significant at the outlet node of the 

PCM; indeed, as the melting process proceeds and reaches the last nodes, more movements will 

occur in the melted PCM. This phenomenon causes a lower melting temperature of PCM, and 

hence more deviation from the experimental measurements is observed.  

 

Fig. 2.13. PCM temperature validation at different positions in the metal container 
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2.4.1.4. Grid and time-step independency 

A common sense in mathematical modeling is grid independency analysis, in which, by 

increasing grid resolution numerical result tends to stabilize [153]. Fig. 2.14 A and B show the 

effect of grid size in the direction of airflow (x) and PCM thickness (y) on PCM center 

temperature, respectively. The results became independent when the grid size was less than 20 

mm in the direction of airflow and 0.25 mm in the PCM thickness. A time independency analysis 

(Fig. 2.15) was also carried out to investigate the effect of time-step on the performance of the 

system. Fig. 2.15 shows that decreasing the time-step from 0.15 s, which is the highest allowed 

value based on Eqs. (2.16) and (2.17) to 0.05 s leads to a negligible change.  

 

 

 

 

 

 

   

Fig. 2.14. Grid independency of model for the center point of PCM temperature A) along x axis B) along y axis 

 

Fig. 2.15. Time-step independency of the model on the center point of PCM temperature 

 

(A) (B) 
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2.4.1.5. Orientation of the heat exchanger 

Air-PCM heat exchanger units can be designed with either horizontal or vertical orientation. 

In the current study, two identical heat exchangers were studied with the same operating 

conditions but with both vertical and horizontal orientations. Fig. 2.16 shows the experimental 

PCM temperatures during heating and cooling for both orientations. During solidification, the 

heat exchanger performance was similar for both orientations. In the melting process, PCM 

temperature remains the same in solid and mushy phases; however, a small deviation appears at 

25°C, where the mushy phase ends and the liquid phase begins. In fact, in the horizontal 

orientation, the thickness of PCM is about 5 mm, while in the vertical orientation, this height is 

about 430 mm. Therefore, in the latter orientation, phase change phenomenon and density 

change consequently cause more movements in the PCM medium, due to gravity. For this 

reason, the PCM temperature first increases up to 33°C, but the movements then generate a brief 

time plateau up to 36°C before reaching the inlet air temperature of 40°C.  

 

Fig. 2.16. PCM temperature in horizontal and vertical orientations 

 

2.4.1.6. Effect of airflow rate on the performance of heat exchanger 

For peak load shifting, PCM energy should be stored and released over shorter periods of 

time, which would require higher airflow rates. Previous research has shown that by increasing 

airflow rate in a heat exchanger, heat transfer rate is enhanced, resulting in a faster release of 

energy [154]. Fig. 2.17 follows a similar trend in the current study. Generally, the main heat 

transfer resistance lies in the air side at low airflow rates, but at higher flow rates, conduction in 

the PCM may control the heat transfer. The operating condition modeled for the heat exchanger 

unit used in this work indicates that the main heat transfer resistance is in the air medium (Eq. 
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(2.31)). In other words, as the flow is laminar, the Nu number (Eq. (2.19)) remains almost 

constant at 7.55 [155]. At higher flow rates when the flow becomes turbulent, the convection 

resistance in the air side decreases. This behavior was verified by the effect of airflow rate on 

the outlet air temperature of the unit (Fig. 2.18). Fig. 2.18 shows that when the flow is laminar 

(airflow rate: 0.03, 0.06, 0.09 kg/s) as a result of increasing airflow rate, outlet air temperature 

at the melting point of PCM also increases. However, in turbulent flow (airflow rate: 0.12, 0.15, 

0.18 kg/s), the temperature at different airflow rates remains almost the same (red arrow). The 

same explanation may be noticed for cooling process.  

1 p c

a p c

d d

h k k
   (2.31) 

 

Fig. 2.17. Effect of airflow rate on the PCM temperature 

 

 

 

 

 

 

 

Fig. 2.18. Effect of airflow rate on the outlet air temperature of the unit 
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2.4.2. Variable inlet air temperature using dynamic load of solar heater 

Mathematical modeling of the air-PCM heat exchanger was carried out to predict the 

behavior of such PCM heat exchanger for space heating and cooling in a real building. Since 

the model has been verified using the experimental measurements conducted in this work, it can 

be used under different operational, geometrical and physical conditions. Fig. 2.19 and Fig. 2.20 

demonstrate the heat exchanger’s performance under conditions of low (600 W/m2 on average) 

and high (1000 W/m2 on average) solar radiation, respectively. The inlet temperature to the 

PCM storage unit varies significantly during the days as received from the solar heater described 

before. For the heating and cooling process, the model better predicts the behavior of the unit 

under high solar radiation. At low solar radiations, about 50% of the data lies in the mismatched 

ranges explained in Section 2.4.1.3; i.e. 18–23°C during melting and 26–24°C during 

solidification. However, at high solar radiation, a large proportion of data is outside these ranges; 

hence, good consistency between the results is observed.  

 

 

 

 

 

 

Fig. 2.19. (A) PCM temperature (B) outlet air temperature, under low solar radiation 

 

 

 

 

 

 

Fig. 2.20. (A) PCM temperature (B) outlet air temperature, under high solar radiation 
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2.4.3. Electricity price peak shifting 

According to winter weather conditions and electricity prices in Auckland, electricity 

suppliers charge two electricity peaks to residential account holders [46]; one in the morning 

between 6 am and 10 am and the other one between 5 pm and 9 pm (Fig. 2.21). In an 

experimental study conducted by Reza et al. [53], the required energy to maintain thermal 

comfort in a lightweight hut (internal dimensions: 2.4 m × 2.4 m × 2.4 m) in the second high 

peak period was about 3600 kJ, in presence of low to moderate solar radiation. Detailed 

information about the construction, insulation and air tightness of their hut can be found in the 

reference [57]. On the other hand, the available solar air heater could provide 6800 kJ energy 

during a winter day with low solar radiation, of which 3900 kJ was stored in the heat exchanger 

and the remainder was released/lost to the room (Fig. 2.22). As a result, the stored energy in the 

heat exchanger was sufficient to provide the required energy for heating during peak hours and 

shift the electricity consumption to off-peak hours. Indeed, as shown in Fig. 2.21, average 

electricity price between 5 pm to 9 pm period was about 200 NZD/MWh; while it was 90 

NZD/MWh after 9 pm. Therefore, a cost-saving of about 3 NZD/month is achieved due to 

shifting electricity usage, which may be equivalent to roughly 30 NZD/month for a size of a 100 

m2 house in New Zealand. The incentive for residential consumers is not only to save money, 

but also get an improved quality and reliability of power. This saving come out from shifting 

peak load only, which has other benefit to power generation companies. 

 

 

Fig. 2.21. Solar radiation and electricity price of a winter day in Auckland, New Zealand [46] 
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Fig. 2.22. The power of solar air heater and heat exchanger unit in a winter day with low solar radiation (600 

W/m2 on average) 

 

2.5. Conclusions 

An air-PCM heat exchanger unit was successfully built to validate a new mathematical 

model and test its performance under static and dynamic thermal loads. The model was 

implemented in Matlab R2017b to solve a one-dimensional heat transfer in air, and two-

dimensional heat transfer in PCM container and PCM. The simulation showed that it is possible 

to ignore the thermal resistance of the PCM container wall but not its thermal mass. The model 

also considered natural convection in the melted PCM improving its prediction to the 

experimental measurements. In addition, the volume expansion of PCM due to phase change 

was taken into account. Based on these modifications, the model predicted the experimental 

measurements with high accuracy. The simulation showed that at low airflow rates, the main 

heat transfer resistance lies in air side, and at high rates, it lies in the PCM medium. Heat transfer 

rate was slightly different when the PCM containers were kept in vertical position compared to 

horizontal position. In the vertical position, PCM melted 10 min faster due to the influence of 

natural convection. Finally, the experimental measurements showed that the designed heat 

exchanger was able to create electricity price peak shifting, which then leads to an energy cost 

saving of 3 NZD/month in the studied hut and roughly 30 NZD/month in a 100 m2 house.



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

CHAPTER 3 

_________________________________________________________________ 

3. Application of a Smart Control Strategy into a PCM-enhanced Building for 

Heating/Cooling Load Reduction  
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Chapter summary 

Incorporation of phase change materials (PCMs) into buildings has recently attracted 

widespread attention as they can bridge the mismatch between energy supply and demand 

through their large energy storage capacity. However, the application of control strategies and 

investigating energy performances of such systems remain a challenge. This paper presents the 

use of an active PCM storage system in buildings and evaluates its energy performance over the 

different seasons. To this end, two experimental huts, each equipped with solar and electric 

heaters in winter or an air conditioning unit in summer, were used to investigate the concept. 

Also, one of the huts was provided with PCM storage units, and the results obtained were 

compared with those collected from the reference hut. A CompactRIO, data acquisition system, 

powered by LabVIEW real-time software, was used to transfer data for analysis, processing, 

and communicating with the host computer. In this research, the control strategy showed the 

ability of PCM storage units to store solar energy in cold seasons or free night cooling in warm 

seasons for later use and hence reduce the heating/cooling load requirements. An accumulative 

heating energy savings of 40% in May and 10.3% in June/July 2019, were achieved. The use of 

PCM for space cooling also led to an accumulative energy-saving of 30% in March/April and 

10% in January.  

 

3.1. Introduction 

Over the period between 1989 and 2016, total primary energy consumption has risen 

annually by 2 % worldwide and 1.8 % in New Zealand [5], which has contributed to a 

considerable amount of CO2 emission [156]. The increasing energy consumption and 

environmental concerns have encouraged the utilization of cleaner and more sustainable energy 

resources [157]. Solar energy as a renewable, free, and green source of energy [158] is a 

promising candidate for space heating of buildings [159], which accounts for a significant share 

of the world’s total energy consumption [160]. As solar energy is not available at night or during 

cloudy hours, the development of solar energy storage technologies is required. Thermal energy 

storage systems in general and phase change materials (PCMs) in particular, offer a great 

advantage in reducing the energy consumption of buildings [154] and hence minimizing 

greenhouse gas emissions [161]. PCMs also provides an effective strategy to compensate for 

the low thermal inertia of buildings that may otherwise cause overheating and increased space 

cooling load requirements in buildings over summer [1]. The effectiveness of PCM depends on 
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climatic conditions [162]. In continental climates, energy savings in air conditioning, due to the 

assistance of PCM, has been reported to be between 4% and 95%, while in tropical climates, 

energy savings reported being limited to less than 17% [163]. 

PCM technology can be implemented into buildings, either passively [164][165] or actively 

[166]. In the passive application, PCM is integrated into the building construction materials. The 

PCM then absorbs the sunlight energy, stores it and releases it to the indoor environment on 

demand, through natural convection heat transfer, but with no control over the process [167]. 

Barzin et al. [46] studied the effect of price-based control on PCM underfloor heating in 

combination with PCM wallboards and hence demonstrated a successful morning peak load 

shifting but with only little improvement in evening peak load. The results showed 35% total 

energy saving with a corresponding 44.4% electricity cost-saving due to peak load shifting.  

In the active applications, on the other hand, forced convection is the dominant heat transfer 

mechanism between the storage material and indoor air for which some auxiliary electrical or 

mechanical devices are required [168]. PCM heat storage based on an active system has shown 

considerable recent research interest [54]. Prieto et al. [169] studied the dynamic performance 

of the PCM heat storage system in comparison with commonly used water storage tanks in a 

micro-cogeneration system, applied to a 450 m2 office space. Two PCMs namely Palmitic acid 

(melting temperature 64.5°C) and RT60 paraffin were used in flat plate heat exchangers, while 

hot water was used as a medium in the storage tank. The three thermal storage materials 

(Palmitic acid, RT60 and water) were analyzed in terms of the charge (melting) and discharge 

(solidification) periods and the rate of heat transfer. The results showed that both charge and 

discharge processes were longer (more than 1.5 times) for Palmitic acid due to its greater 

enthalpy compared to the RT60 paraffin. On the other hand, increasing the water tank volume 

by 20% resulted in the same charging time (0.63 h) and discharging time (0.98 h) of RT60 

paraffin system. In terms of the response to the thermal load demand, Palmitic acid also showed 

a better result as it provided a greater heat transfer rate (15.63 kW for the Palmitic Acid versus 

15.29 kW for the RT60 and 15.00 kW for the water) and stored more energy.  

The operation of the PCM heat storage system can be improved by implementing smart 

control strategies. Control strategies can result in a better energy demand management and 

demand response by rescheduling the system operation [170]. Gholamibozanjani et al. [79] 

applied the model predictive control strategy to service, domestic and office buildings in New 

Zealand to satisfy their heating demand in winter. In their simulation-based study, the heating 

demand of all buildings was calculated via EnergyPlus software. The buildings were planned to 
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receive the required energy from three different sources; a flat solar air heater, a PCM heat 

storage unit thermally charged by the solar heater, and a backup electric heater. The greatest 

cost-saving (about 57%) was achieved for domestic buildings by capturing daytime solar 

radiation to melt the PCM and then release it during demand time (late afternoon). However, 

the lowest cost-saving (about 11.46%) was related to the service buildings, which was required 

to be kept within the thermal comfort range for 24 h. Their results showed that increasing the 

horizon of the control strategy led to a greater energy saving. Increasing the time step also 

enhanced the horizon hours, although provided less accurate responses as it ignored some 

significant input data.   

Other research has theoretically applied some control strategies into a lab-scale [171] or 

large-scale buildings to reduce energy consumption as well as energy cost [172]. In terms of 

experimental application, Barzin et al. [53] implemented a control method into an experimental 

passive PCM-enhanced building, showing up to 60% energy saving. Fiorentini et al. [75] 

developed a hybrid model predictive control to optimize the operation of the air conditioning 

system of a building. They have done great work in investigating the potential of an active PCM 

storage in load reduction, theoretically. Then, a four-day experiment over a moderate weather 

condition of March showed a total energy-saving of about 10%.  

To the authors’ knowledge, nobody has experimentally evaluated the energy savings of a 

large-scale building incorporating an active PCM storage under different weather conditions. 

As the cost of PCM is still high (25 NZD/kg on average), providing control strategy has become 

essential to optimize the use of PCM, under different climatic conditions.  

In this study, the application of an active PCM storage was experimentally investigated for 

heating and cooling applications using two identical huts. One test hut was used as a reference, 

while the other one was used as a retrofit hut containing PCM as a storage medium. Both huts 

were equipped with a solar air heater and electric heater in winter, and air conditioning unit in 

summer. A smart control strategy was developed in LabVIEW software to ensure thermal 

comfort in the hut based on weather conditions in the city of Auckland, New Zealand. The 

experimental work presented here investigates the effect of PCM thermal energy storage on 1) 

collecting solar energy, and excess heat available in the environment for later use in winter, 2) 

capturing free night cooling for later use in summer, and 3) reducing the electrical energy used 

for heating and cooling, via the application of smart control. 
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3.2. Methodology 

3.2.1. Experimental setup 

3.2.1.1. Air–PCM heat storage units 

Two identical air–PCM heat storage units were designed and fabricated in the University of 

Auckland. The heat storage units’ body was made of acrylic sheets and contained 19 sets of 

aluminum storage modules (0.45 m × 0.30 m × 0.01 m) filled with a commercial PCM–RT25HC 

(manufactured by Rubitherm GmbH).  The overall weight of PCM in each unit was 

approximately 9.5 kg. RT25HC thermo-physical properties can be found from the references 

[141] and [142]. The melting and solidification temperatures of the PCM was 22–26°C and 26–

22°C, respectively [141]. The whole assembly was insulated with a 20 mm layer of PVC/NBR 

black rubber foam (thermal conductivity of about 0.037 W/m·K [140]). Fig. 3.1 shows one of 

the fabricated heat storage units with and without insulation. Detailed information can be found 

in reference [173] written by the authors of the current paper. The PCM heat storage units were 

then placed in one of the experimental huts, described in section 3.2.1.3, and received heat from 

a vertical solar air heater installed on the exterior wall of the hut.  

 

Fig. 3.1. Fabricated air–PCM heat storage unit, (A) without insulation, (B) with insulation, placed in the 

experimental hut 

 

(A) 

(B) 

Valves 

Outlet T of solar heater Room T 



Chapter 3. Heating/Cooling load reduction using PCM thermal storage  

 

69 

 

3.2.1.2. Solar air heater 

Solar air heaters are typically among the most cost-effective solar technologies used to 

capture solar energy and convert it into thermal energy [174]. In the current study, 1 m × 1 m 

non-concentrating flat plate solar air heater having 0.1 m × 1 m photovoltaic (PV) module on 

top of it was used to provide electricity to run an air fan (Fig. 3.2). The detailed information of 

the solar air heater was discussed in section 2.2. The solar air heater was designed to extract air 

from inside the experimental hut, warm it up and then return it to the room or to the PCM heat 

storage units. The air circulation was stimulated through a DC fan (Model AD0912XB-A71GP) 

driven by PV module to the room or via a fan, powered by electricity, to the heat storage unit. 

The power consumption of the fan was only 12 W. Thus, the energy consumption by the fan 

was less than 5% of the total energy stored in PCM. 

The performance of this solar air heater is discussed with more details in sections 3.2.1.3 

and 3.2.4.  

 

Fig. 3.2. Integrated solar air heater and photovoltaic module 

 

3.2.1.3. Experimental huts 

Experimental studies were carried out at Ardmore campus of the University of Auckland, 

New Zealand using two identical fully-instrumented experimental huts, namely “Hut 1” and 

“Hut 2”, as shown in Fig. 3.3. The huts with an interior dimension of 2.4 m × 2.4 m × 2.4 m 

were designed to operate independently. Both huts were built by Winston Wallboards Ltd., 

following NZS 3604 standard and elevated 0.4 m above the ground. The wooden frame was 

made of 0.098 m × 0.063 m timber. The exterior walls were 0.0125 m thick sheets of Plywood. 

The huts were equipped with a 1 m × 1 m north-facing single glazed window and were insulated 

using a 100 mm thick pink glass wool (R-value: 2.5 m2.K/W) in the walls and ceiling and a 60 

mm polystyrene foam (R-value: 2.2 m2.K/W) under the floor to reduce the heat losses. 13 mm 

gypsum boards were used as a surface layer on the interior walls and ceiling.  
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Fig. 3.3. The experimental huts located at the University of Auckland, New Zealand 

 

As the huts were built with the objective of thermal analyses, similar air tightness and 

insulation were assured. On the other hand, some experimental measurements were conducted 

when no heating/cooling energy source or energy storage medium was available in the huts. As 

shown in Fig. 3.4, the results confirm the same air tightness, insulation and thermal performance, 

consequently. There was a little difference in the shading of the huts which must be very small 

as the temperature measurement of both huts responded quite similarly.   

