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ABSTRACT 

 This study proposed the application of phase change materials (PCM) in buildings in 

combination with a price-based control method for peak load-shifting application. A price-

based control method was proposed which would be able to use online real-time electricity 

price data to use electricity when it is cheap and to stop using it during high peak periods. The 

proposed method was first tested on a domestic freezer equipped with storage trays containing 

a eutectic solution of ammonium chloride. An electricity cost saving of up to 16.5% was 

achieved for the freezer experiment.  Later, two identical test huts located at the Tamaki 

Campus, University of Auckland were used for the experimental studies. The experimental 

huts were constructed using standard lightweight materials and are referred to as Hut 1 and Hut 

2. Hut 1 was used as the base case throughout the study, while various PCM applications were 

tested on Hut 2. In the first step, DuPont wallboards were installed in Hut 2 and were tested 

using the proposed price-based method, which resulted in a successful peak-load shifting and 

a cost saving of 26.7%. There was a corresponding energy saving of 21.5% achieved over a 

six-day period. In the next stage, the DuPont wallboards were removed from Hut 2 and a PCM-

impregnated underfloor heating system was installed instead. The application of the underfloor 

heating system using the price-based method showed improvement during the morning peak, 

but it had almost no effect during the evening peak. To address this, the DuPont wallboards 

were installed once again to store energy for use during the evening peak period. A combination 

of PCM underfloor heating with DuPont wallboards resulted in up to 35% electricity saving 

per day. The underfloor heating system and the DuPont wallboards were removed from Hut 2 

and were replaced with PT20-impregnated gypsum boards. The experimental huts then were 

tested in summer using an air conditioner unit in both. The results showed a successful peak 

load shifting, although no energy saving could be achieved. To solve this, night ventilation was 

used in Hut 2 in order to solidify the impregnated PCM at night instead of using the air 
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conditioner unit. This resulted in an overall electricity saving of 73% over a period of one week. 

The same PT20-impregnated gypsum boards later were used for winter tests to study their 

heating performance. Winter tests showed a successful peak load shifting but only a little 

energy saving. In order to improve this, weather forecasts were used to reduce the electrical 

energy consumption and use solar energy more often. The application of weather forecasting 

resulted in an energy saving and a cost saving of up to 90% and 79% per day respectively. 
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Introduction 

1.1 Energy Management 

Excessive use of fossil fuels as the main energy resource in the past two decades has raised 

serious concerns. The environmental consequences of global warming and the depletion of the 

ozone layer has made governments, policy makers, and scientists in the developed and 

developing countries search for a solution to this problem[1]. Buildings are responsible for 

almost 40% of the total primary energy supply, a figure that gets even higher in some developed 

countries, as shown in Figure 1-1.  
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Figure 1-1: Building energy consumption in selected countries [1] 

Space heating and cooling are responsible for almost one third of this energy consumption in 

buildings [2]. In order to reduce heating and cooling demand in buildings, a large number of 

investigators have considered different approaches, including increasing a building’s thermal 

mass. High thermal mass building construction materials have been suggested in the design of 

zero-energy buildings in order to reduce temperature fluctuations. Application of night time 

ventilation for buildings with a high thermal mass also was suggested to reduce the cooling 

demand during the day [3, 4]. Double or triple glazed windows or low-emissivity glass and 

inert gas-filled cavities [5] and reflective green roofs [6] were also suggested to minimize the 

heat gain or loss [7].  
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1.2 Energy Storage 

Application-renewable energy resources such as solar heating, PV (photovoltaic) and wind 

turbines also can result in high energy saving and CO2 emission reduction. However, due to 

the intermittent nature of these energy resources their availability might not match the demand. 

For instance, the peak of the solar irradiation occurs during the day, when the heating demand 

is low and the highest demand occurs during the night when there is no solar irradiation[8]. 

Thus, the application of energy storage is essential to fully use  renewable energies in buildings 

[9]. The storage can be used to store the energy when it is available and use it when it is needed. 

Energy storage also can improve performance and reliability of energy systems and play a 

critical role in conserving the energy [10]. 