 

 

Fig. 3.4. The thermal performance of both huts when no heating/cooling energy source was provided 

Hut 1 Hut 2 Hut 3 
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An convection type oil-filled heater (SUNAIR, Model OHS1000), with a power of 1000 W, 

inside the room and a solar air heater on the exterior north wall of the huts were used to provide 

the heating demand in winter. Otherwise, an air conditioning (AC) unit (GREE heat pump, 

Model GWH09MB-K3DNA4H/O) was installed on the south wall to meet the required cooling 

demand for summer.  

Hut 1 was considered as a reference in all experiments throughout this study. But, in 

addition, Hut 2 was equipped with two identical air-PCM heat storage units connected in 

parallel. Fig. 3.5 displays a schematic view of different possible pathways used to supply the 

heating and cooling demand of Hut 2. The pathways were defined using 110 mm electric 

Polyvinyl Chloride valves (V1, V2, V3). Table 3.1 provides details on the status of valves, and 

the fans used to circulate air through the solar heater and PCM heat storage units. In this table 

status “1” denotes the ON mode of the unit and “0” refers to the OFF mode. Section 3.2.4 will 

elaborate on the conditions required to go through each pathway. 

The huts represent a small test building, which has a much larger external surface area to 

volume compared to a real building. Hence, they are more influenced by external environmental 

conditions. However, the objective of this study was to compare the thermal performance of a 

building with and without PCM storage. To this end, two identical huts under the same 

environmental conditions were used.  
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Fig. 3.5. Schematic view of (A) space heating and (B) space cooling used in Hut 2. 

 

Table 3.1 The status of valves, fans and electric heater in the different pathways 

Pathway V1 V2 V3 Fan (Solar heater) Fan (PCM storage) Electric heater/AC 

1 1 0 1 1 0 0 

2 1 1 0 0 1 0 

3 0 1 1 0 1 0 

4 0 0 0 0 0 1 

No action 0 0 0 0 0 0 
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3.2.2. Measurement instrumentation 

T-type thermocouples were installed on a sheltered area of the western wall of the huts (Fig. 

3.1). A T-type thermocouple was used to measure the inlet and outlet temperatures of the solar 

air heater. A thermocouple was inserted into the central metal container to measure the PCM 

temperature and two other thermocouples in the inlet and outlet air in the PCM storage unit. All 

thermocouples were calibrated against a reference thermometer (Ebro TFX430) from 0 to 50°C, 

which enabled a measurement sensitivity up to 0.02°C and an accuracy of ±0.45°C. In addition, 

a power meter, with an accuracy of up to ±0.5%, was incorporated to measure electricity 

consumed by the electric heaters or the AC units. A data acquisition system was used to receive 

the required data and send it to a computer, placed in control hut referred to as Hut 3 (Fig. 3.3).  

 

3.2.3. Data acquisition 

National Instruments CompactRIO (Compact Reconfigurable Input/Output) programmable 

controller is an advanced embedded control and data acquisition system, usually designed for 

applications that require high performance and reliability. CompactRIO incorporates a real-time 

embedded processor, a high-performance FPGA (Field Programmable Gate Array) and 

replaceable I/O (Input/output) modules mounted on the frame. Each I/O module is directly 

connected to the FPGA [175]. On the other hand, LabVIEW software which is a laboratory 

virtual instrumentation tool is used as an interface to design, program, process, collect and store 

the required data through a user-friendly graphical programming system [176]. LabVIEW 

software includes built-in support to transfer data from I/O modules to FPGA and from FPGA 

to the embedded processor for real-time analysis and data logging to a dedicated computer [175]. 

In the case of the current study, CompactRIO system (NI cRIO-9012, National Instruments, 

USA) is programmed to receive the temperatures of huts, PCM, outdoor and exit of solar air 

heater as well as the electric heater/AC unit power consumption through analog Inputs. After 

processing the data based on the comfortable temperature level, the corrective commands are 

sent to the electric heater/AC unit, fans, and valves (Fig. 3.1) to initiate the operation of the 

electric heater/AC unit, solar air heater and PCM heat storage units as shown in Fig. 3.6. All the 

required information is then stored in the host computer, placed in Hut 3.    
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Fig. 3.6. Data acquisition system in experimental huts 

 

3.2.4. Control system 

A smart energy management system can reduce energy consumption in the building sector 

[79] which accounts for almost 36% of total energy consumption worldwide [4], as well as 

greenhouse gas emissions [177]. In the current study, a smart control strategy was used to reduce 

the heating and cooling load requirements of a building while maintaining the indoor comfort 

temperature.  

3.2.4.1. Space heating 

Two different sets of experiments were carried out to investigate the benefit of active PCM 

storage for space heating. In the first experimental set, Hut 1 as a reference was heated directly 

by a solar air heater, while Hut 2 received its required energy from solar air heater and the 

surplus energy was stored in the PCM heat storage units for later use.  

In the second experimental set, both huts were equipped with a solar air heater and an electric 

heater, but Hut 2 was also provided with two identical PCM heat storage units. During cold 

seasons, the comfort temperature was set between 20°C and 25°C, during the day and between  

19°C and 20°C, during the night [25]. In this set, the solar air heater, in Hut 1, kept circulating 

air to the room so long as the room temperature was within comfort level and stopped once it 

reached the upper bound of thermal comfort. On the other hand, when the room temperature 

dropped below the lower bound of the thermal comfort range (20°C during the day and 19°C at 

C 
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night), the electric heater would be started. The range of operation for the electric heaters was 

between 20°C and 22°C during the day, and 19°C and 20°C during the night, where the lower 

bound of the heating range was equivalent to the lower bound of comfort temperature. Hut 2 

(Fig. 3.7) received energy from the solar heater and stored it in PCM so long as room 

temperature was within comfort level. As soon as room temperature dropped below comfort, 

the electric heater would be started. Once the room temperature reached the upper bound of 

thermal comfort, all energy sources were stopped. If the room temperature exceeded the upper 

bound of comfort temperature, plus PCM temperature was lower than the room temperature, 

then the PCM heat storage units collected the excess heat from the hut through pathway 3. Fig. 

3.7 shows the flowchart of the control strategy used in Hut 2.  

 

Fig. 3.7. Control algorithm applied to Hut 2 for heating in winter, in the second experimental set 
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3.2.4.2. Space cooling 

Two sets of control experiments were designed to evaluate the potential of active PCM 

storage for space cooling. In the first set, the thermal performance of Hut 1 was compared with 

that of Hut 2, which was equipped with PCM storage units. When the room temperature of Hut 

2 exceeded the upper bound of comfort level, and if PCM temperature was lower than room 

temperature, the PCM storage units removed heat from the hut while melting the PCM. During 

the resulting cooler hours (mainly at night), the collected heat was automatically released to the 

room. Hence, PCM was solidified for use in the following daytime.  

In the second experimental set, both huts were equipped with an AC unit, while in addition, 

Hut 2 was provided with PCM heat storage units. The operation of the PCM storage units, in 

Hut 2, was similar to that of the first experimental set. However, if the coolness stored in the 

PCM was insufficient to maintain the indoor comfort temperature and room temperature 

exceeded the upper bound of comfort level, the AC unit would start automatically. In Hut 1, the 

AC unit started as soon as the room temperature reached the upper bound of comfort level. Once 

the AC units were switched ON, they continued until the room temperature reached the lower 

bound of comfort level (Fig. 3.8). In the flowcharts, “no action” denotes the “OFF” mode of 

both cooling sources (AC and PCM). 

 

 

 

 



Chapter 3. Heating/Cooling load reduction using PCM thermal storage  

 

77 

 

 

Fig. 3.8. Control algorithm applied to Hut 2 for air-conditioning in the second set of experiments 

 

3.3. Results and discussion 

3.3.1. Space heating 

3.3.1.1. Application of air-based PCM system for heating in combination with solar 

heater 

In the first experimental set explained in section 3.2.4, the PCM heat storage units were 

placed in Hut 2 and connected to the solar heater, while Hut 1 was heated directly by a similar 

solar air heater. As displayed in Fig. 3.9, over a 3-day period from midday 24 July until midday 

27 July, the results showed that the PCM heat storage units improved the thermal efficiency of 

Hut 2 in comparison to Hut 1. This improvement was reflected in the period when indoor room 

temperature remained within the comfort zone, as well as the indoor minimum and maximum 

temperatures. Hut 2 remained within the comfort zone 54% longer period than Hut 1. In fact, 

utilizing the high latent heat of PCM, solar energy was stored during sunny hours to be used 
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during colder hours, in the evening. This storage ability helped Hut 2 to go through a lower 

temperature rise during sunny hours, and a lower temperature decrease during cooler hours, 

respectively. On the other hand, Hut 1 experienced a sharp temperature rise and drop during the 

same periods, as shown by red and yellow square symbols in Fig. 3.9. As a result, it can be 

observed that unlike Hut 2, Hut 1 exceeded the upper bound of comfort temperature (by 2°C to 

4°C). In addition, the minimum temperature in Hut 2 was always about 3°C higher than that in 

Hut 1 (shown by a red arrow in Fig. 3.9), due to PCM assisted heating. 

 

 

 

 

 

 

 

  

Fig. 3.9. Thermal performance of huts in the first experimental set, over a 3-day period. 

 

3.3.1.2. Application of air-based PCM in combination with solar and electric heaters  

In this section, both huts were heated using solar and electric heaters, but in addition Hut 2 

was provided with two identical heat storage units. The objective of this experiment was to 

maintain the indoor room temperature of both huts within the comfort level and prevent the 

temperature from falling below the lower bound of comfort temperature (19°C at night and 20°C 

during the day). Besides, if room temperature exceeded the upper bound of comfort temperature, 

the excess heat was absorbed by using PCM (pathway 3, shown in red rhombus box in Fig. 3.7), 

cooling the air in Hut 2. Fig. 3.10 displays the effect of PCM on capturing the excess heat from 

Hut 2, which occurred due to incoming solar radiation through windows. It should be mentioned 

that solar air heaters and electric heaters were switched OFF for the experiment of Fig. 3.10. It 

is obvious that room temperature in Hut 2 remained within the comfort level during the entire 

day due to the assistance of PCM heat storage; unlike, Hut 1 experienced overheating for almost 
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seven hours as shown by a yellow oval in Fig. 3.10. Hut1 room temperature was above upper 

limit of comfort level for 23 °C.h.    

 

 

 

 

 

 

 

Fig. 3.10. The effect of PCM heat storage unit on overheating mitigation in Hut 2 compared to Hut 1 with no 

PCM heat storage unit  

 

Based on the control strategies discussed in section 3.2.4.1, the thermal performances of 

both huts are shown in Fig. 3.11, over a 28-day period between 26 June (midday) and 24 July 

(midday), 2019. It can be seen that the indoor temperature of both huts was kept above the lower 

bound of the comfort level by the electric heaters. However, the indoor temperature of both huts 

sometimes exceeded the upper bound of the comfort temperature (25°C) during sunny hours 

because of the high surface area per volume of huts, which is very different from real buildings.  

This overheating can be observed over the period between 26 June and 2 July. Hence, to prevent 

the undesired overheating, the windows of both huts were curtained, and, improved the indoor 

temperature of the huts reasonably, from 3 July until 24 July.  

It is surprising that although the weather on 3 July was cloudy and there was no direct solar 

radiation, diffuse solar radiation was captured via the solar air heater and used to charge the 

PCM in the heat storage units, consequently (Fig. 3.11).  
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Fig. 3.11. Thermal performance of Hut 2 in the presence of heat storage units and an electric heater, compared to 

the Hut 1 with electric heater only, over a 22-day period 

 

For both curtained and not curtained windows, the results confirmed that Hut 2 consumed 

less electrical energy compared to Hut 1 due to the heat stored in the PCM storage units. The 

PCM heat storage units absorbed the daytime sunlight energy (pathway 2) and released it during 

the cooler hours (pathway 3), and hence reduced the heating demand. This load reduction via 

the PCM storage can be observed more clearly through the thermal behavior of the huts during 

two consecutive winter days (midday 15 July until midday 17 July), shown in Fig. 3.12.  
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Fig. 3.12. Thermal performance of Hut 2 in the presence of heat storage units and electric heater compared to the 

Hut 1 with an electric heater only (15 -17 July) 

 

The associated environmental conditions, such as solar radiation, outdoor temperature, and 

electricity price, are also given. Fig. 3.12 also shows the status of the electric heaters in both 

huts, where value “1” denotes the ON mode and “0” refers to the OFF mode of the heaters. As 

shown in this figure, the comfort level was set between 20°C and 25°C during the day (from 5 

am until 11 pm) and 19°C to 20°C during the night (from 11 pm until 5 am in the following 

day). In addition, the operating temperature range for the electric heaters was between 19°C and 

20°C during the night, and between 20°C to 22°C during the day. Results showed that from 

midnight until 8:30 am on 15 July, the electric heaters were in operation in both huts. In fact, 

from midnight until 5 am, the electric heaters started as soon as the room temperature dropped 

below the lower bound of comfort temperature at night (19°C) and continued until the room 

temperature reached 20°C and then stopped. Over the period between 5 am and 8:30 am 

(daytime setting), the range of the electric heater’s operation was between 20°C and 22°C. After 

Pathway 3 Pathway 2 Pathway 3 Pathway 2 
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the electric heaters were automatically switched OFF, the room temperature in both huts 

decreased, and once the room temperature reached the lower bound of the comfort temperature, 

heaters were automatically switched ON, again. These processes were repeated and hence 

created the fluctuations seen in Fig. 3.12, from midnight until 8:30 am. Then, solar radiation 

heated the huts until the room temperature reached the upper bound of the comfort temperature 

(25°C). In Hut 1, the captured energy via solar heater directly heated the room, while, in Hut 2, 

the collected solar energy was stored in the PCM heat storage (Pathway 2, shown in Fig. 3.7) 

and then used to heat the room. Thus, the room temperature of Hut 2 increased at a slower rate 

compared to Hut 1. After staying within the comfort level for a couple of hours, the electric 

heater in Hut 1 was automatically switched ON at 6:30 pm and operated continuously until next 

morning; However, in Hut 2, it started at around 9 pm for only 20 min, followed by using energy 

stored in PCM until 2:30 am next day. The electric heater then continued operating until the 

next morning.  Hence, the assistance of PCM heat storage units resulted in 28% electrical energy 

saving.  

It is also worth noting that based on the Auckland weather condition, the hours between 6 

pm and 9:30 pm are considered electricity use peak hours, during which the electricity price for 

the wholesale energy market was higher (around 130 NZD/MWh compared to 90 NZD/MWh 

during low demand hours [178]). Therefore, utilizing PCM heat storage not only saved energy, 

but also electricity cost through peak-load reduction.  

The purpose of the abovementioned experimental measurements carried out over a 28-day 

period during June and July 2019, was to determine the effect of PCM heat storage on the energy 

consumption of the huts in cold seasons. Fig. 3.13 shows that the implementation of PCM 

storage had a consistently positive effect on the thermal performance of Hut 2, leading to lower 

electrical energy consumption and cost (average daily savings of 14.6%) compared to Hut 1.  

The effectiveness of PCM was influenced by outdoor temperature and proper charge and 

discharge processes. In other words, if PCM melts completely during a day, it can provide 

maximum utilization for the following night. On the other hand, the cooler a night is, the faster 

the PCM will be discharged; hence, it can satisfy the heating demand for a shorter period. For 

instance, during the day of 2 July, PCM was melted completely and during the following night, 

the outdoor temperature did not drop much (remained at around 16°C). Thus, as shown in Fig. 

3.14, Hut 2 did not require any electrical heating until around 5 am on 3 July, while Hut 1 used 

electric heating from around 8:30 pm on 2 July. This load reduction in Hut 2 resulted in about 

54% energy saving compared to Hut 1. In contrast, if the PCM fails to go through an appropriate 
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charge and discharge processes such as the day on 14 July (Fig. 3.15 A) (which was not charged 

completely), or releases its energy very fast due to the very cold outdoor temperature, such as 

the day on 6 July in Fig. 3.15 B, the majority of the heating demand will be provided by the 

electric heater. As a result, only 2.2% and 4.5% energy savings were achieved on 14 July and 6 

July, respectively (Fig. 3.13). 

 

 

Fig. 3.13. The energy consumption of electric heaters in the huts over a 28-day period in June and July 2019 

 

 

Fig. 3.14. The thermal performance of the huts over the period between midday 2 July and midday 3 July 
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Fig. 3.15. The thermal performance of the huts over the period between (A) midday 14 July and midday 15 July, 

(B) midday 6 July and midday 7 July 

 

From Fig. 3.13 it is also obvious that sometimes the energy saving was negative in Hut 2, 

such as the day of 12 July. The reason is that PCM was solidified during the nighttime of 12 

July (midnight until 6 am). On the other hand, during the daytime of 12 July, the weather was 

cloudy and PCM was not fully charged as shown in Fig. 3.16. Hence, electric heating not only 

was used to ensure comfort temperature but also to melt the PCM.  
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Fig. 3.16. The thermal performance of the huts over the period between midnight 12 July and midday 13 July 

 

Fig. 3.17 illustrates the daily energy saving in Hut 2 compared to Hut 1, over a 28-day period 

during the months of June and July as well as a 19-day period in May 2019. Results showed that 

during the months of June and July which are the coldest seasons of Auckland city, the daily 

energy-saving reached up to 54% and as low as -4% with a corresponding 10.3% accumulative 

energy-saving, due to the assistance of PCM heat storage units and solar air heater. During the 

month of May, which is autumn in Auckland and the weather is more moderate, between 10% 

and 100% daily energy saving with a corresponding 40% accumulative energy saving was 

achieved. The energy and cost saving achieved in May was higher than that in June/July as more 

sunny days were available and hence PCM could melt completely during daytime. On the other 

hand, the nighttime temperature was an average 4°C higher than that in June/July, which then 

resulted in less energy demand in May. Thus, a higher percentage of energy was provided by 

the PCM storage unit. 
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Fig. 3.17. Daily energy saving for Hut 2 compared to Hut 1 over (A) a 28-day period in June-July and (B) a 19-

day period in May 2019 

 

3.3.2. Space cooling 

3.3.2.1. Application of PCM storage units  

In the first set of experiments, explained in section 3.2.4.2, the performance of the PCM 

storage units was studied. To this end, the PCM storage units were incorporated into Hut 2. The 

thermal performance of Hut 2, obtained over three days from 15 to 18 March 2019, was then 

compared with that of Hut 1. Fig. 3.18 shows the indoor temperature profile of both huts together 

with the outdoor and PCM temperatures. As shown by arrows, although the PCM storage units 

were not able to fully satisfy the comfort condition, Hut 2 experienced 22%, on average, less 

variation in indoor temperature between day and night. Indeed, the PCM storage units were 

automatically started absorbing excess heat by sucking indoor air and returning cooler air as 

soon as the room temperature exceeded the upper bound of comfort level (25°C).  As a result, 

less temperature increase was observed during the day, compared to Hut 1. On the other hand, 

in the late afternoon, when the room temperature of Hut 2 dropped below the lower bound of 

comfort level (22°C) and if PCM temperature was higher than room temperature, air circulation 

through the PCM storage units initiated and hence PCM was solidified. The exit air from the 

storage units was then released to the room, which prevented the temperature from falling below 

(A) 

(B) 
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the comfort level for about one hour, as shown by a red circle in Fig. 3.18. More efficient PCM 

solidification could be achieved through fresh air ventilation. In contrast, there was a sharp 

temperature drop during the same period in Hut 1. As a result, Hut 1 experienced 32°C.h lower 

temperatures during the nights from 15 March to 18 March. 

 

 

 

 

 

 

 

Fig. 3.18. Thermal performance of Hut 2 in the presence of PCM storage units compared to Hut 1 

 

3.3.2.2. Application of PCM storage units in combination with AC unit 

The results from the first set of experiments for Hut 2 showed that the PCM storage units 

were not able to fully maintain comfort level. Next, the PCM storage units were used in 

combination with an AC unit in Hut 2, while a similar AC unit was used in Hut 1. The control 

systems, discussed in section 3.2.4.2, were applied to Hut 1 and Hut 2, respectively. In this set 

of experiments, the comfort level was set between 22°C and 25°C [25]. In fact, in summer, PCM 

application is useful only if the upper limit of comfort standard set by World Health 

Organization is maintained; PCM cannot provide the lower limit of comfort level at 18°C, in 

summer. Fig. 3.19 illustrates the thermal behavior of both huts based on the new design over a 

one-day experiment on 30 March 2019. The relevant environmental conditions, such as solar 

radiation and outdoor temperature, and electricity prices, are also shown. Besides, the operation 

of the AC units in the huts is shown, where the value “1” denotes the ON mode of the AC unit, 

and “0” refers to the OFF mode.  
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Fig. 3.19. Thermal performance of Hut 2 in the presence of PCM storage and AC unit compared to the Hut 1 with 

an AC unit only, under low solar radiation 

 

Based on this experiment, at around 11:30 am the room temperature of both huts exceeded 

the lower bound of comfort level (22°C). The room temperature of Hut 1 kept increasing until 

it reached the upper bound of comfort level at 25°C, and hence, the AC unit started automatically 

(at 12:40 pm). The AC unit continued operating until the room temperature dropped to 22°C. 

However, the presence of PCM storage units in Hut 2 (pathway 1 in Fig. 3.8) allowed the AC 

unit to start about 30 min later. After the AC units were automatically switched OFF, the room 

temperature in both huts started to increase. However, the room temperature of Hut 2 increased 

at a lower rate compared to Hut 1 (1.15°C/h in Hut 2 versus 1.75°C/h in Hut 1) due to the 

additional cooling induced by PCM. Once the room temperature reached the upper bound of the 

comfort level, AC units were automatically switched ON again. These processes were repeated 
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and hence created the fluctuations seen in Fig. 3.19 from 12:40 pm until 5 pm. During this 

period, the AC unit in Hut 2 operated 21% less than the one in Hut 1.  

At around 11 pm, PCM was solidified by circulating the nighttime indoor air into the PCM 

storage for use in the following day. The PCM used in this study begins freezing at a relatively 

high temperature (26°C) compared to its melting, which starts at 22°C [141], making this PCM 

a suitable type for building applications. 

It is also worth noting that the electricity price in Auckland during the cooling demand 

period was significantly higher (around 200 NZD/MWh compared to 100 NZD/MWh during 

low demand hours). Hence, utilizing PCM storage would not only save energy but also reduce 

electricity costs through peak-load shaving for residential users.  

Based on the thermal performance of the huts on a summer day with low solar radiation 

(Fig. 3.19), about 30% of energy-saving was achieved. In fact, because of the low solar radiation, 

the room temperature of the huts did not get very high, hence less energy was required to cool 

down the rooms during the daytime. During a day with medium solar radiation, Fig. 3.20 shows 

a daily energy saving of approximately 10%. 
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Fig. 3.20. Thermal performance under medium solar radiation of Hut 2 in the presence of PCM storage and AC 

unit compared to the Hut 1 with AC unit only 

 

The same set of experiments was carried out over 20 days of warm season (spanning from 

the end of March to the second weeks of April 2019) and 10 days of the real summer (January 

2020) to determine the energy consumption of the AC units in both Hut 1 and Hut 2. Fig. 3.21 

and Fig. 3.22 show the daily energy consumption of the AC units in both huts used to ensure 

comfort and daily energy-savings achieved due to the implementation of PCM in combination 

with the control strategy. These figures show that the incorporation of PCM storage units had a 

consistently positive effect on the thermal performance of Hut 2, leading to lower usage of the 

AC unit compared to Hut 1. The level of energy savings estimated for the huts confirms this 

observation. Daily energy-saving varied from 10% to 60% in warm season, and 2% to 26% 

during the hot summer. The corresponding accumulative energy saving over the warm and 

summer periods was about 30.4% and 10%, respectively. In general, the lowest energy savings 
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occurred on the hottest days, and vice versa. The hotter the day, the more energy was required 

to cool the room, and the lower the proportion of this energy could be provided via the PCM 

storage. For instance, the energy-saving for the day of 29 March 2019 was only about 10%. In 

contrast, the day of 28 March was less hot, requiring less amount of energy; hence, it showed 

about 57% energy saving. However, on some days, almost no energy saving was achieved. The 

reason was the cool weather, such as the day on 1 April, or very hot weather outside, such as 

the day on 27 January (Fig. 3.23). In fact, the former did not have any cooling demand during 

the daytime, while the latter required a considerable amount of cooling under high solar 

radiation. Also, the outdoor temperature on the preceding night did not drop enough to solidify 

the PCM and hence did not assist in air conditioning.   

 

 

 

 

 

 

 

 

 

Fig. 3.21. (A) Daily energy-saving and (B) daily energy consumption of the AC unit of the huts over 20 days in 

March and April 2019 
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Fig. 3.22. (A) Daily energy-saving and (B) daily energy consumption of the AC unit of the huts over 10 days in 

January 2020 

 

 

Fig. 3.23. Thermal performance of both huts under high solar radiation of 27 January 

 

Energy-saving can also be affected by the nighttime outdoor temperature, as well. As shown 

in Fig. 3.24, from 27 March until 2 April 2019, the outdoor temperature in Auckland dropped 

only to 15°C at night. However, in the second period from 2 to 15 April, the temperature reached 

(A) 

(B) 
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as low as 10°C at night. The low temperature in the second period allowed PCM to solidify 

entirely and increase energy saving. For example, the energy requirement during the daytime 

for Hut 1 on 27 March and 8 April were similar. However, in Hut 2, the AC unit operated on 8 

April less frequently than the day on 27 March (Fig. 3.25) due to the low outdoor temperature 

at night (Fig. 3.24), which enabled PCM to capture the nighttime coolness effectively and hence 

more energy saving was achieved (62.8% versus 17.5%). The heating demand and outdoor 

nighttime temperature, during the summer period, was also high. Thus, the maximum energy 

saving was about 26%.   

 

 

Fig. 3.24. PCM performance based on the application of PCM storage units in combination with AC unit, over a 

20-day period 

  

 

 

 

 

 

 

 

Fig. 3.25. The AC operation mode of the huts on 27 March with a cooler night compared to 8 April 

 

(A) 27 March (B) 8 April 
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3.4. Conclusions 

A smart control strategy powered by LabVIEW software was successfully implemented into 

two identical experimental huts, located at the University of Auckland. A solar air heater and an 

electric heater in winter or an air conditioning unit in summer were used to ensure comfort 

temperature in both huts, while in addition one of the huts was provided with two identical PCM 

heat storage units. Conclusions based on the results are: 

• PCM heat storage showed a good performance in storing the daytime solar radiation 

and releasing it during the following cooler hours and hence reducing the indoor 

temperature variation between day and night by 42%.  

• The accumulative electrical energy saving used for heating over 19 days in mild winter 

(May) and over 28 days in cold seasons (June/July) were 40% and 10.3%, respectively. 

The greater energy saving in May was due to the higher ambient temperature which 

helped PCM melt completely during the day and satisfy the greater proportion of energy 

demand during the night.   

• The maximum energy saving in winter was achieved when the PCM was able to go 

through charge and discharge processes properly, and not a very cold weather condition 

(below 5°C) was dominant.   

• The use of an active PCM storage unit was successful in capturing the free coolness 

available at night to minimize indoor temperature rise (by 2°C) during the day and hence 

reduce the energy needed for air conditioning (20% on average) during the following 

day.  

• An accumulative energy savings of about 30% and 10% were achieved, over 20 days of 

warm period (spanning from the end of March to the second weeks of April 2019) and 

10 days of the hot time (January 2020) of the year, respectively. 

• Maximum energy saving in summer was made when the nighttime temperature fell well 

below the melting temperature of the PCM and limited saving was achieved on very hot 

days.  

• For space heating, PCM can melt completely during day by the use of solar air heater. 

The maximum nighttime temperature should be around 18°C to solidify the PCM, 

completely. If day temperature is at least at 20°C and average solar radiation is 300 

W/m2 the full capacity of PCM is utilized and energy saving is around 3.5 MJ. For 

higher solar radiation of 400 W/m2, PCM will melt even if outside temperature is below 

20°C. 
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• In summer, a nighttime temperature below 18°C can solidify the PCM completely. 

Therefore, the full capacity of PCM would be exploited..
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Chapter summary 

Peak load shifting, a load management policy, has attracted widespread attention as it can 

minimize the impact of load variation on the national electrical distribution and reduce the 

electricity costs. Phase change materials (PCMs) can contribute to peak load shifting by storing 

the daytime solar energy in winter/free night cooling in summer or the low-rate energy provided 

at off-peak hours for use during the high electricity peak period. This study aimed to 

experimentally investigate the effect of an active PCM storage in combination with a price-

based control on peak load shifting. The experiments were conducted using two identical test 

huts, which were equipped with an electric and solar air heater during cold seasons or an air 

conditioning unit during warm seasons.  But in addition, one of the huts was equipped with an 

active PCM storage unit charged by the solar heater. A CompactRio data acquisition system, 

powered by LabView interface, was used to transfer data and communicate with a host 

computer. Results showed that the proposed system was successful in shifting both heating and 

cooling demands to the off-peak periods. Up to 47% of daily energy-saving (~ 0.83 kWh) with 

a corresponding 65% of electricity cost-saving, in winter and up to 23% daily energy saving (~ 

0.27 kWh) with a relevant 42% of cost-saving, in summer, were achieved. 

 

4.1. Introduction 

Peak demand or peak load is referred to as the maximum demand over a specific billing 

period. Peak demand usually varies for different types of buildings [179]. For instance, peak 

demand for a commercial building lasts for a short period; however, it accounts for half of the 

overall electricity bill. Hence, peak load shifting does not only reduce the peak demand, but it 

also saves substantially on energy costs [47]. A control system and utility management can 

reduce the electricity demand in a building by switching off unnecessary electrical facilities such 

as nonessential lights or water heaters. Demand management can result in a 15% to 20% 

reduction in electricity cost of industrial and commercial buildings [179]. Studies show that peak 

load management can lead to a 10-15 billion dollar cost-saving in the US market annually [48]. 

Out of the commonly adopted methods for peak demand management, peak load shifting is the 

most widely used [47]. Load shifting takes advantage of electricity rate differences between 

different periods by shifting on-peak loads to off-peak hours [180].  

In industrialized countries, heating, cooling, and air conditioning account for almost 30% of 

the total electrical energy used [107]. Hence, the use of thermal energy storage could contribute 
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significantly to peak load shifting. Thermal energy storage systems that store high- or low-

temperature energy for later use are among the most effective means of load shifting [181]. 

Phase change materials (PCMs), as the media of thermal energy storage, are promising because 

of their high latent heat and thermal storage capacity per unit volume, and they are able to absorb 

and release energy at almost constant temperature [173]. PCMs can store daytime solar energy 

to be used for space heating during early evening peak hours during cold seasons [79]. On the 

other hand, storing free cooling available in summer at night via PCM does not only shift cooling 

load to off-peak hours, but it also reduces electricity consumption [4]. In fact, if PCM cannot 

provide thermal storage of free energy, it can be used to shift electrical load used in conventional 

heating and cooling of buildings [182].  

The integration of PCMs into buildings entails some extra costs for equipment [42]. Thus, 

the cost of this equipment must be weighed against the utility benefits that could result from the 

widespread use of such a system. Hence, the establishment of a control strategy has become 

essential to optimize the use of PCMs in buildings and to lower investment costs [32]. Some 

factors, such as peak power reduction, thermal comfort, and indoor air quality, should be taken 

into account in the development of an advanced control strategy.  

Some control strategies have been applied to buildings which are equipped with a passive 

or active PCM system. Barzin et al. [53] studied the potential of PCM for shifting heating peak 

loads. Using DuPont wallboards as passive thermal storage in combination with a price-based 

control led to a successful peak load shifting. In fact, two temperature ranges were considered 

for the operation of the electric heater. During off-peak hours, the controller kept the room 

temperature between 21°C and 23°C (to heat the room and charge the PCM) while, during the 

peak hours, the room temperature was kept between 17°C and 19°C (to discharge PCM). The 

results showed up to 62.4% daily cost-saving, depending on the price of electricity.  

An active PCM system is preferred when more precise control of a system or greater heat 

transfer performance is required. As an example, the integration of PCM into heat pumps 

enhances their coefficient of performance [183]. Stathopoulos et al. [55] showed the benefit of 

a PCM storage for peak load shifting. In their experimental work in France, a heat exchanger 

unit composed of a set of plates containing paraffin with a melting point of 37°C was integrated 

into a ventilation system in a test cell. Through a rough estimation of the test cell’s energy 

requirement and the energy provided from PCM storage, the capability of the system for peak 

load shifting was demonstrated.  
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This paper aims to evaluate the performance of an experimental hut in the presence of active 

air-PCM heat storage in combination with a price-based control for shifting both heating and 

cooling loads, which has not been previously tested by others. To this end, a smart control 

strategy was implemented, into two experimental huts, to prioritize the use of different sources 

of energy based on hourly electricity price. The experiments were conducted under real 

environmental conditions of Auckland city in New Zealand. 

 

4.2. Methodology 

4.2.1. Experimental setup 

4.2.1.1. PCM storage unit 

Two identical air-PCM heat exchanger units were designed and fabricated in the University 

of Auckland. Fig. 4.1 shows one of the fabricated storage units, together with its schematic plan 

view. The body of the storage units was made of acrylic sheets and contained 19 sets of 

aluminum storage modules (0.45 m × 0.30 m × 0.01 m) filled with a commercial PCM-RT25HC 

(manufactured by Rubitherm GmbH) having a melting point of 22°C to 26°C. The 19 modules 

were stacked vertically with 5 mm gaps between them, while the space between the modules 

and wall was set at 2.5 mm. The overall weight of PCM in each unit was approximately 9.5 kg. 

RT25HC thermo-physical properties can be found in references [141] and [142]. This PCM was 

selected based on the available data on solar energy, comfortable temperature, and weather 

conditions in the city of Auckland. Based on the heating demand of the huts, it was decided to 

use two storage units. One T-type thermocouple was inserted into the center of the PCM inside 

one of the modules to measure PCM temperature. Air flow through the gaps between the 

modules exchange heat with the PCM. The whole assembly was insulated with a 20 mm layer 

of PVC/NBR black rubber foam (thermal conductivity of about 0.037 W/m·K [140]). Detailed 

information can be found in reference [173] by the authors of this paper. 
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Fig. 4.1. (A) The Fabricated PCM storage unit, and (B) schematic top-view of the unit 

 

4.2.1.2. Experimental huts 

Experimental studies were carried out at Ardmore campus of the University of Auckland 

using two identical fully-instrumented experimental huts, namely “Hut 1” and “Hut 2”, as shown 

in Fig. 4.2. The huts which had interior dimensions of 2.4 m × 2.4 m × 2.4 m were designed to 

operate independently. Both huts were built using standard lightweight materials and were 

elevated 0.4 m above the ground. They were equipped with a 1 m × 1 m north-facing single 

glazed window. Detailed information about the huts are mentioned in section 3.2.1.3. Both huts 

received their required energy for space heating from a convective type oil-filled heater 

(SUNAIR, Model OHS1000), with a power of 1000 W, and a 1 m × 1 m solar air heater, which 

was used to capture solar energy and convert it into thermal energy. For space cooling, an air 

conditioner (AC) unit (GREE heat pump, Model GWH09MB-K3DNA4H/O), with a power of 

730 W and COP of 3, was installed to provide the extra cooling required. One of the huts (Hut 

2) was provided with two identical PCM storage units connected in parallel in order to provide 

sufficient thermal storage, while Hut 1 was considered as a reference in all experiments in this 

study.  

Fig. 4.3 displays a schematic view of the different energy sources and the possible flow 

pathways used to supply heating and cooling to the huts. The pathways were controlled using 
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electric Polyvinyl Chloride (PVC) valves (V1, V2, V3). A fan (Model AD0912XB-A71GP), 

driven by a photovoltaic module, was used to suck the indoor air into the solar collector, warm 

it up and return it to the room. Another inline fan, powered by electricity, was also used to assist 

in circulating air into the PCM storage unit. The power consumption of the fan was only 12 W, 

which accounted for less than 5% of the total energy stored in PCM. Table 4.1 provides details 

on the status of valves and the fans used to circulate air through the solar heater and PCM heat 

storage units. In this table status “1” denotes the ON mode of the unit and “0” refers to the OFF 

mode. 