Various forms of energy such as mechanical, electrical and thermal can be stored. Gravitational 

energy storage or pumped hydropower storages, flywheels and compressed air energy storages 

are examples of mechanical energy storage systems. Batteries are among the most well-known 

storages, enabling us to retain electrical energy in the form of chemical energy. However, 

battery storage is still limited to small energy storage. Thermal energy can be stored in sensible 

heat, latent heat, thermochemical or any combination of these. An overview of these techniques 

is shown in Figure 1-2. 
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Figure 1-2: Different types of thermal storage of solar energy [10] 

In sensible heat storage (SHS), one of the most widely-used techniques, heat is stored by raising 

the temperature of the storage material, which can be solid or liquid [11, 12]. Many researchers 

have studied the application of sensible heat storages such as water [13, 14], rocks  or metals 

[15]. Temperature variation during the charge and discharge periods, as well as the low thermal 

storage density, makes this technique difficult to be used for building applications. 
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1.2.1 Thermal Energy Storage (TES) 

Latent heat is based on the heat absorbed or released when a material undergoes a phase change 

from one physical state to another. High energy density, and the isothermal charge and 

discharge, make this method suitable for building applications. Solid-liquid phase change 

materials (PCM) are among the most commonly-used storage materials for building 

applications.  PCM can be classified as organic, inorganic and Eutectic PCMs and each of these 

groups can be further categorized as shown in Figure 1-3.  

 

 

  

 

 

 

 

 

Figure 1-3: Classification of phase change materials [8] 

Chemical energy uses a source of energy to excite a reversible chemical reaction in order to 

store energy [13]. This source of energy can be thermal (thermochemical energy storages), 

electrical (electrochemical storages such as batteries) or electromagnetic (such as 

photochemical reactions and photosynthesis). The stored energy in this method can be 

recovered by reversing the reaction.   

Phase Change Material 

Eutectics 

Organic 

Inorganic 

Organic-Organic 

Organic-Inorganic 

 Inorganic-Inorganic 

 

Salt/Hydrates 

Metals 

 

Paraffin 

Non-Paraffins         
(Fatty acids, Esters, Alcohols) 

 



 

6 
 

Using energy storage systems during peak electricity consumption period, with punctual 

discharge, can contribute to peak load shifting. This can avoid the use of polluting power plants 

throughout the duration of the peak [16]. 

A general introduction to energy storage is presented in this section; however a detailed 

literature review of the prior related works and motivation is presented in each later chapter. 

1.3 Objectives 

The main objectives for this study are: 

• To develop a smart control system using CompactRIO to operate independently in each 

of the huts mentioned earlier. 

• To suggest a price-based control using real-time electricity price for peak load shifting 

application. 

• To test the price-based method using a domestic freezer. 

• To study the application of PCM-impregnated underfloor heating for peak load shifting. 

• To study the application of DuPont PCM wallboard in combination with PCM 

underfloor heating. 

• To study the application of PT20-impregnated gypsum boards for space cooling using 

the price-based control method. 

• To study the application of night ventilation in combination with passive PCM in 

buildings. 

• To study the application of PT20-impregnated gypsum boards for space heating using 

the price-based control method.  

• To study the application of weather forecast data for passive PCM buildings. 
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1.4 Organisation of the Thesis 

Chapter 1 provides an introduction to the energy storage basics and the different methods that 

can be used to store the various forms of energy. It also provides an overview of thermal energy 

storage methods. 

In Chapter 2 the application of a price-based control system in conjunction with energy storage 

is proposed. Phase change material is suggested as the energy storage materials. The proposed 

method was initially experimentally tested using a domestic freezer. Energy storage trays 

containing ammonium chloride solution were used as the thermal energy storage material. 