 

 

 

 

 

 

Fig. 4.2. The experimental huts located at the University of Auckland, New Zealand 

 

Fig. 4.3. Different possible pathways used for (A) space heating and (B) space cooling  
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Table 4.1 The status of valves, fans and electric heater in the different pathways 

Pathway V1 V2 V3 Fan (Solar heater) Fan (PCM storage) Electric heater 

1 1 0 1 1 0 0 

2 1 1 0 0 1 0 

3 0 1 1 0 1 0 

4 0 0 0 0 0 1 

No action 0 0 0 0 0 0 

 

4.2.2. Measurement instrumentation 

A T-type thermocouple was inserted into the central metal container of the thermal storage 

unit to measure the PCM temperature. A thermocouple was also installed on a sheltered area of 

the western wall of the huts to measure the indoor room temperatures. Thermocouples were 

calibrated against a reference thermometer, Ebro TFX430, with a stated accuracy of ±0.5°C in 

the temperature range of 0 to 45°C. A kWh meter, with accuracy ±0.5%, was installed to 

measure the electricity consumed by the electric heater or the AC unit [46]. A data acquisition 

system received all data and recorded it to a computer placed in the control hut referred to in 

Fig. 2 as Hut 3. The airflow rate was measured manually using a digital anemometer model AM-

4201. The weather conditions, including ambient temperature, solar radiation, and wind speed 

and direction, were monitored using HOBOlink, model RX3000 Station - CELL-3G, connected 

to the CompactRio control unit. 

 

4.2.3. Data acquisition  

Data acquisition is the process of measuring physical conditions and converting them into 

digital numeric values that can be manipulated by computers. A real-time embedded controller 

can be used to communicate with a field-programmable gate array (FPGA) module, digital 

input, digital output and analog output of compact reconfigurable technology (cRIO) mounted 

on an Ethernet chassis [184]. In this study, a National Instruments CompactRio (NI cRIO-9012, 

National Instruments, USA) was used to receive the temperature of the huts, PCM and outdoors 

as well as to record electricity prices. Corrective signals would then be sent to control the 

operation of the PCM storage units, AC unit (in summer), solar and electric heaters (in winter) 

(Fig. 4.4). A laboratory virtual instrumentation tool, LabVIEW software, was used as an 

interface to design, program, process, collect, and store the required data through a user-friendly 

graphical programming system [176]. LabVIEW software includes built-in support to transfer 
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data from Input/Output modules to FPGA and from FPGA to the embedded processor for real-

time analysis and data logging to a dedicated computer [175].   

 

 

Fig. 4.4. Data acquisition system in experimental huts 

 

4.2.4. Control system 

Designing effective load scheduling, energy and comfort management techniques is a 

promising and sustainable solution for the building sector to fulfill their energy demands at a 

reduced cost while also reducing CO2 emission [185]. In the current research, control strategies 

were applied to provide peak load shifting in buildings for different seasons. The control systems 

were implemented based on space heating demand for the cold seasons and space cooling 

demand for the warm seasons. For peak load shifting, the use of electricity during high wholesale 

market price periods was postponed and used during cheaper periods. To this end, PCM storage 

units stored solar energy or cheaper electrical energy available at low peak load to be utilized 

for space heating, during peak hours. During warmer seasons, the PCM unit also, stored free 

cooling, available at night, or lower-price electricity to be used for space cooling, during peak 

periods. Electricity price was calculated using the average of electricity prices for the months of 

June and July for cold seasons, and that of January and February for the warm seasons which is 

shown in the figures of section 4.3.1 and 4.3.2. 

Throughout this study, the control system operated the PCM storage units, electric and solar 

heaters for space heating based on the flowchart shown in Fig. 4.5. The profile of the electricity 

price in Auckland indicates that there are two main electricity peak during cold seasons: morning 

and evening [46]. The control algorithm allowed PCM to absorb daytime solar energy by 

- Room temperature of Hut 1 and Hut 2 

- PCM temperature, if applicable 

- Exit of solar air heater temperature, if applicable 

- Outdoor temperature 

- Electricity price 
- Price constraint 

The operation of: 

- PCM heat storage unit 

- Solar air heater, if applicable 

- Electric heater / AC unit 



Chapter 4. Peak load shifting using a price-based control  

 

106 

 

melting and release it during the early evening peak hours. Alternatively, cheaper electricity 

available at night was utilized to melt the PCM, using the electric heater. The stored latent heat 

of solidification was then introduced to the room to shift the following morning peak period.  

In cold seasons, the indoor comfort temperature was assumed between 19°C and 25°C, while 

the heater’s operation range was set between 19°C and 20°C. When room temperature fell below 

the upper bound of heater’s operation range (20°C), and if electricity price was high (electricity 

price greater than price constraint), the energy stored in PCM was used to maintain comfort. If 

the room temperature dropped below the lower bound of comfort level (19°C) and the price of 

electricity was low, the electric heater would start to heat the room and melt the PCM. During 

expensive hours, the heater was used to heat the room only, and hence the PCM was not charged. 

In the flowcharts, “no action” denotes the “OFF” mode of all heating or cooling sources (AC, 

solar and electric heater and PCM storage unit). When room temperature was above the upper 

bound of the heating range, but still within the comfort level, the solar heater would operate to 

store energy in PCM for later use. In contrast, Hut 1 was heated by an identical solar heater (so 

long as room temperature remained within the comfort level) or by the electric heater (once the 

room temperature dropped below the lower bound of comfort temperature).  

In warm seasons, the control strategy followed the algorithm shown in Fig. 4.6. The comfort 

level was set between 19°C and 20°C during the nighttime (lower-rate electricity hours), while 

it was set between 22°C and 25°C during daytime. Once the room temperature exceeded the 

upper bound of comfort level, the AC unit would hence start to sustain comfort until it reached 

the lower bound of comfort level. During the off-peak period, the AC unit was used not only to 

cool down the room but also to solidify the PCM for later use. During peak hours, the PCM unit 

in Hut 2 assisted in absorbing the excess heat from the room and hence shifted the cooling peak 

load while Hut 1 used the AC unit only to ensure comfort.  
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Fig. 4.5. Control algorithm applied to Hut 2 for peak load shifting in cold seasons 
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Fig. 4.6. Control algorithm applied to Hut 2 for peak load shifting in warm seasons 

 

4.3. Results and discussion 

4.3.1. Heating peak load shifting 

To test the benefit of PCM in combination with a price-based control for space heating, the 

algorithm shown in Fig. 4.5, was followed. To this end, an experiment was conducted over the 

period between 7 Sep and 9 Sep 2019, as shown in Fig. 4.7. The indoor room temperature was 

set between 19°C and 25°C to ensure thermal comfort, while the heater’s operation range was 

set between 19°C and 20°C.  

No 

If Troom > T
UC

 
No Yes 

If Troom < T
LC

 

Yes 

If T
room

 < T
PCM

 

No 

Yes 

No action 

Pathway 3 

Measurements: 

- Room temperature (T
room

) 

- PCM temperature (T
PCM

)  

 

Input parameters: 

- Lower comfort temperature (T
LC

) 

- Upper comfort temperature (T
UC

) 

- Price constraint (PC) 

- Current electricity price (EP) 

 

No 

Yes 

Pathway 3 & 

Pathway 4 

T
room

 > T
LC

 

No 

Pathway 4 

Yes 

Stop  

If EP < PC No 

T
room

 > T
LC

 

No 

Yes 

If EP > PC & 

T
PCM

< T
room

 
Pathway 3 

Yes 



Chapter 4. Peak load shifting using a price-based control  

 

109 

 

As discussed in section 4.2.4, in a cold season, there were two periods of high electricity 

price ( higher than 140 NZD/MWh); one in the morning and the other was in the evening, based 

on the Auckland electricity rates. PCM helped to provide the heating demand of the hut during 

morning peak from 6 am to 9 am; while the period from 9 am to 1 pm, often remained within 

the comfort level through solar heating.  

As shown in Fig. 4.7, starting from midday on 7 Sep, PCM began to melt by the solar energy 

available during the sunshine hours. At around 6 pm, the room temperature of Hut 2 dropped 

and reached the upper bound of the heater’s operation temperature (20°C). As 6 pm was 

considered evening electricity peak hour, the PCM storage units, which were charged by solar 

energy, were automatically started to heat the room (Pathway 3). By using the PCM latent heat 

of solidification, the room temperature remained within the comfort level and hence shifted the 

evening peak load for about four hours. Once the room temperature dropped below the comfort 

level or lower bound of the heater’s operation range (19°C), the electric heater was started to 

sustain comfort. It continued until the room temperature reached the upper bound of heater’s 

operation temperature (20°C). That time was an off-peak period, so the electric heater kept 

satisfying the heating demand until 6 am the next day. Hence caused the fluctuations seen in 

Fig. 4.7. During this off-peak period, with a relatively cheap electricity rate, the room and also 

the PCM were heated for later use. Thus, an increase in the PCM temperature was observed. 

The stored energy in PCM was then utilized for the following morning peak hours, from 6 am 

on 8 Sep. Hence, PCM storage also contributed to the leveling of the morning electricity peak 

load. The periods of PCM discharge are highlighted in gray in Fig. 4.7. The contribution of PCM 

storage to peak loads shifting can also be seen during the days of 8 Sep and 9 Sep.  

In contrast to the electric heater of the Hut 2, which was OFF during electricity peak hours, 

the heater of the Hut 1 operated continuously from 7 pm on 6 Sep until 8 am on 8 Sep.  
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Fig. 4.7. The thermal performance of the huts over three days of September 2019  

 

4.3.1.1. Energy savings 

The control algorithm, shown in Fig. 4.5, was used to continue the peak load shifting 

experiment over the period between 7 Sep and 1 Oct 2019 (Fig. 4.8). Fig. 4.8 illustrates the 

amount of energy consumed by the electric heaters to ensure comfort in both huts. The results 

showed that the implementation of PCM storage in combination with price-based control had a 

consistently positive effect on the thermal performance of Hut 2, leading to reduced energy 

requirements compared to Hut 1. However, on some days, PCM did not show any reduction in 

energy (Fig. 4.8). For example:  

• A negative energy-saving was achieved on the day of 11 Sep and 24 Sep (Fig. 4.9). In 

fact, the low-rate electricity at night was utilized to store energy in PCM; the heat was 

then extracted to shift the subsequent morning peak load. For the evening peak, however, 

no solar energy was available during that day to charge the PCM (Fig. 4.8). Hence, the 

electric heater had to provide the heating demand of the room in the evening. A little 

amount of sensible heat was also absorbed by the PCM; thus, more energy was 

consumed in Hut 2.   

7 Sep 8 Sep 9 Sep 

Price constraint 
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• PCM also did not lead to an energy-saving on the days of 12, 20, and 29 Sep, despite 

they were sunny days. The reason was that the electrically generated heat, which was 

stored in PCM, remained unused during the morning peak period, because the room 

temperature was already within the comfort level.  

• The day of 26 Sep was relatively cold despite being sunny and had the highest heating 

demand compared to other days. A considerable amount of energy was required to warm 

up the room and PCM; hence, there was no energy-saving.  

These results raised the need for a predictive control strategy that manages the 

charge/discharge of the PCM based on future weather conditions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.8. The thermal performance of the huts over the period between 7 Sep and 1 Oct, under the price-based 

control strategy 

(A) 

(B) 
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Fig. 4.9. The energy savings of Hut 2 (with PCM) compared to Hut 1 (with no PCM) under the price-based 

control strategy for space heating 

 

4.3.1.2. Cost-savings 

The PCM storage was successful in shifting the heating loads to off-peak periods and saving 

electricity costs (Fig. 4.10), even when no energy-saving was achieved. For example, as 

explained in section 4.3.1.1, on the day of 24 Sep, which was a cloudy day, PCM was not 

charged by solar energy for use during the evening peak period; thus, no energy-saving was 

achieved (Fig. 4.9). However, the storage of low-rate thermal energy during the preceding night 

resulted in the shifting of morning peak load and consequently some cost-saving.   

As can be seen from Fig. 4.10, the minimum cost-saving was achieved for the day on 26 

Sep. During the morning peak hours of the day on 26 Sep, PCM released its stored energy, 

which was charged electrically during the low-electricity price period, to sustain comfort (Fig. 

4.11). The discharge of PCM took about 4 hours, from 9 am to 1 pm, as shown by a gray band 

in Fig. 4.11. However, this discharge occurred when Hut 1 did not require any heating due to 

the available solar energy captured by the solar heater, despite being within the expensive hours 

(section 4.3.1). In addition, the low outdoor temperature increased the need for electric heating 

to warm up the room and PCM (sensibly). Thus, only a small cost-saving was achieved for Hut 

2 compared to Hut 1.  

In contrast, maximum cost-saving was achieved on the day of 13 Sep (about 0.18 NZD/day), 

as shown in Fig. 4.10. The reason was that the outdoor temperature did not drop significantly at 

the preceding night. Hence, less energy was required to ensure comfort and melt the PCM 

(pathways 3 and 4) for use during the morning peak period. On the other hand, that day was a 

sunny day with a moderate outdoor temperature, and hence lower heat was required to maintain 

comfort. Thus, by utilizing the high latent heat of PCM, the surplus solar energy was stored to 

be used during cooler hours, in the evening.  



Chapter 4. Peak load shifting using a price-based control  

 

113 

 

 

Fig. 4.10. The electricity cost-savings of Hut 2 (with PCM) compared to Hut 1 (with no PCM) under the price-

based control strategy for space heating 

 

 

 

 

 

 

 

 

 

 

Fig. 4.11. The thermal performance of the huts on 26 Sep 

 

4.3.2. Cooling peak load shifting 

The price-based control was implemented for the PCM-enhanced hut (Hut 2) following the 

algorithm shown in Fig. 4.6 to investigate peak load shifting in warm seasons. The electricity 

rate schedule for warm seasons was different from that of the cooling seasons. Typically, the 

electricity price in Auckland during the daytime (from 6 am to 5:30 pm) is higher than for the 

other hours, while during the period between 2 pm and 5:30 pm, it reaches its maximum value, 

as highlighted in gray in Fig. 4.12. The objective here has been to store coolness in the PCM 

PCM solidification 
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during off-peak hours, from 12 am to 6 am and release the latent heat during peak hours, from 

2 pm to 5:30 pm. 

Unlike space heating, which utilized solar energy to store heat for the following cooler 

hours, PCM in space cooling did not always have any high-grade free cooling sources to store 

coolness for the subsequent warmer hours. Therefore, the setpoint temperatures for the day and 

night were adjusted differently to utilize more cooling energy during the cheaper tariff hours. 

Indeed, the operating temperature range of the AC unit during the daytime (from 6 am to 

midnight) was from 22°C to 25°C, while it was between 19°C and 20°C, at night (from midnight 

to 6 am). During the off-peak period, the PCM was solidified via free cooling available at night 

(pathway 3) if the indoor room temperature was low enough (Fig. 4.12). If not, the AC unit 

provided the cooling demand of the hut through pathways 3 and 4 (Fig. 4.13).  

Fig. 4.13 shows that, at the midnight of 5 Feb, the room temperature was above the upper 

bound of comfort level (20°C). However, the electricity rate was at its lowest value. Hence the 

AC unit was started to cool down both the room and PCM through pathways 3 and 4 in Hut 2, 

while in Hut 1, the AC unit operated to cool down only the room (pathway 4). The AC was then 

stopped when the room temperature reached the lower bound of the comfort level at night 

(19°C). This process was repeated until 5 am. At 6 am, the setpoint temperature was 

automatically adjusted between 22°C and 25°C. As the room temperature was already lower 

than 25°C, there was no need for cooling until 11:30 am. Then, the AC units of both huts were 

automatically started to ensure comfort (pathway 4). The operation of the AC continued until 

2:30 pm. As 2:30 pm was considered a peak hour, the PCM storage automatically operated so 

long as the indoor temperature of Hut 2 remained within comfort level; otherwise, the AC helped 

to sustain comfort. However, Hut 1 used the AC unit only during the entire demand period. 

During this peak period, the AC units of Hut 2 operated less frequently than that in Hut 1. At 

around 6 pm, the outdoor temperature started decreasing, and hence no cooling was required for 

the huts. After midnight, the set temperature was lowered by only 1°C to charge the PCM during 

that low electricity price period, which required the AC to run.  
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Fig. 4.12. Implementation of the price-based control for cooling peak load shifting on 6 Feb 2019 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.13. Implementation of the price-based control for cooling peak load shifting on 5 Feb 2019 
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The second set of experiments was performed over the periods between 16 Jan and 19 Jan, 

and 2 Feb and 8 Feb (Fig. 4.14). The results confirmed that the implementation of price-based 

control always led to electricity cost-saving, even when only a small percentage of energy-

saving was achieved, such as the day on 2 Feb (Fig. 4.15). On 2 Feb, the outdoor temperature 

during the preceding night dropped to only 19°C. Consequently, the indoor temperature did not 

fall enough to solidify the PCM. Instead, PCM stored coolness (generated by the AC unit) and 

utilized it during the following peak hours. The energy-saving was 3% with a corresponding 6% 

cost-saving.  

By contrast, the maximum cost-saving occurred on 6 Feb, a relatively cold day. At night the 

outdoor and indoor temperatures dropped to as low as 10°C and 14°C, respectively; hence, PCM 

was solidified without the need for the AC to operate. On the other hand, the outdoor 

temperature on the following daytime was not very high; thus, less energy was required to 

sustain comfort. Also, the cooling demand period overlapped the peak hours, and hence PCM 

storage operated to maintain comfort. As a result, 0.27 kWh daily energy-saving (23%) with a 

corresponding 0.05 NZD of cost-saving (42%) was achieved.  

In terms of energy consumption, ambient temperatures in February were warmer than 

January. As shown in Fig. 4.14, the nighttime outdoor temperature during the days of January 

reached as low as 12°C, while the minimum outdoor temperature in February (except 6 Feb) 

was as high as 19°C. Therefore, less free cooling energy was available at theses nights of 

February, and hence more electrical energy was needed to run the AC unit.  

 

 

 

 

 

 

 

 

 



Chapter 4. Peak load shifting using a price-based control  

 

117 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4.14. From top to bottom: Energy consumption of the huts, solar radiation, outdoor temperature and indoor 

temperatures of the huts, during (A) January and (B) February 
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(B) 
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Fig. 4.15. (A)The cost-saving and (B) energy-saving for Hut 2 (with PCM) compared to Hut 1 (with no PCM) 

under the price-based control strategy for space cooling 

 

4.3.3. Further comments and discussion  

PCM melting/solidification temperature is one of the most important features that must be 

considered to utilize the entire potential of PCM. The selected PCM should undergo full charge 

and discharge so as to use the maximum capacity of its latent heat [11]. RT25HC, with a melting 

temperature between 22°C and 26°C, was the right choice for space heating applications. 