Later, the proposed method was experimentally tested on two identical test huts located at the 

Tamaki Campus, University of Auckland, New Zealand. DuPont PCM wallboards were used 

to store energy on the wall of Hut 2 and the results were compared to Hut 1 with no PCM. The 

effect of thermal energy storage for heating application in winter was compared. The 

importance of an accurate price constraint also was discussed in detail.   The content of this 

chapter is currently being considered for publication in “Energy” journal: 

“Peak Load Shifting With Energy Storage and Price-Based Control System” by Reza Barzin, 

John J. J. Chen, Brent R. Young and Mohammed M Farid* 

The application of underfloor heating in combination with the price-based method was 

discussed in Chapter 3. Initially, a PCM-impregnated underfloor heating system was used to 

perform peak load shifting. The peak load shifting results for Hut 2, using underfloor heating 

system were compared to Hut 1. In order to improve the performance of the underfloor heating 

system, DuPont PCM wallboards were installed in Hut 2 and used in combination with the 

underfloor heating. Finally the setpoint temperature of the hut was adjusted in order to enable 

selective charging and further reduction of the energy consumption. The content of this chapter 

was published as: 
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“Application of PCM Underfloor Heating in Combination with PCM Wallboards for Space 

Heating Using Price Based Control System” by Reza Barzin, John J. J. Chen, Brent R. Young 

and Mohammed M Farid* in “Applied Energy” Journal 

The application of night ventilation in combination with passive phase change materials was 

studied in Chapter 4.  In this part of the study, PT20-impregnated gypsum boards were used in 

Hut 2 in order to store energy. In the first part of this section, an air conditioner unit in each 

hut was used to supply the cooling demand. The air conditioner units also were used during the 

low peak electricity periods to solidify the impregnated PCM. In order to improve energy 

saving, a night ventilation method was used instead of air conditioning in order to remove heat 

from PCM and solidify it during the night. The content of this chapter has been submitted to 

“Applied Energy” journal as: 

“Application of PCM Energy Storage in Combination with Night Ventilation for Space 

Cooling” by Reza Barzin, John J. J. Chen, Brent R. Young and Mohammed M Farid*. 

The application of weather forecasting in conjunction with passive PCM buildings was 

experimentally investigated in Chapter 5. Similar to Chapter 4, PT20-impregnated gypsum 

boards were used in Hut 2. Initially, the experimental setup was tested for heating application 

in winter. Each hut was equipped with a heat pump to supply the heating demands. In the next 

step, the weather forecast data was used to reduce the consumption of electricity. The 

importance of accurate weather forecast data was also discussed in detail. The content of this 

chapter is currently under publication in the “Journal of Energy and Buildings”, entitled: 
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“Application of Weather Forecast in Combination with Price-Based Method for PCM Passive 

Solar Buildings – An experimental study” by Reza Barzin, John J. J. Chen, Brent R. Young 

and Mohammed M Farid* 

Chapter 6 summarizes the main conclusions of the thesis and Chapter 7 provides 

recommendations for further investigations in this area.  
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1.5 Abbreviations 

AC Air Conditioner 

CV Control variable 

DLC Direct Load Control 

DR Demand Response 

DSC Differential Scanning Calorimetry 

FT Freezer Temperature 

HPL high price lower constraint 

HPU high price upper constraint 

LHS Latent Heat Storage 

LHTES Latent Heat Thermal Energy Storage 

LPL low price lower constraint  

LPU low price upper constraint 

OP Online Price 

PC Price Constraint 

PCM Phase Change Materials 

RAC Remote Applicant control 

RT Room Temperature 

SHS Sensible Heat Storage 

TCHS Thermochemical Heat Storage  

TC Temperature constraint 

TES Thermal Energy Storage 

ToU Time of Use 

WT Wall Temperature 
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Peak Load Shifting With Energy Storage and Price-

Based Control System 

 

This chapter presents an analysis of a price-based control system in conjunction with energy 

storage using phase change materials for two applications: space heating in buildings and 

domestic freezers. The freezer used for this experimental study was provided with energy 

storage trays containing a eutectic solution of ammonium chloride (melting point of -15˚C). In 

the building application, DuPont wallboards were used to provide thermal storage.  