Indeed, a solar air heater with a peak temperature of 50°C (under Auckland weather conditions), 

could easily melt the chosen PCM. Also, the nighttime temperature of 14°C would easily 

solidify it. The results of space heating, achieved in section 4.3.1, confirmed the proper selection 

of PCM, showing up to 47% of energy-saving (~ 0.83 kWh/day) with a corresponding 65% cost-

saving. In contrast, RT25HC was not the best option for space cooling applications under 

Auckland weather conditions. PCM was solidified using a nighttime low temperature or through 

the cooling generated by the AC unit. However, PCM was not fully melted during the warm 

period of daytime as the maximum indoor room temperature was limited to 25°C. Thus, it did 

not use its entire latent heat capacity for removing the indoor heat. Nevertheless, up to 23% of 

daily energy-saving (~ 0.27 kWh) with a corresponding 42% of cost-saving was achieved.  

The setpoint temperature is also another critical parameter in improving energy and cost-

saving. In the current study, the summer daytime comfort level was between 22°C and 25°C, 

compared to 24°C and 26°C suggested by Barzin et al. [4]. Having higher setpoint temperatures 

provides the opportunity to melt the PCM more completely. Thus, the same experiment 

(B) 

(A) 
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described in section 4.3.2 was conducted but with a setpoint temperature between 23°C and 

26°C. The experiment was performed on 13 Feb, under weather conditions similar to those of 

19 Jan. The results showed that lower energy was needed to cool down the room; in addition, 

more excess heat was absorbed by the PCM. Hence, more energy-saving was achieved: 0.22 

kWh/day on 13 Feb (Fig. 4.16) versus 0.18 kWh/day on 19 Jan (Fig. 4.15).  

 

 

 

 

 

 

 

 

 

Fig. 4.16. (A) Solar radiation, (B) the thermal performance of the huts on the day of 13 Feb 

 

It is worth noting that the regular price-based control strategy may fail to use the entire 

stored energy in PCM as the algorithm does not predict the future heating/cooling demand. 

Hence, the implementation of price-based control in conjunction with weather forecast data may 

result in a better performance.    

 

4.4. Conclusions and future studies 

• The use of active PCM storage in combination with a price-based control was successful 

in shifting heating and cooling load of buildings, in Auckland city, New Zealand.  

• The results showed up to 47% of daily energy-saving in winter (~ 0.83 kWh/day) with a 

corresponding 65% of electricity cost-saving (~ 0.185 NZD/day), and up to 23% daily 
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energy saving (~ 0.27 kWh/day) with a corresponding 42% of cost-saving (~ 0.05 

NZD/day), in summer.  

• RT25HC was a suitable PCM for heating peak load shifting, but less attractive for 

cooling peak load shifting, since its melting temperature (22°C-26°C) was higher than 

the upper bound of the comfort level (25°C). Hence, the latent heat storage capacity of 

the PCM was not fully captured. 

• Based on Auckland weather conditions, a PCM with a melting temperature of 23°C, 

could work for both space heating and cooling.  

• Using predictive control strategies, which rely on weather forecast, would enhance 

peak load shifting.  
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Chapter Summary 

The incorporation of phase change materials (PCMs) in buildings increases buildings 

thermal mass and hence improves their overall thermal efficiency and thermal comfort through 

internal temperature stabilization. PCM can be integrated into buildings either passively or 

actively. In this paper, the thermal performance of an active PCM system was compared with 

that of a passive system. Two identical test huts, each equipped with a control system were used 

to investigate the potential of passive and active systems for energy-saving and peak load 

shifting. One of the huts (Hut 1) was equipped with PCM-impregnated wallboards as a passive 

PCM system, while the other hut (Hut 2) was provided with an active air-PCM heat storage unit 

designed and fabricated at the University of Auckland. Both huts were cooled with an air 

conditioner or heated using both solar and electric heaters. For space cooling, the hut with active 

PCM consumed 8% more electricity to maintain comfort, although the energy storage capacity 

of PCM used was 50% less than that used in the active application. Over ten days in winter, the 

energy consumed in the hut provided with an active storage system was 22% less when both 

passive and active systems had the same amount of energy storage capacity. The investigation 

of peak load shifting over five days showed 32% less in electricity cost when an active storage 

system was used. The active thermal storage system, compared to the passive storage system, 

provides a better degree of control, more efficient peak load shifting, and less adverse 

environmental impact, yet more expensive to apply. 

 

5.1. Introduction 

Thermal energy storage systems using phase change materials (PCMs) provide an 

opportunity to effectively store energy for later use. The high energy density of PCMs and their 

isothermal performance make them suitable for building applications [13]. In general, energy 

analysis of the PCM-integrated buildings strongly depends on the melting point, thermal 

properties, location, and the amount of the PCM incorporated into the building, as well as the 

climatic condition and the design of the building [24]. Thermal Environmental Conditions for 

Human Occupancy, notes that for thermal comfort purposes, temperature could range from 

between approximately 19 and 27 °C. A more specific range can be determined from the 

standard but depends on relative humidity, season, clothing worn, activity levels, and other 

factors [186]. Usually, thermal comfort is in the range of 22°C to 27°C in summer and 18°C to 
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25°C in winter [25].  Therefore, to meet the thermal comfort of the building sector, the chosen 

PCM should have a melting temperature of 18°C to 27°C [26].  

PCMs can be integrated into buildings passively [167] or actively [55]. In the passive 

method, PCM is embedded into the construction materials of buildings, such as plasterboard, 

gypsum or concrete, without requiring any auxiliary equipment to operate. Typical applications 

of a passive thermal storage system (PTSS) include the integration of PCM into the building 

fabrics of walls, floors, and roofs (Fig. 5.1), while its application into floors is less common. 

Moreover, they can also be incorporated into the fenestration, insulation, façade, shutter and 

shading systems [187].  

  

 

Fig. 5.1. Passive heating by the integration of PCM into the (A) walls, (B) floor, (C) ceiling, and (D) roof. (The 

green layer is PCM) 

 

A large number of studies show that the application of PTSS into buildings has significantly 

reduced their energy consumption and enhanced indoor thermal comfort. For instance, using a 

price-based control method, Barzin et al. [46] investigated the application of underfloor heating 

in combination with PTSS wallboards for space heating in the city of Auckland, New Zealand. 

They showed an energy-saving of about 35% and an electricity cost-saving of about 44%, 

generated from capturing solar radiation and inducing peak load shifting. Also, Saffari et al. 

[188] studied the effect of the PTSS in buildings using the Fanger comfort model. They 

performed a numerical study for three different occupancy schedules, including office, 

residential, and 24-hour occupancy over the summer and winter periods in the Madrid climate 

zone. The energy consumption of the buildings was reduced for different schedules with the 

exception of office heating. 
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Active thermal storage systems (ATSS), on the other hand, require some mechanical or 

electrical energy for their operation [27]. In circumstances where greater control of the system 

or greater heat transfer performance is needed, ATSS is preferred [62]. Unlike, PTSS, active 

applications allow the system to store and release heat on demand and ensures more efficient 

heat transfer and hence reduces the energy consumption of buildings. ATSS integrates PCM 

into HVAC (heating, cooling, and air conditioning) systems [79], or uses storage containers in 

the vicinity of buildings (such as aquifers, boreholes, snow storage, and pits or tanks) [29]. As 

an example, in an experimental study conducted in the UK by Turnpenny et al. [189], a prototype 

heat storage system was developed by embedding heat pipes into the PCM storage unit. During 

a summer day, the heat load of the room was absorbed by PCM via the heat pipes, thus reducing 

the interior temperature. At night the heat pipes released the energy stored in PCM to the 

environment. The proposed system provided adequate cooling for the room and prevented 

overheating. Further, the system offered substantial benefits in terms of cost and energy savings 

compared to conventional air conditioning. 

Despite a large number of publications on using PTSS and ATSS in buildings, a comparative 

study on their relative performance is not available. Our study provides, for the first time, a good 

comparison of the thermal behavior of two experimental huts, employing PTSS and ATSS under 

real environmental conditions.  

In this experimental study, two identical test huts, each equipped with an advanced control 

system, were used to investigate the concept. In general, in the ATSS, an air-PCM heat storage 

unit was installed in one of the huts, while in the PTSS, the PCM was integrated into the 

wallboards of the hut. The control system was developed using LabVIEW software to ensure 

thermal comfort in the huts based on the weather conditions of the city of Auckland, New 

Zealand. The control strategy was set up to allow storing solar energy provided by the solar air 

heater in winter and the free night coolness in summer, utilizing the high latent heat of melting 

of the PCM.  

 

5.2. Methodology 

5.2.1. Experimental setup 

Two identical experimental huts were used to investigate how to improve the thermal 

efficiency of buildings utilizing PTSS and ATSS. The huts, with external dimensions of 2.7 m 
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× 2.7 m × 2.7 m, were located at the Ardmore campus of the University of Auckland. Both huts 

were constructed using standard lightweight materials and had a 1 m × 1 m north-facing, single-

glazed window. The walls and ceilings of the huts were insulated with glass wool (R-value: 2.5 

m2.K/W), while the floor was insulated with polystyrene foam (R-value: 2.2 m2.K/W). The 

insulations were then covered with standard 10 mm gypsum boards. Fig. 5.2 shows the external 

view of one of the huts used in this study.  

 

Fig. 5.2. The experimental hut located at the Ardmore Campus of the University of Auckland, New Zealand 

 

The hut with an ATSS was provided with two identical PCM storage units designed and 

fabricated at the University of Auckland. Each PCM storage unit was composed of 19 sets of 

aluminum macro-encapsulated PCM panels filled with 9.5 kg RT25HC (manufactured by 

Rubitherm GmbH). The design of the ATSS is well explained in the research paper published 

by the authors of the current research work [173]. The thermochemical properties of the PCM 

used in the ATSS can be found in the references [141] and [142]. The wallboards of the hut with 

a PTSS were impregnated with PT20 PCM (20 wt.% PCM impregnation); detailed information 

regarding the impregnation method is found in reference [182]. In the space cooling experiment, 

the wallboards of all walls were impregnated with about 47 kg PCM, having an energy storage 

capacity 50% more than that used in ATSS.  In a later experiment, only the northern and eastern 

walls of the hut were impregnated with 25 kg PCM in order to have identical energy storage 

capacity in both PTSS and ATSS. Energy storage capacity was defined through multiplying the 

mass of PCM by its latent heat. In fact, the room temperature was set between 22 °C and 25 °C 

in summer and between 19 °C and 25 °C in winter. Hence, the maximum amount of sensible 

heat for 6 °C is equivalent to 12 kJ/kg which is less than 5% of the total energy. 
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The objective of the experiments was to compare the performance of a PTSS with that of an 

ATSS for both heating and cooling. To this end, both huts were heated by an electric heater and 

an air-based solar heater. The huts were cooled using identical air conditioner (AC) units and 

also by the free night cooling stored in the PCM. 

In the hut provided with PTSS, heat exchange between PCM and room environment 

occurred through the natural convection, while in the ATSS, it was through forced convection 

heat transfer. A fan powered by a photovoltaic module (PV) was used to pump the room air into 

the solar heater, warm it up and send it back to the room or the PCM storage unit. Electric valves 

(V1, V2, V3) were installed to determine the pathways of airflow for heat exchange. The 

possible pathways used to supply the heating and cooling demands of the huts are shown in Fig. 

5.3 and discussed below and later in section 5.2.3. 

Pathway 1: Solar air heater sucks the room air into its duct and then sends it back to the room, 

using a PV-driven fan. 

Pathway 2: The indoor air is heated by the solar air heater, sent to the ATSS and finally is 

returned to the room. This circulation was done by an electricity-driven fan installed at the outlet 

of the ATSS. 

Pathway 3: The room air is circulated into the ATSS and sent back to the room, using the 

electricity-driven fan. 

Pathway 4: The huts receives heating/cooling from an electric heater/AC unit. 

 

Table 5.1 summarizes the equipment used to provide comfort in both winter and summer, 

with some of their specifications. 
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Fig. 5.3. Schematic view of different pathways used to supply heating/cooling energy 

 

Table 5.1 The list of equipment used in the experimental huts for both space heating and cooling 

Equipment Model  Operating conditions Electric 

power (W) 

AC GREE heat pump, Model 

GWH09MB-K3DNA4H/O 

25°C -22°C 730  

Electric heater SUNAIR, Model OHS1000 19°C -20°C 1000  

Solar air heater Flat plate - Maximum: 

550 

PCM Storage RT25HC Storage capacity: 1.2 kWh  

Fan powered by PV module Model AD0912XB-A71GP Flowrate: 100 m3/h 6.6 

Fan powered by electricity 100mm Plastic Duct Booster 

Inline Fan 

Flowrate: 130 m3/h 12  

Valve PVC Fully open/fully closed - 

 

T-type thermocouples, calibrated against a reference thermometer, were used to measure the 

temperature of PCM, indoor and outdoor temperatures and that of air outlet from solar air heater. 

The types of measurement used in this study and their accuracy are listed in Table 5.2.  
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Table 5.2 Measurement instrumentation 

Instrument Accuracy range Model 

Thermocouples ±0.45°C T-type 

Reference thermometer 0.02°C Ebro TFX430 

kWh meter ±0.5% - 

 

5.2.2. Data acquisition 

The data were logged using a Compact Reconfigurable (CompactRIO) Data Acquisition 

System (NI cRIO-9012, National Instruments, USA) interfaced with LabVIEW software on a 

dedicated computer. CompactRIO incorporates a real-time processor and reconfigurable field-

programmable gate array (FPGA) for embedded machine control and monitoring applications, 

which requires a precise and fully defined control algorithm [190]. The instrument provides a 

means for the communication of input and output data. An analog input that is placed in a 

CompactRIO measures input parameters and then sends corrective commands through an analog 

output [191]. In the current study, thermocouples were connected to analog inputs to monitor 

room temperature (Troom), PCM temperature (TPCM), and outdoor temperature (Tout). A kWh 

meter was installed to measure the electricity consumed by the electric heater or AC units [46]. 

The online electricity price was also fed to the system. After processing the data based on the 

measured comfort temperature, the corrective signals were sent to decide on the operation of the 

AC unit, solar air heater, electric heater and PCM storage units, where applicable, as shown in 

Fig. 5.4. 

 

Fig. 5.4. Data acquisition set-up for the experimental huts  
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5.2.3. Control system 

A building automation system was designed to control the air conditioning or heating of the 

huts and hence ensure indoor thermal comfort. First, the thermal performance of the PTSS in 

Hut 1 was compared with that of the ATSS in Hut 2 for air conditioning. When the room 

temperature of the huts exceeded the upper bound of comfort level, the AC units started 

automatically. Once the AC unit was switched ON, it continued until the room temperature 

reached the lower bound of comfort level. Then, no cooling energy was provided to Hut 1 until 

room temperature reached the upper bound of comfort temperature again. In Hut 2, if the PCM 

temperature was lower than room temperature, the PCM storage units removed heat from the 

hut while melting the PCM. If the coolness stored in the PCM was insufficient to maintain the 

indoor comfort and room temperature exceeded the upper bound of comfort level, the AC unit 

would start automatically.  

During the following cooler hours (mainly during the night), the collected/ stored heat was 

automatically released to the room or the outside. Hence, PCM was solidified for use in the 

following daytime.  

Fig. 5.5 shows the flowchart of the control algorithms implemented for air conditioning in 

Hut 2, provided with ATSS, with the objective of maintaining the comfort condition. Excluding 

the red arrows and boxes from Fig. 5.5 results in the control algorithm applied to the Hut 1 (no 

PCM or PTSS). In the flowcharts, “no action” denotes the “OFF” mode of both cooling sources 

(AC and PCM). 
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Fig. 5.5. The control algorithm used for air-conditioning of the hut provided with ATSS (The algorithm without 

red arrows and boxes represent the control method used for the hut with PTSS or no PCM) 

 

Next, another set of experiments was conducted to investigate the thermal performance of 

an ATSS for space heating. Electric and solar air heaters were used to satisfy the heating demand 

of the huts. When room temperature dropped below the lower bound of comfort level, the 

electric heater sustained comfort until it reached the upper bound of comfort level. Otherwise, 

the solar air heater in Hut 1, and solar air heater or energy stored in PCM, in Hut 2, assisted in 

reducing the heating demand. Fig. 5.6 shows the control algorithm applied to the active PCM-

enhanced building for space heating. By removing the red arrows and boxes of Fig. 5.6, the 

control algorithm would be used for the space heating of the hut provided with PTSS.  
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Fig. 5.6. The control algorithm used for space heating of the hut provided with the ATSS (The algorithm without 

red arrows and boxes represent the control method used for the hut with PTSS or no PCM) 

 

5.3. Results and discussion 

5.3.1. Comparison of PTSS and ATSS  

5.3.1.1. Space cooling 

This section illustrates the thermal behavior of PTSS and ATSS compared to their reference 

hut with no PCM. There experiments were conducted using two huts and hence each system, 

PTSS/ATSS was undertaken at a time, on different days. The comfort level was set between 

22°C and 25°C. Following the control algorithm used for air conditioning of the huts (Fig. 5.5), 

Fig. 5.7 (A) shows the thermal performance of Hut 1, in the presence of the PTSS, compared to 
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that of the Hut 2, with no PCM. Immediately after sunrise, the ambient temperature and 

consequently, the room temperature of the huts, started to increase; but at different rates. At 

noon, the room temperature of Hut 2 (with no PCM) exceeded that of the Hut 1 and then reached 

the upper bound of comfort level (25°C), at 2 pm. Then, the controller started the AC unit until 

the room temperature reached the lower bound of comfort (22°C). This cycle was repeated until 

7 pm and hence created temperature fluctuations between 22°C and 25°C, as shown in Fig. 5.7 

(A) (green curve). However, Hut 1 did not require any air conditioning for almost four hours 

(red curve), until 5:45 pm, as highlighted in gray. The excess heat was absorbed by the PCM 

embedded into the wallboards.  

Fig. 5.7 (B) shows the thermal performance of Hut 2, in the presence of an ATSS, compared 

to that of the Hut 1, with no PCM. The room temperature of both huts started increasing from 8 

am. Once the room temperature of Hut 1 exceeded 25°C, at 11 am, the AC unit started and then 

kept operating until the room temperature reached 22°C. This process was repeated until 3:30 

pm and created the temperature fluctuations seen in Fig. 5.7 (B) (red curve). Through the high 

latent heat of melting, the ATSS in Hut 2 maintained the thermal comfort and hence delayed the 

use of electricity for two hours (green curve), as highlighted in gray. It can be seen from the 

figure that the PCM temperature increased during this period, which confirms that it has 

absorbed the surplus heat. 
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Fig. 5.7. The thermal performance of hut provided with (A) PTSS, (B) ATSS, compared to a reference hut with 

no PCM, for space cooling 

 

As discussed in section 5.2.3, the scope of this study was to compare the benefit of PTSS 

with that of the ATSS. The results showed that energy consumption in the hut with PTSS was 

more susceptible to fluctuations from the ambient temperature compared to that in ATSS. For 

instance, as shown in Fig. 5.8 (B), during the days of  4, 5, 6, and 10 Dec 2019, the hut with 

PTSS required less cooling energy compared to the hut with no PCM. However, the opposite 

result was evident on days of 7, 8, and 9 Dec because the nighttime temperature did not drop 

enough to solidify the PCM (Fig. 5.8 (C)). Hence, the extra cooling load was needed to cool the 
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PCM sensibly. In contrast, the ATSS showed the potential of reducing energy consumption (Fig. 

5.9 (B)) in the hut even during the nights of moderate temperatures (Fig. 5.9 (C)).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.8. (A) Energy consumption of the AC unit, (B) Solar radiation, (C) outdoor temperature, and (D) the 

thermal behavior of the hut provided with PTSS, compared to that of the hut with no PCM, used for air 

conditioning 
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Fig. 5.9. (A) Energy consumption of the AC unit, (B) solar radiation, (C) outdoor temperature, and the thermal 

behavior of the hut provided with ATSS, compared to the hut with no PCM 

 

As shown in Fig. 5.10, the comparison between ATSS in Hut 2 with the PTSS in Hut 1, at 

the same time, showed a slightly higher energy consumption for the ATSS on most of the days. 

Indeed, the hut equipped with PTSS consumed only 8% less electricity than the hut provided 

with ATSS. This difference is small remembering that the quantity of PCM used in PTSS is 

more than twice as much as that used in ATSS (8100 kJ for PTSS versus 4370 kJ for ATSS).  

This is why it was decided later to reduce the amount of PCM in the PTSS hut so it will have 

the same energy storage capacity of 4370 kJ as will be discussed later in section 5.3.1.2. 
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Fig. 5.10. (A) Energy consumption of the AC unit, (B) solar radiation, (C) outdoor temperature, and (D) a 

comparison between the thermal behavior of the PTSS and ATSS 

 

The effect of the differences in melting temperatures of PCMs used in PTSS and ATSS 

should be noted. The melting temperature of the PCM in the passive configuration (PT20) was 

within a very narrow temperature range of 19.9±0.3°C, whilst the melting range of PCM in the 

ATSS (RT25HC) was between 22°C and 26°C. The lower melting temperature of PT20 required 

a lower nighttime temperature to solidify it; however, it is more efficient in absorbing heat 

during the daytime. In contrast, the RT25HC did not melt entirely during the daytime, while it 

could solidify more easily at night. It is known that PCM must be selected based on its 

melting/freezing temperatures suitable for weather conditions in different seasons. 
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5.3.1.2. Space heating 

This section provides a more accurate comparison for the thermal performance of the huts 

employing PTSS and ATSS for space heating. The amount of PCM (PT20) incorporated into 

the hut with the PTSS was reduced to 25kg, compared to 19 kg PCM (RT25HC) in the ATSS 

unit. These quantities correspond to the same energy storage capacity of 4370 kJ since the two 

PCMs have different latent heat. In this experiment, the setpoint for the electric heater was 

between 20°C and 22°C during the day and between 19°C and 20°C during night. Based on the 

algorithm shown in Fig. 5.6, solar air heaters were used to heat the huts and melt the PCMs, 

during the day on 27 March. At 8:30 pm, the room temperature of both huts reached the upper 

bound of the heater’s operation range (22°C). At that time, there was no control over the release 

of energy by PTSS; however, the ATSS operated automatically to sustain the comfort and hence 

delayed the use of electric heating for about 5 hours (Fig. 5.11). As a result, the hut provided 

with the ATSS consumed 0.3 kWh less electricity compared to the hut equipped with PTSS. As 

shown in Fig. 5.12, the experiments conducted over ten days were in favor of the ATSS showing 

22% less energy consumption. Under mild environmental conditions (such as 21 Mar), the 

ATSS showed a better performance compared to the PTSS. In fact, due to a lower heat transfer 

rate between the walls and room, the full capacity of PCM in PTSS was not exploited. However, 

under colder environmental conditions (such as 26 Mar), both PTSS and ATSS contributed 

almost equally. Indeed, the heat transfer mechanism in the PTSS increased due to the existing 

driving force i.e. temperature difference between walls and room. 
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Fig. 5.11. The comparison between PTSS and ATSS, used for space heating on 27 March 
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Fig. 5.12. (A) Energy consumption in the huts, (B) solar radiation, (C) outdoor temperature, and (D) the thermal 

behavior of the PTSS and ATSS, over ten days 

 

5.3.1.3. Peak load shifting using PTSS and ATSS 

In this study, an experimental measurement was carried out to compare the benefit of using 

these two types of storage systems to create heating peak load shifting. To this end, the hut 

provided with PTSS received energy from the sun (via solar heater) so long as indoor room 

temperature remained within comfort level. Otherwise, an electric heater was used to prevent 

the room temperature from falling below comfort. On the other hand, the hut equipped with 

ATSS stored solar energy (via solar collector) or the low-rate energy (provided by the electric 

heater) for use during the high electricity peak period. The electric heater would also start if the 
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room temperature dropped below comfort. For example, Fig. 5.13 shows the thermal 

performance of both huts, on 7 Sep 2019. The heater’s setpoints were between 19°C and 20°C. 

The daytime solar energy was stored to create evening peak load shifting, from 6 pm to 10:30 

pm (green curve). Once the room temperature of Hut 2 (with ATSS) dropped below the lower 

bound of comfort temperature in winter (19°C), the electric heater would have started to sustain 

comfort. The heater continued operating until the room temperature reached the upper bound of 

comfort level (20°C). By then, it would have reached an off-peak hour; hence the electric heater 

kept heating both the room and the PCM to maintain comfort. The stored heat, produced by the 

electric heater during off-peak hours, was then utilized for the following morning peak hour, 

from 5:30 am to 7:30 am and delayed the use of electricity. The application of ATSS in 

combination with a control strategy led not only to energy-saving but also to electricity cost-

saving through peak load shifting.  

It is evident that there was a high level of control over the heat transfer from PCM storage 

to the indoor environment; however, such a level of control cannot be achieved by a PTSS.  

 

 

 

 

 

 

 

 

  

Fig. 5.13. The application of the price-based control for peak load shifting using the ACTSS, versus the use of 

PTSS 

The same set of experiments was continued for a couple of days. Fig. 5.14 shows the thermal 

performance of both huts provided with PTSS and ATSS, together with energy consumption in 

each hut, under the same environmental conditions. Results showed that the hut with ATSS 

always consumed less electricity to maintain comfort compared to the hut with PTSS. This is 

Price constraint 
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due to the better control of the heat release from the PCM in the ATSS. In addition, heat is 

transferred from the thermal energy storage unit to the building indoor environment by forced 

convection at a high rate [192]. However, the dominant heat transfer mechanism in a PTSS from 

walls and ceiling is controlled by natural convection at a much lower rate. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5.14. (A) Solar radiation, (B) energy consumption of electric heaters, and (C) thermal performance of both 

huts for peak load shifting over five days 

 

On the other hand, when PCM temperature in a PTSS is higher than room temperature, the 

stored energy would be released to the room despite it being within comfort level or during the 

off-peak period. Hence, PTSS would work desirably only if the heating demand of a building is 

within peak hours. Results show that the hut provided with ATSS consumed less energy and 

saved more cost to maintain comfort. However, the reduction in cost was not proportional to the 

decrease in energy consumption. For example, the results on the day of 4 Apr, showed 20% less 

energy consumption with a corresponding 32% less cost when the ATSS was used. This result 

confirms a more successful peak load shifting via the ATSS. Fig. 5.15 shows the ratio of the 
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electricity cost reduction to the energy consumption decrease achieved by the ATSS compared 

to that by PTSS, over five days under the similar environmental conditions of Fig. 5.14.  

 

Fig. 5.15. The ratio of the electricity cost reduction to energy consumption reduction of ATSS compared to PTSS 

 

5.3.2. Further comparison of PTSS and ATSS 

ATSS offers some other advantages over PTSS. In PTSS, PCM is integrated into building 

construction materials, which could reduce the strength of the construction materials that PCM 

was incorporated into. At the end of a building’s life, the building will be demolished and the 

presence of PCM with the demolished materials will cause environmental problems [193]. In 

contrast, in the ATSS, PCM is stored in separate containers (macro-encapsulation) allowing it 

to be recovered as PCMs are known to be chemically and physically stable [194]. ATSS has a 

higher fire resistance rating as it is not spread all over the walls. The results showed that ATSS 

provides better energy-saving in building through better control of heat release. The capital cost 

of ATSS may be higher but the reduced quantity of PCM, which is expensive, may make ATSS 

more economically feasible. In contrast, the presence of PCM in the walls improves sound and 

moisture absorption capability of the walls. ATSS requires more space and may be aesthetically 

less appealing; however, this issue can be solved by placing the ATSS outside or in the roof 

cavity of building to save space. 

 

5.4. Conclusions 

PCM application, not only provides indoor thermal comfort but also contributes to energy-

saving and peak load shifting. The comparison of the designed ATSS with a PTSS, having the 

same energy storage capacity, confirmed a greater energy-saving (22% less energy 

consumption) and a more efficient peak load shifting (32% less electricity cost) when ATSS 
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was used.  PCM is still expensive, and a reduction in the quantity used would improve the 

economics. Besides, the use of ATSS would provide a better degree of control, higher reliability, 

and less adverse environmental impact. The final selection of the type of energy storage system 

should be based on cost analysis, which is the main focus of our future work.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

CHAPTER 6 

_________________________________________________________________ 

6. Model predictive control strategy applied to different types of building  
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Chapter summary 

In recent years, the concept of energy-efficient buildings has attracted widespread attention 

due to growing energy consumption in different types of buildings. The application of thermal 

energy storage (TES) systems, especially latent heat energy storage (LHES), has become a 

promising approach to improve thermal efficiency of buildings and hence reduces CO2 

emissions. One way to achieve this could be by implementing a model predictive control (MPC) 

strategy, using weather and electricity cost predictions. To this end, a heat exchanger unit 

containing a phase change material (PCM) as a LHES medium, thermally charged by solar 

energy was incorporated into three versions of a standard building. This paper reports on the use 

of EnergyPlus software to simulate the heating demand profile of these buildings, with Solving 

Constraint Integer Programs (SCIP) as the optimization tool. After applying the MPC strategy, 

the energy costs of different building types were evaluated. Furthermore, the effect of the 

prediction horizon and decision time step of the MPC strategy, and PCM mass capacity on the 

performance of the MPC were all investigated in 1 and 7-day simulations. The results showed 

that by increasing the prediction horizon and PCM mass, more cost-saving could be obtained. 

However, in terms of decision time step, although the study revealed that increasing it led to a 

higher energy saving, it made the system more sensitive to sharp changes as it failed to provide 

an accurate reading of the parameters and variables. 

 

6.1. Introduction 

About 36% of global energy used worldwide is attributed to buildings [4], which also 

contribute to about 17% of total direct energy-related CO2 emissions to the environment [195]. 

Heating, ventilation, and air conditioning (HVAC) make a major contribution to energy 

consumption in buildings [196]. 

Design professionals, especially architects and engineers, are experiencing an unprecedented 

level of demand to apply novel approaches to buildings in order to improve their thermal 

performance. The integration of thermal energy storage (TES) systems into buildings can satisfy 

their growing demand for energy, as well as reduce environmental pollution caused by the 

excessive use of energy. Among different energy storage systems, latent heat energy storage 

(LHES) using phase change materials (PCMs) can greatly enhance the energy efficiency of 

buildings owing to their large energy storage capacity, which is available within a narrow 

temperature range [26]. However, the incorporation of TES in buildings to minimize energy 
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consumption and energy costs, while maintaining a comfortable thermal environment, requires 

comprehensive pre-analysis and thorough mathematical study. 

The development of computer technologies and modeling techniques has enabled the 

prediction of energy consumption levels in buildings [197]. By means of design control methods 

using dynamic models, prediction of the thermal performance of building systems is now more 

cost-effective and less time-consuming. Indeed, dynamic models have become crucial for the 

development of control programs to optimize energy consumption and provide a comfort zone 

for the occupants of buildings [61]. In this regard, smart control of TES would maximize its 

energy and economic benefits and hence justify its initial high investment costs. 

Model predictive control (MPC) through the well-established strategy of classical control 

has attracted research attention in the area of energy-efficient buildings. Although MPC 

strategies have been used in process control for several decades, they have not been applied to 

building automation until recently. Basic criteria that MPC strategies need to meet are 

simplicity, well-estimated system dynamics, steady-state properties, and suitable prediction 

properties [198]. For instance, Ebrahimpour and Santro [199] used the moving horizon 

estimation of lumped load and occupancy in order to improve the accuracy of the dynamic model 

and MPC performance, subsequently. The advantage of MPC strategy over conventional 

building control methods is that it considers the future prediction of ambient temperature, solar 

radiation and occupancy, as well as system operating constraints, in the design of the control 

system [200]. However, in conventional methods, the control system is based on occupancy 

status of the building only, so the heating system is switched off if there is no one in the building. 

Further, TES is not used to cut down the operating cost of the building [201]. 

By taking into account internal gains, equipment, weather, and cost, an MPC can provide 

the required level of thermal comfort [202]. Ma et al. [203] conducted a numerical study to 

control the cooling system of a building. The building was equipped with a water tank and a 

series of chillers to provide the cold water. A cost-saving of about 24% was achieved through 

implementation of an MPC strategy and using weather profile prediction.  Morosan et al. [204] 

also studied thermal regulation using an MPC strategy and weather profile prediction. The 

control design in their study was based on available control strategies, which have centralized 

and decentralized structures. In the centralized structure, a single controller is used to provide a 

comfortable indoor temperature for a multi-zone building. However, in the decentralized 

structure, each zone has its own controller. As the centralized structure has computational 

complexity, and the decentralized one ignores heat transfer between zones, they proposed a 
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distributed control strategy to take advantage of both control structures. Their findings showed 

that by implementing the distributed structure, in which case the local controllers of different 

zones share their future behavior, the performance of system was improved. 

MPC strategy is being used in HVAC systems for optimal heating and cooling [205], and 

reduction of peak energy demand in buildings [206]. In the study of energy efficient heating, 

Siroky et al. [207] carried out an experimental analysis of an MPC strategy using weather 

prediction approach. Over a two-month experiment modeled on a building in Prague, the Czech 

Republic, an energy saving of about 15% to 28% was achieved. Differences found in energy 

saving were due to the effect of various parameters, such as insulation level and variation in 

outside temperature. The results revealed a good consistency with the results of a large-scale 

simulation carried out in another study [208]. It is clear that MPC not only minimizes energy 

consumption, but also contributes to reduction in peak energy demand, which in turn can lower 

the operating costs of a building. Ma et al. [209] studied the effect of MPC strategy on reduction 

of peak electricity demand for cooling in a commercial building. Owing to the automatic off-

peak pre-cooling effect and shifting of energy demand from peak to off-peak hours, the analysis 

using MPC resulted in a significant cost-saving.  

Other research has studied the role of MPC strategies in buildings using TES. For example, 

Zhao et al. [172] conducted an economic MPC-based study to optimize energy demand of a 

Hong Kong zero-carbon building. A stratified chilled water storage tank was integrated into the 

model as TES. The results showed reductions of 6–22% in energy consumption, 23–29% in 

operating costs, and 12–48% in CO2 emissions, depending on the connection to grid and season 

of the year. 

In fact, a considerable number of studies have applied MPC strategies to the HVAC systems 

of buildings to make them more energy-efficient [210]. The majority of this work has taken 

advantage of sensible thermal energy storage [211] to further improve energy savings. Much 

less work has been done on the incorporation of LHES into systems. In one example, 

Papachristou et al. [78] incorporated PCM into the fabrics of a building in Canada. The PCM 

was charged through forced air circulation in room. Their objective was to develop a low-order 

thermal network model for the design of MPC strategy as well as optimization of PCM 

performance. Finally, the comparison of the modeling results with experimental data showed a 

great match in predicting the peak power demand and room temperature profile. Touretzky and 

Baldea [77] embedded LHES into a chilled water tank energy storage system. Proposing a 

hierarchical control strategy, they tried to manage the cooling demand schema of building and 
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enhance the operation of its electric grid. They investigated cost-savings for different load 

leveling, which is a way to distribute power requirement more evenly during the day, to change 

the electricity demand patterns of building. As a result, a cost-saving of about 88% was achieved 

for the higher load. It is worth noting that energy storage was the main element of load-leveling 

strategy. In this case, electricity was used to charge the water tank as well as the PCM with heat. 

However, utilizing solar energy would have been more advantageous. As the most abundant and 

free source of energy, solar energy has an enormous potential for heating and cooling of 

domestic and commercial buildings [212]. To take advantage of solar energy, Fiorentini et al. 

[75] performed an experimental study of a hybrid MPC strategy to mainly control the cooling 

process of a residential building in Australia. The building was modeled through a simple R-C 

model. For the sake of thermal energy management, they considered two hierarchical control 

modes for HVAC system; one with a 24-h prediction horizon and a 1-h control step, followed 

by a 1-h prediction horizon and a 5-min control step. Using an air-based photovoltaic thermal 

heater and a PCM storage, the controller was able to satisfy the cooling demand of the room 

with a higher heat pump average coefficient of performance than the reference standard air 

conditioner.  

To the authors’ knowledge, economic MPC strategy has not been applied to buildings 

incorporating active PCM storage system charged by solar energy.  In this content, a solar-

assisted active HVAC system was controlled to minimize heating costs while providing the 

required comfortable temperature. This strategy was applied to domestic and service buildings 

and offices in winter, based on weather conditions of Auckland city in New Zealand. 