Experimental results showed that using thermal storage material in conjunction with the 

proposed price-based control method can improve performance of these systems and lead to a 

successful peak load shifting. Depending on electricity price trends, cost savings using the 

proposed strategy can vary.  Savings of up to 16.5% and 62.64% per day were achieved for the 

freezer and building applications respectively, based on New Zealand electricity rates. 
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2.1 INTRODUCTION   

High electricity usage at certain times of the day, known as peak load, introduces stress to the 

grid as supplied electricity is inadequate during the high peak demand period. In order to satisfy 

such demand, expensive peak power generation must be brought on line during the peak period 

[17]. Also, variability of power generation based on renewable energy such as solar and wind, 

has a huge impact on the electricity supply [18]. Peak load shifting is a possible solution, with 

electricity being stored during low load periods for use in peak load periods [19]. Because of 

the fact that heating, cooling and air conditioning in many developed countries are responsible 

for almost 30 percent of the total electricity consumption [20], storing heat (or cold) could 

contribute significantly to peak load shifting.  

Variable electricity rate or so-called time of use (ToU) electricity, is one of the tools used to 

encourage people to use electricity during off-peak periods. Many researchers have suggested 

using thermal energy storage (TES) to store heat or cold during off-peak periods to be used 

during the peak period [21]. Usually in TES, energy is stored in form of sensible heat, latent 

heat and sorption [22]. Sensible heat storage materials have low thermal storage density which 

leads to large storage volume. Phase change materials (PCM) however, offer a good thermal 

storage capacity because of their high storage density and they are used in applications where 

it is necessary to store heat or cold [23, 24]. A large number of these studies can be found on 

application of PCM in hot water cylinders [25, 26], fridge and freezers [27], solar power plants 

[28], and buildings [29] .   

A number of studies have been carried out on the application of PCM in refrigerators and 

freezers [30]. The main objective of these studies was to improve the performance of 

refrigerators and freezers by introducing thermal inertia to reduce temperature fluctuation [31]. 

Azzouz et al. used PCM to improve COP of a household refrigerator by 12% [32]. Gin and 
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Farid also used PCM to prevent significant temperature rise in a freezer through power failure 

and frequent door openings. These studies showed that application of PCM in a freezer can 

considerably improve the performance of the freezer [33].  

There are many reported studies on the use of PCM in buildings in both active [34] and passive 

systems [35]. An active system refers to storage systems in which an additional fluid loop is 

used to charge and discharge the stored energy to supply heating or cooling. On the other hand, 

a passive system does not involve any additional heat exchanger. Chilled water tanks and ice 

storage tanks are one of the most common active TES equipment [36]. Underfloor heating 

using PCM and PCM wallboards are examples of passive systems [37]. These and many other 

researchers have studied the applications of various PCMs for building applications.  

There have been a number of studies carried out on the application of PCM for peak load 

application using active systems such as ice storage units [38, 39] which resulted in successful 

peak load shifting. They have also applied a number of optimal control studies on active 

systems based on the published official variable electricity rates in order to minimize the 

electricity cost. The use of published official variable electricity rates can, however, cause a 

number of problems. The main problem is that the expected electricity load might not match 

the actual demand of the day [40]. Peak load shifting through consumers also can cause serious 

problems; for instance, demand response (DR) approach frequently failed in many countries as 

it requires people to adjust their consumption according to a dynamic electricity tariff. Given 

this approach, a sudden need to make frequent active consumption decisions may lead 

consumers to grow tired of keeping track of rates and usage. For instance DR was tested in Salt 

Lake City, Utah, and Puget Sound, Washington and up to 98% of consumers gave up TOU 

tariffs and returned to fixed electricity rates [41]. In contrast, some researchers have suggested 

demand-side management (DSM), using direct load control (DLC) as a better solution for peak 
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load shifting problem. However, many DLC projects using Remote Appliance Controllers 

(RACs) have failed because of their large impact on the users’ comfort level [42].  