Considering weather condition, the heating demand of buildings was calculated through 

EnergyPlus simulation, rather than using a simplified model. This data was saved in an excel 

interface, which then was called in Python to apply the MPC strategy. Fig. 6.1 gives an overview 

of the performance of MPC in the buildings of current study. In addition, the effect of some 

parameters such as receding horizon, decision time step, and mass capacity of PCM on energy 

costs, was studied.  
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Fig. 6.1. Schematic view of the MPC controller performance in the building of the current study 

 

6.2. Methodology 

6.2.1. Description of the system 

6.2.1.1. General overview 

Building automation systems are designed to control heating processes in service and 

domestic buildings, as well as offices. In this study, the building system comprised of a solar air 

heater, a heat exchanger filled with PCM, a backup heater, a fan to drive air from the heat 

exchanger to a standard basic building model (see more details in section 6.2.2), and energy to 

keep it at specific temperatures at specified times. The energy required to maintain thermal 

comfort of a standard basic building is termed ‘demand’. The heating demand of the standard 

room in this study could be supplied directly from the solar heater, the stored solar energy in the 

heat exchanger, and also from backup heater. There are three different operation modes for these 

energy sources, as described in the following paragraphs. By choosing the correct sequence for 

the operational modes, MPC can automatically provide a comfortable room temperature and 

reduce electricity cost. 

Solar air heater mode: The solar heater mode is active when demand is coincident with the 

presence of sunlight. If solar energy is greater than demand, surplus thermal energy will be 

stored in the heat exchanger by charging PCM in it. In the event that the collected solar energy 
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is greater than both demand and the energy required to charge PCM, the excess will be 

discharged into environment.  

Heat exchanger discharge mode: Energy from PCM will be discharged if demand is greater 

than available energy from the solar heater. However, if at a given time the electricity rate is 

cheap, the optimizer tends to use backup heater and leave the PCM energy for hours of high 

electricity price.   

Backup heater mode: If the heat exchanger and solar heater are not able to satisfy demand, 

the backup heater starts working. On the other hand, when the system is operating during hours 

of low-cost electricity, even though solar energy is available or the heat exchanger is charged, 

MPC can decide to use the backup heater based on weather prediction. 

In design of the system, the backup heater and heat exchanger were located inside the 

building. Thus, the energy loss from both maybe considered negligible. Fig. 6.2 shows an 

overview of automation system used in the current study. 

 

Fig. 6.2. Overview of the automation system 

 

The aim of the automation system was to take advantage of low-cost nighttime electricity 

rates and diurnal solar energy, which in turn would culminate in the reduction of global and 

peak energy demand, as well as energy costs. Being aware that the heating demand and energy 

consumption of a building can influence operational costs [213], a simulation-based 

optimization process was carried out to satisfy the MPC strategy (Section 6.2.4). Specifically, 

the heating demand of the building was evaluated through the simulation software (Section 

6.2.2). Then, demand, along with other input data, will be sent to the optimizer (Section 6.2.3) 

to minimize the heating cost of the building. 
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6.2.1.2. Solar air heater  

Solar energy is the most available source of energy of all renewable and fossil-based energy 

resources [214]. Moreover, due to its clean, environmentally-friendly, and sustainable features, 

the application of solar energy has gained considerable attention [215]. Solar energy can be 

utilized using various technologies such as solar water heaters, solar cookers, solar dryers, solar 

ponds, solar architecture, solar air conditioning, and solar chimneys [216]. Hence, a fruitful and 

cost-effective approach is required to extract solar energy, convert it into thermal energy and 

then store it [217]. 

The focus of this study was on space heating of buildings. Therefore, a non-concentrating, 

flat plate solar heater was assumed as the source of energy. Flat plate heaters usually contain 

glass or plastic glazed covers, dark-colored absorber plates, insulation, tubes filled with a heat 

transfer fluid and other ancillaries [218]. The performance of a solar heater is evaluated by its 

efficiency, which is defined as the ratio of the useful thermal energy collected to the total amount 

of radiation hitting the surface of the heater over a specific period of time [219]. Assuming a 

constant value for some parameters, such as transmission coefficient of glazing, absorption 

coefficient of plate, heater heat removal factor, and heater overall heat loss coefficient, the 

efficiency will be a linear function of solar radiation intensity and the difference between inlet 

airflow of the heater and ambient temperature (Eq. (2.1)) [220]. This assumption is used to 

simplify working equations and the encoding process to accelerate the speed of the calculations. 

where,  is efficiency, T temperature, and I is the intensity of solar radiation. The subscript 

SAH is the acronym for the solar air heater. Subscripts in and amb represent the inlet and ambient 

temperature of the solar heater, respectively. The heater in this study was a 1 m × 1 m solar air 

heater, incorporating a 0.1 m × 1 m photovoltaic (PV) panel on top of it (Fig. 6.3) to drive the 

fan needed to circulate the air through the heater.  

 

Fig. 6.3. Integrated solar heater and photovoltaic module 
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6.2.1.3. Heat exchanger  

The heat exchanger unit in this study (Fig. 6.4) was made of acrylic materials and a set of 

19 thin aluminum containers (0.45 m × 0.30 m × 0.01 m) holding a commercial PCM – 

RT25HC. The plates were positioned parallel to the airflow with 5mm gap between them. The 

heat exchanger unit was coupled with fan of the solar heater, or the fan used to drive air from 

heat exchanger to room allowing the circulation of air through the plates. The amount of PCM 

in the heat exchanger unit was approximately 9.5 kg. Table 6.1 details the properties of PCM. 

The whole assembly was insulated using a 0.040 m thick layer of polystyrene and mineral wool 

(i.e. thermal resistance of about 1 m2·K/W). 

 

 

Fig. 6.4. Schematic top view of the heat exchanger 

 

Table 6.1 The physical and thermal properties of the PCM –RT 25 HC [141]. 

Parameter Unit Value 

PCM type - Organic 

Melting temperature range °C 22-26 

Heat of fusion  kJ/kg 230 

Specific heat  kJ/kg·K 2 (s) 

2 (l) 

Thermal conductivity  W/m·K 0.2 

Density kg/m3 880 (s) 

770 (l) 

Volume expansion % 12.5 

Max operating temperature °C 65 

 

To evaluate the thermal behavior of the PCM, the specific heat capacity of the mushy phase 

was calculated using Eq. (6.1) [122]. 
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(6.1) 

where, C is specific heat capacity, LH is heat of fusion, and
mT is an arbitrary small value 

representing the range of phase change temperature. Subscripts s, l, and m represent solid phase, 

liquid phase, and current and melting condition of PCM.   

The findings rest on the assumption that all the PCM had same temperature [136]. Indeed, 

based on this isothermal model, de Gracia et al. [221] confirmed that discrepancies between the 

simplified model and the experimental data are negligible enough for engineers and architects 

to predict the performance of the LHES without the need for complicated computational 

resources. On the other hand, as the charging and discharging process of PCM are mainly driven 

by force convection, the heat losses and gains were only considered during the storage period. 

On this basis, the temperature of PCM at different time steps could be obtained from Eq. (6.2), 

meaning that PCM temperature at each time step was equal to the PCM temperature at previous 

time step, plus the energy earning from solar heater, minus the energy leaving the heat exchanger 

to the room. 

( ) ( )

( 1) ( )

,

     Dynamics- state update
SAH HE n HE Room n

PCM n PCM n

PCM p PCM

Q Q
T T t

M C

• •

− −

+

−
= + 


 

(6.2) 

where t is: 

1n nt t t+ = −  (6.3) 

whereQ
•

is the thermal power of the device, n is time step, ∆t is the decision time step, and M is 

PCM mass. Subscripts SAH-HE and HE-Room represent energy from solar air heater to heat 

exchanger, and heat exchanger to room, respectively. 

In order to facilitate the calculations, it was assumed that the outlet temperature of the heat 

exchanger was the linear function of PCM temperature (Eq. (6.4)) [222]. 
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where θ denotes the conversion coefficient and subscript out,HE represents the outlet condition 

of heat exchanger. 

 

6.2.1.4. Backup heater  

Electric resistance heating is 100% efficient, as it converts nearly all the electrical energy to 

thermal energy. Hence, the electric power of heater is equal to the thermal power used to provide 

the heating demand [223]. To estimate the power of fan, Hastings [224] proposed Eq. (6.5). 

f air

f

p
Q Q



• 
=  (6.5) 

where p is overall system pressure drop and Q is air volume flow rate. In this study 
f

p




was 

considered to be constant in order to simplify the problem and implement MPC strategy more 

simply. 

 

6.2.2. Heating demand simulation 

The simulation part of the study was performed via EnergyPlus v8.1. EnergyPlus is a 

powerful building energy simulation software, which is used widely by designers and engineers 

all over the world. This tool is able to estimate building energy demand according to the 

envelope design, weather conditions, occupancy status, and HVAC system design and control 

[225]. EnergyPlus takes advantage of the features and capabilities of BLAST and DOE-2 

programs, which have been supported by the US government, and builds new features such as 

variable time steps for HVAC simulation and user-configurable systems [226]. In fact, it is able 

to assess heat balance loads at fixed time steps, as well as the response of HVAC, plant and 

electrical systems at variable time steps. This integration has led to more precise and realistic 

temperature prediction, estimation of adsorption, desorption, radiant heating and cooling 

systems, advanced infiltration, and multi-zone airflow calculations [227].  

In this study, ASHRAE standard 140 Case 600 was selected as the reference building to 

simulate the heating demand of three types of building through EnergyPlus software. According 



Chapter 6. Model predictive control strategy applied to a PCM-enhanced building 

 

157 

 

to this standard, the basic building model is a rectangular single zone with dimensions 8 m wide, 

6 m long and 2.7 m high, and without any interior partitions. The building has two 12 m2 

windows, facing south (Fig. 6.5) [228]. However, as the current simulation was based on 

conditions in Auckland, New Zealand, a slight modification was carried on the test model to 

change the windows to north facing. The design of the standard building is based on lightweight 

construction materials. More information regarding the building specifications, such as 

envelope components and their properties, infiltration, internal loads and mechanical systems 

can be found in the publication cited in reference [228]. As ASHRAE standard was used to 

implement the reference building in EnergyPlus, no validation was done for simulation to 

calculate heating demand [163]. 

In this study, three heating schedules, which are summarized in Table 6.2, were considered 

for the building explained above. Each heating schedule would be more suitable for a specific 

building type (service, office and domestic). For example, usually a service building such as a 

hospital needs to be kept within comfort level for 24 hours.  

 

Table 6.2 The schedules of the service, office and domestic buildings [25]. 

Building Comfort temperature range (°C) Schedule time 

Service 20-25 24 hours 

Office  20-24 8 am – 4 pm 

Domestic 20-24 6 pm – 12 am 

 

 

Fig. 6.5. ASHRAE Standard 140 Case 600 
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6.2.3. Numerical optimization 

Solving Constraint Integer Programs (SCIP) Optimization Suite is a software toolbox, which 

can generate and solve algebraic optimization problems. Its modeling language is ZIMPL, the 

linear programming solver is SoPlex, and the constraint integer programming and branch-cut-

and-price framework is SCIP. SCIP is able to quickly solve both mixed-integer linear and non-

linear programming, MIP and MINLP. The other features of SCIP optimization Suite are UG 

frameworks used to parallelize branch-and-bound-based solvers, and GCG framework, which 

performs as a generic branch-cut-and-price solver [229]. 

As a well-defined and high-level programming interface, Python can be used to write SCIP 

codes [230]. Python is an outstanding tool, offering open-source, object-oriented, user-friendly, 

versatile, portable, extensible, and customizable software [231]. In addition, it has a standard 

library, which allows users to have access to a large number of useful modules, inter-process 

communication, and operating and file systems [232]. 

In this study, SCIP 4.0.0 as the optimizer and Python 2.7.12 as the programming interface, 

both of which were installed on an Ubuntu Linux operative system, were used to produce the 

dynamic model of system. 

 

6.2.4. MPC strategy 

An MPC tool is a successful optimization-based strategy, by which the behavior of a 

controlled system can be explicitly predicted over a receding horizon [233]. The main elements 

of MPC are objective function, prediction horizon, decision time step, manipulated variables, 

optimization algorithm, and feedback signals [234]. Along with its dynamic modeling of the 

process, MPC acts in a way to optimize the objective function, subject to some constraints [235]. 

The basic structure shown in Fig. 6.6 is used to implement the MPC strategy. In this strategy, a 

model is utilized to predict the outputs based on the past inputs and outputs and current inputs 

as well as the proposed optimal future control signals. These signals are calculated through the 

optimizer considering the objective function, constraints and future errors, for a determined 

horizon. The predicted output, then, is compared to reference trajectory and an error is 

calculated. The cycling process is continued until a minimal error is obtained [236].  

In MPC strategy, Eq. (6.6) is used to introduce the objective function, and follows 

constraints required to satisfy the demand [207]. 
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Fig. 6.6. Basic structure of MPC strategy [236] 
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where, l is cost function, N is prediction horizon, n

nb R is state, m

ne R is control input, and Bn 

and En define the constraints of state and inputs values, respectively. In general, objective 

function should satisfy stability and target performance parameters. In fact, to prove its stability, 

the objective function should be able to follow Lyapunov-like functions [237]. In terms of the 

target performance, the objective function usually needs to minimize one behavior and 

maximize another one [207]. For example, the objective function of the current study tends to 

minimize the cost and maximize the inside thermal comfort. 

The objective function used in this study (Eq. (6.10)) aimed to minimize the total energy 

cost of the heating, including the cost of backup heater and the fan applied to the system in order 

to drive air from TES to room at on-peak hours.  
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where m
•

 is mass flow rate and subscripts f and SAH-Room represent fan and solar heater to 

room, respectively. The subscript PCM0 represents the initial condition of PCM. The operating 

range of variables is defined as below: 

( ) ( )0   &   0.2SAH n HE Room nm m
• •

−   (6.19) 

( )20 60PCM nT   (6.20) 

( ) ( )
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HE n BH n
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• •
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( )
0      

SAH n
Q Maximum energy from SAH
•

   (6.22) 

The energy cost obtained through MPC strategy was then compared with ‘simple control’ 

method to estimate the cost-savings for electrical energy. The basic idea of the simple control 

method is to compare the system output with the determined set point and minimize error by 

tuning process control inputs i.e. repeating a measurement and computation procedure for each 

time step. The simple control method fails to predict outputs as the horizon is ignored [238]. 

 

6.3. Results and discussion 

6.3.1. Effect of receding horizon 

One significant parameter in the evaluation of MPC performance is horizon [239]. The 

period of time in which the objective function is being optimized is called prediction horizon. 

In this section, results for the effect of MPC horizon on the heating costs of the aforementioned 

building types are discussed. Heating demand of a service building in a typical day of winter in 

Auckland was obtained through EnergyPlus simulation (Fig. 6.7). Fig. 6.8 displays the impact 

of receding horizon on electricity cost-savings for service schedule profile for 1 and 7 running 

days, beginning with the first day of winter in Auckland in 2017. The cost-savings achieved by 

the current strategy are compared with those with the simple control method. The decision time 

step of the figure is 15 min. Fig. 6.8 shows that increasing the horizon decreased the electricity 

consumption, which in turn resulted in a reduction in energy cost. Greater horizons enabled the 

model to cover a wider range of weather conditions as well as the electricity cost data, based on 

which the model decided whether to store or release the PCM energy to satisfy heating demand. 

In addition, it can be seen from the growth rate shown in the graphs that energy savings were 

more prominent when the duration of simulation increased from 1 to 7 days. This is because the 

model had more flexibility in relation to the charging and discharging time of the PCM. To 

clarify, in the 1-day (i.e. 24 h) simulation, heating demand resulting from the EnergyPlus 

simulation of the service schedule profile was for midnight until 9 am, and then from 8:30 pm 

to midnight (Fig. 6.7). Accordingly, PCM was only able to be charged during the day and 

discharged from 8:30 pm until midnight without causing any effect on the first period of 

demand. However, in the 7-day simulation, this period was extended, giving the PCM the ability 

to release its energy after second midnight and so save more energy.  
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In Fig. 6.8 the sharp increase shown in cost-saving from 5 to 7.5 h is explained by Fig. 6.9 

and Fig. 6.10, which exhibit the performance of MPC system for horizons 5 and 7.5 h, 

respectively. In these figures, electricity cost was extracted from reference [178] and solar 

radiation and demand were obtained from the simulation as input data. The PCM temperature 

and the sources of energies utilized to provide demand are the output information. Based on the 

first few winter days in Auckland, the most expensive time of the day was warm period, within 

comfort level, when there was no demand. At around 8 pm, demand started to grow, in which 

case for a system setting based on 5 h prediction (Fig. 6.9), it could use only a small proportion 

of solar energy (about 0.1 kW/m2) stored in PCM. Hence, at 8:30 pm, a limited amount of energy 

could be released from the heat exchanger (red arrow). However, based on the 7.5 h prediction 

(Fig. 6.10), the system was able to take advantage of a larger amount of solar energy and release 

it at the time of need. Therefore, more energy savings and cost reductions were achieved. 

 

Fig. 6.7. The building heating demand in a 1-day simulation 

 

Fig. 6.8. Electricity cost-savings at different horizons for 1 and 7 running days 
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Fig. 6.9. The performance of the MPC with the horizon of 5 h for 1 day 

 

 

 

 

 

 

 

 

Fig. 6.10. The performance of the MPC with the horizon of 7.5 h for 1 day 

 

The system decided to charge PCM based not only on the presence of the sun, but also on 

the conditions forecast. It can be observed that with the horizon of 5 h, the maximum 

temperature of PCM in heat exchanger was 23°C. However, for a horizon of 7.5 h, it reached 

about 37°C. In fact, with higher horizons, the system was able to anticipate a wider range of 

heating demand hours and store greater quantities of the solar energy in PCM. The results for 7 

running days also confirm this finding (Fig. 6.11). Fig. 6.11 shows the behavior of the PCM’s 

temperature at different horizons of 5, 7.5 and 10 h for 7 days, for given solar radiation, 

electricity cost and building heating demand. The trends show that with horizons ascending from 
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5 to 7.5 and 10 h, the maximum temperature of PCM, as well as retention time at that 

temperature, rose. Indeed, according to the prediction for 5 h, the system was exposed to demand 

when solar energy was not available. Thus, PCM remained unloaded. In contrast, applying the 

10 h prediction allowed the PCM to be charged at a higher temperature and for a longer time. 

Further, the MPC strategy performed in such a way that the electricity and energy stored in 

the heat exchanger were consumed during the corresponding cheap and costly hours, 

respectively. According to Fig. 6.9 and Fig. 6.10, at around 8 am, there was a PCM discharge, 

even though the electricity cost was quite cheap (blue arrow). This is because at that time, with 

horizons of 5 and 7.5 h, no demand was foreseen. Thus, the MPC system attempted to extract 

the energy from the heat exchanger during cheap hours to avoid using backup heater energy and 

minimize the cost. 

 

 

 

 

 

 

 

 

 

Fig. 6.11. The PCM temperature profile at horizons of (A) 5 h, (B) 7.5 h and (C) 10 h for 7 days 

 

6.3.2. Effect of decision time step 

The duration between each optimization process is known as decision time step. Some 

researchers have studied the impact of decision time step on the performance of MPC strategies 

[240]. Table 6.3 presents the electricity cost of heating as a function of decision time step for 

the first 1 and 7 days of winter in Auckland. As shown in the table, for a specific number of 

horizons (i.e. 24 in this study), the longest decision time step appeared to be more efficient. 

A 

B 
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Indeed, according to the relation between the horizon and decision time step (Eq. (6.23)), 

lengthening the decision time step expanded the prediction hours, which in turn culminated in 

reducing the energy consumption.  

Receeding horizon ( )  ( )h N t h=   (6.23) 

However, the accuracy of system is another critical parameter that should be taken into 

account. While less complicated and time-consuming, large decision time steps may lead to 

some important data being missed, hence deteriorating the precision of the outcome. In this case, 

the reduction rate of the electricity cost for 7 days was less than for 1 day (Fig. 6.12). Based on 

the discussion in section 6.3.1, an opposite scenario was expected. In the 7-day simulation, 

almost the same cost-savings were achieved for both 30- and 60-min decision time steps, even 

though the prediction time of the latter is two times that of the former. In fact, due to skipping 

some essential information such as demand, weather condition, electricity cost, and PCM 

temperature, the system failed to provide an authentic estimation of energy and cost 

requirement. In other words, for the decision time step of 60 min, PCM reached its maximum 

point quickly, so that no further improvement was attained. This conclusion is verified by PCM 

temperature profile in Fig. 6.13, which indicates that PCM temperature oscillated sharply 

between the boundaries temperatures of the program (20 and 60°C) with 60 min decision time 

step. The temperature variation was more gradual with the 30 min time step, indicating it is 

better to make the time step as small as possible. However, as discussed, decreasing the time 

steps increases the time and cost of computations. On the other hand, longer time steps make 

the system more sensitive to sharp changes, meaning a contingency plan has to be developed to 

avoid malfunctioning of the system, such as not meeting demand and overheating PCM in the 

heat exchanger unit. If PCM temperature exceeds its maximum operating range, it could over 

pressurized and deform or open a leak path. Hence, a balance between the cost and accuracy of 

the program needs to be established. 

 

Table 6.3 The energy cost of heating for 1 and 7-day simulations at different decision time steps 

Decision time step (min) Horizon (h) Energy cost (NZD) for 1 day Energy cost (NZD) for 7 days 

5 2 0.802 7.205 

15 6 0.790 6.350 

30 12 0.750 5.795 

60 24 0.660 5.760 
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Fig. 6.12. Electricity cost-savings at different decision time steps for 1 and 7 running days 

 

 

 

 

 

Fig. 6.13. PCM temperature profile for decision time steps of (A) 30 min and(B) 60 min, at given solar radiation 

and electricity cost 

 

6.3.3. Effect of mass capacity of PCM 

As a latent heat storage medium, PCM plays a significant role in the heating process of a 

space. In order to exploit the maximum efficiency of PCM, investigation of effective parameters 

of PCM performance was seen as beneficial. Accordingly, the objective in this part of the study 

was to demonstrate the impact of the amount of PCM in the heat exchanger on energy saving of 

the described service building, for 1 and 7 running days. The decision time step and horizon 

were considered to be 0.5 and 15 h, respectively. As expected, Fig. 6.14 shows that increasing 

the PCM mass helped the system to store more solar energy. Accordingly, the heat exchanger 

was able to release a greater amount of energy, leading to more electrical energy being saved. 

Applying 28.5 kg of PCM (three times the initial PCM) into the system saved about 27% in 

electricity costs in 7 days, which would provide up to 40% savings over the whole winter, as 

well as over a couple of years in a row. However, it is not a good idea to raise the amount of 
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PCM as much as possible. Instead, the PCM mass implemented in the heat exchanger should be 

optimized according to the efficiency of unit, as well as the capital investment of PCM. 

In contrast to the 7-day simulation, increasing the amount of PCM from 19 to 28.5 kg in 

the1-day simulation did not improve the efficiency of the system. The reason is that at the given 

prediction horizon and decision time step, almost all the heating demand of the period between 

8:30 pm and midnight was satisfied by the stored energy of the PCM (Fig. 6.15). Hence, further 

addition of PCM was not effective. 

 

Fig. 6.14. Effect of PCM mass on the electricity cost-savings for 1 and 7 running days 

 

Fig. 6.15. The performance of the MPC system with 19 kg of PCM and horizon of 15 h 
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MPC strategies can be applied to different type of buildings with different heating demands. 

Fig. 6.16 displays the heating demand for service, domestic, and office building scenarios, as 

well as energy sources used to supply the demand. In this simulation, decision time step and 

horizon are 0.25 and 10 h, respectively. The results of the simulation are compatible with the 

schedules for the buildings outlined in Table 6.2. The plan for service building was to maintain 
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available to warm up the space. In this case, according to the available energy sources, the heat 

exchanger provided a small proportion of demand, while backup heater supplied a large 

proportion. Normally, domestic buildings experience two peak hours; in the morning from 6 am 

to 9 am and in the evening  from 6 pm until midnight. Therefore, the energy stored in PCM 

during the day can largely meet the peak demand in the evening. For the case of office building 

in this study, demand appeared particularly high during the day, and could be mostly met by 

solar energy, or energy stored in the heat exchanger. Thus, MPC strategy performed more 

effectively for office and domestic buildings than for service building in this study. Confirming 

the results, the 7-day simulation for different building types (Fig. 6.17) also showed the highest 

cost-saving (56%) for domestic building, where a large amount of the heating demand was 

satisfied by discharging the PCM. The service building showed the lowest cost-saving, as they 

should provide the comfortable indoor temperature for 24 hours. 

Furthermore, when demand was compared in the 7-day simulation (Fig. 6.18), the intensity 

of demand in office building was larger than for the domestic building, which in turn showed 

greater intensity of demand than the service building. The reason for this is associated with the 

period of demand for each building. In the office building, demand rose after the low 

temperature at night, which made the building very cold, meaning it needed more energy than 

the other buildings to compensate. In contrast, the demand intensity for the domestic buildings 

was the lowest as it appeared at around 8 pm, after taking advantage of daytime sunlight and 

warm temperatures. Finally, the demand intensity for the service building was between that of 

the two buildings. It needed to be considered all the time, so the building’s temperature did not 

get too low. 
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Fig. 6.16. The profile demand and the sources of energy used to supply the demand for (A) service, (B) domestic 

and (C) office buildings 

 

 

Fig. 6.17. Cost-savings achieved by a different type of building for the 7-day simulation 
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Fig. 6.18. Heating demand associated with different buildings 

 

The summary of the investigated parameters, operating conditions, and schedules as well as 

the findings of the current study are shown in Table 6.4. In fact, the effect of the horizon, 

decision time step, PCM mass, and operating schedule on cost-savings of heating process of a 

building in New Zealand were studied.  

  

Table 6.4 Summary of the operating conditions and findings 

Parameter Horizon 

numbers  

Decision time 

step (min) 

PCM Mass 

(kg) 

Simulation 

time (day) 

Schedule Cost-savings 

(%) 

Horizon 

numbers 

10, 20, 30 15 9.50 1  

7 

Service 0.34–6.80 

4–11.70 

Decision time 

step 

24 5, 15, 30, 60 9.50 1 

7 

Service 0.97–18.50 

1.37–21.10 

PCM Mass 30 30 1, 4.75, 9.50, 

19, 28.50 

1 

7 

Service 1.69– 18.45 

2.29–27.45 

Schedule 40 15 9.50 7 Service 

Domestic 

Office 

11.46 

56.99 

49.40 

 

6.4. Conclusions 

A numerical study was carried out of an MPC strategy to control the heating process for 

three versions of a standard building, all equipped with a heat exchanger containing PCM and a 
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solar air heater to capture the solar energy and direct it to the heat exchanger. In this simulation-

based optimization investigation, EnergyPlus, Python and SCIP software packages were used 

as the simulator, interface and optimizer, respectively. The objective function of the MPC was 

to select the appropriate schedule of operation for the whole system to minimize the electricity 

cost and meet the heating demand of the service, domestic, and office buildings used in the 

simulation. The results confirmed that implementation of the smart MPC strategy was more 

beneficial for the service building, followed by the office and domestic buildings in descending 

order. The effect of various parameters on the performance of the MPC strategy was 

investigated. The results showed that the greater the prediction horizon, the higher the cost-

saving achieved. Moreover, increasing the time step enhanced the horizon hours on the one 

hand, but ignored some significant input information on the other. Thus, smaller time steps were 

better in terms of the accuracy of the simulation. However, using smaller time steps requires 

more processing time and more powerful instruments, which increases the cost of computations. 

In addition, with regard to the PCM content of the heat exchanger, a higher amount was more 

beneficial in terms of cost-savings for electricity. However, increases in the capital cost of PCM 

would necessitate deciding on an optimized amount of PCM for the heat exchanger. Overall, 

the results show that compared to the simple control method, a cost-saving of about 12 to 27% 

was achieved in the 7-day simulation in the domestic building, which was higher than for the 1-

day simulation. 
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The world is moving toward the use of renewable and sustainable solutions. In this regard, 

the techno-economic analysis of innovative products is an essential factor, which affects their 

desirability and viability in the market. Studies predict that the global market size of PCM, as a 

green technology, is expected to increase to $1625.1 million in 2025 from $725.7 Million in 

2018, at a Compound Annual Growth Rate of 12.2% during the studied period [241]. In 1991, 

Peippo et al. [242] evaluated energy-saving of a building enhanced with 110 m2 passive 

wallboards under different weather conditions of Helsinki and Madison. At an electricity rate of 

17 $/GJ, an energy-saving of 6% (2 GJ) in Helsinki and 15% (3 GJ) in Madison were achieved. 

By assuming the future purchase price of PCM to be 1.5 $/kg, a payback period of 20 and 10 

years in Helsinki and Madison was estimated, respectively.  

This chapter aims to provide a brief indication of expenses associated with the incorporation 

of a solar-assisted active PCM storage in combination with a smart control strategy applied to a 

100 m2 house in Auckland. Based on the study carried out by Vautherot et al. [116], 6547 

kWh/annum energy is required to provide comfort in a two-story house with a total floor surface 

area of 256 m2. On the other hand, the results of our prototype using 8 wt.% PCM charged by a 

solar air heater showed 30% energy-saving annually, which equals to 1965 kWh/annum for the 

mentioned real house. Hence, at an electricity price of 0.2 $/kWh, $393 of cost-saving would be 

achieved (All prices are in US$). According to the costs of the devices obtained from some 

suppliers in China (Table 7.1), a payback time of six years is estimated for the PCM storage unit 

in combination with a solar air heater and control system. The performance of the system can 

even be improved by considering an optimal design for the system and implementing a 

predictive control method, which uses the prediction of weather data and electricity prices. 

Hence, an increase in cost-saving and a reduction in payback time would be observed through 

peak load shifting. 

It is worth noting that all the calculations were based on the devices for a single house. The 

authors believe that mass production would reasonably reduce the required costs and payback 

time, consequently. In addition, soon, countries will implement a carbon tax policy, which 

makes different sectors responsible for CO2 emissions. This policy would add value to the 

proposed system compared to other available heating and cooling systems.   
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Table 7.1 The costs of devices used for the application of the active PCM system used in this project 

Devices Costs (USD) 

PCM $100 

PCM Encapsulation $100 

Body of the PCM heat exchanger $500 

Insulation $50 

Solar air heater $1000 

Ducting  $200 

Fans $100 

Valves $200 

Data acquisition and control system $200 

Temperature sensor $50 

  

Total $2500 
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8.1. Conclusions 

Studies show that phase change materials (PCMs) are promising candidates in reducing the 

energy consumption of buildings and hence reducing CO2 emission. Despite a large number of 

studies been carried out on the passive application of PCM in buildings, little work has been 

dedicated to the active application. As active PCM systems offer a greater level of control and 

a more efficient heat transfer, an active air-based PCM energy storage was designed and 

fabricated at the University of Auckland, New Zealand. A mathematical model was 

implemented in Matlab software to design the PCM storage unit, using a two-dimensional finite 

difference method. Unlike other studies, our model considered the thermal mass of the PCM 

container, and the natural convection, which occurred in the melt layer of PCM as well. The 

mathematical model could successfully predict the experimental measurements conducted under 

static and dynamic loads. Heat transfer rate was slightly different when the PCM containers 

were kept in vertical position compared to horizontal position. In the vertical position, PCM 

melted 10 min faster due to the influence of natural convection. 

Two experimental huts were then used to investigate the importance of the designed active 

PCM storage in reducing heating and cooling energy consumption in buildings. In winter, both 

huts were heated using a solar air heater and an electric heater, but in addition, one of the huts 

received heating from PCM, which was charged by solar energy provided by the solar heater. 

In summer, the huts were cooled by an AC unit, while one of the huts was assisted by the free 

night cooling stored in the active PCM storage unit. The implementation of active system 

reduced indoor temperature variation by 42%, in winter, when PCM storage unit and solar heater 

were in operation in Hut 2 and solar heater was the only energy source in Hut 1. Results showed 

40% energy-saving over 19 days during the month of May and 10.3%, over 28 days, in 

June/July. The use of an active PCM storage unit was also successful in capturing the free 

coolness available at night to minimize indoor temperature rise (by 2°C) during the day and 

hence reduce the energy needed for air conditioning (20% on average) during the following day. 

In summer, 30% and 10% of energy were saved in March/April (over 20 days) and January 

(over 10 days), respectively. Also, the incorporation of the active PCM system improved indoor 

thermal comfort through temperature stabilization.  

The application of the active PCM system also played an essential role in shifting both 

heating and cooling loads. The PCM was charged by solar energy and an electric heater during 

off-peak period for use during peak hours in winter. In summer, free night cooling and cheaper 

electricity, available at night (by running the AC unit), were used to cool the PCM during the 
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off-peak hours to be used during the period of high-electricity price period. A daily energy-

saving of up to 47% (~ 0.83 kWh) with a corresponding 65% cost-saving (~ 0.185 NZD/day) in 

winter and up to 23% daily energy-saving (~ 0.27 kWh) with a relevant 42% of cost-saving (~ 

0.05 NZD/day), in summer, was achieved. RT25HC was a suitable PCM for heating peak load 

shifting, but less attractive for cooling peak load shifting, since its melting temperature (22°C-

26°C) was higher than the upper bound of the comfort level (25°C). Hence, the latent heat 

storage capacity of the PCM was not fully captured. 

The performance of the designed active PCM system was then compared with that of a 

passive system. The results were in favor of the active system as 22% less energy was consumed 

to provide comfort when the same energy storage capacity was used in both systems. Also, the 

active system was more efficient in creating peak load shifting through better control of heat 

release and hence led to 32% less electricity cost. Moreover, the use of ATSS would provide a 

better degree of control, higher reliability, and less adverse environmental impact. The final 

selection of the type of energy storage system should be based on cost analysis. 

The price-based control strategy used for peak load shifting raised the need for a predictive 

control strategy as sometimes, the energy stored during the off-peak period via the use of the 

electric heater or the AC unit remained unused. Hence, a price-based method in combination 

with  a predictive control strategy was numerically implemented in a building selected based on 

ASHRAE standard 140 Case 600. The model predictive control strategy uses the prediction of 

weather conditions and electricity prices to decide on charging, storing, and discharging energy 

from PCM, while minimizing electricity cost. Through a 7-day simulation, a cost-saving of 

11.46% in services buildings, 57% in domestic buildings, and 49.4 % in offices were achieved. 

The results showed that increasing the prediction horizon and decreasing the control time step 

would improve the performance of the predictive control strategy for better energy-saving. 

However, more processing time and more powerful instruments are required, which then 

increases the cost of computations. In addition, with regard to the PCM content of the heat 

exchanger, a higher amount was more beneficial in terms of cost-savings for electricity. 

However, increase in the capital cost of PCM would necessitate deciding on an optimized 

amount of PCM for the heat exchanger.    

Techno-economic studies of the active PCM system in combination with a solar heater and 

smart control strategy showed a payback time of six years, which is expected to be reduced 

through an optimal design and mass production. 
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8.2. Future research 

According to the results obtained from the mathematical modeling and experimental 

measurements in this study, there is a great potential in the use of active PCM systems for 

energy-saving and heating/cooling peak load shifting. However, some issues need to be 

addressed to further improve the thermal efficiency of the designed product as well as its 

desirability for building owners and customers.  

• The experimental huts used in this study had a high ratio of surface area to volume, 

which do not represent the dynamics of a real building. Hence, it is necessary to 

investigate the thermal performance of a real building in the presence of the designed 

product. This investigation can be done through the development of a model using the 

experimental measurements obtained from this project and then scaling it up to a real 

building.   

• The optimal design of an active PCM storage for different types of buildings, including 

residential, industrial, and commercial buildings under different climatic conditions, is 

required. The optimal design can be achieved through the development of an analytical 

model, which simulates the dynamics of a real building. 

• The experimental section of this project utilized an ON/OFF controller, which did not 

consider future weather data and electricity prices. Thus, the experimental analysis of 

predictive control strategies applied to buildings is very useful.  

• This study used available wholesale electricity prices for cost analysis. However, having 

access to real-time electricity prices as well as a price forecast may result in more 

efficient utilization of PCM storage capacity. 

• In the “Model Predictive Control” strategy, implemented in this study, the heating 

demand of the building was estimated through the development of a mechanistic model 

using EnergyPlus. The calculated energy demand was then used for optimal control 

while offline, as the online demand calculation was time-consuming. To address the 

issue of online measurements, intelligent-based models would improve the performance 

of the control strategy and reduce calculation time significantly.  

• In this study, a solar air heater was used to charge the PCM. However, studies show that 

glazed hybrid photovoltaic thermal (PVT) solar heaters hold the features of both PV and 

thermal collectors, at only a little increase in cost. Thus, the heat generated from the PVT 

can assist in the space heating of a building. The electricity can also be either used to run 
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electrical devices or fed into the grid and get paid, which makes the product more cost-

effective.  

• In this project, the winter or summer mode of the system was set manually. Indeed, only 

the electric heater or AC unit could operate at a time. By improving the control system, 

through increasing ducting and valves, the system would be operatable for all seasons, 

automatically.     

• A comprehensive techno-economic analysis of a real building incorporating active PCM 

storage systems is required to find the desirability of the product in the market.  
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