To be successful with peak load shifting, a suitable energy storage needs to be incorporated 

during peak load periods (when the appliance is turned off because of high load) to have a 

minimum impact on consumers’ comfort. In this paper, the application of PCM was 

investigated to achieve a successful peak load shifting (based on RAC) while minimizing its 

effect on consumers’ comfort level. A price-based control strategy is also proposed which 

enables the use of online electricity prices and prevents any mismatch between the predicted 

load and the actual load. The proposed strategy has been tested on a PCM-incorporated 

domestic freezer as well as on experimental test huts equipped with DuPont PCM wallboards. 

2.2 METHODOLOGY 

In order to prove the concept, a domestic freezer and experimental huts provided with heat 

pumps were used as two different case studies. The proposed price-based method was applied 

and the results with and without using PCM were compared.  

2.2.1 Price-based method 

The proposed method shares many common features with the DLC method using RAC, but 

with some differences. In the proposed method, electricity load is monitored by the electricity 

provider and, as soon as the electricity consumption peaks, the electricity provider increases 

the electricity price and then users who are using the price-based control system will 

automatically stop using electricity. In order to use this method, the electricity provider also 

needs to set a price constraint for each day.    



 

16 
 

 

In order to prove the concept, a program was developed using the LabVIEW software to enable 

the controller to read the electricity price from any given website when the website address is 

provided. The developed program reads the electricity price from 

http://www.electricityinfo.co.nz, which publishes the wholesale electricity rates in New 

Zealand [43] . Price constraints need to be suggested by the electricity provider but, since this 

information is not available yet, a price constraint was selected based on the previous trends.  

The importance of a correct price constraint for the day was discussed in the results section. If 

the electricity company provides a price constraint for each day on the webpage, the same 

developed program could be used to read the price constraint of the day. Thus, in the later stage 

of the experiment, in order to mimic a real situation in the future, both price and price constraint 

were fed directly to the control system remotely from an office located at the University of 

Auckland’s city campus, 12 km away from the experimental huts.  The experimental huts are 

situated at the Tamaki campus, Auckland, New Zealand. 

2.2.2 The experimental setup  

2.2.2.1 Domestic Freezer.   

 In the first part of the experimental study, a 153 L vertical freezer (model Elba E150, Fisher 

& Paykel) with nominal power of 150W was used. An aqueous ammonium chloride solution 

(19.5wt% NH4Cl) with a phase change temperature of -15.4°C was used as the phase change 

material (PCM) because of its high latent heat (250 kJ/kg) and its peak melting point [12].  

The freezer cabinet temperature was measured using T-type thermocouples. All thermocouples 

were calibrated against a reference thermometer (Ebro TFX430) from -20 to 20°C in a stirred 

http://www.electricityinfo.co.nz/
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flask of methyl alcohol to an accuracy of 0.1° C. The PCM was contained in anodized 

aluminium containers because of its high thermal conductivity. The anodised layer provides 

protection against corrosion. Seven of these panels were placed against the three walls in the 

freezer, covering 26% of the surface area of the walls, and occupying only 3% by volume of 

the freezer storage space. 

2.2.2.2 Data acquisition and control in the freezer.  

As shown in Figure 2-1, the controller reads electricity price from the electricity provider and 

the price constraint of the day from the office situated at the University of Auckland, city 

campus. As shown in the flowchart in Figure 2-2, the controller compares the online price (OP) 

and the price constraint (PC).  

 

 

 

 

Figure 2-1: Schematic diagram for the freezer experimental setup 
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Figure 2-2: Flowchart of the price-based method applied for the freezer experiment 

If the OP is less than the PC, the controller keeps the freezer running in order to charge the 

PCM. Otherwise, the control system proceeds to the next step. In the next step, the control unit 

receives data on the cabinet temperature of the freezer (FT) and if it is lower than the 

temperature constraint (TC), the compressor is turned off to use the stored energy. During the 

high peak period, if temperature of the freezer rises above the temperature constraint of -12°C 

(FT ≥ TC), the controller ignores the high price and turns on the compressor to prevent any 

possible food damage, as shown in the flow chart. 

 

 

 

 

Step 1 

Step 2 
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Figure 2-3: Experimental hut at Tamaki campus A) exterior view, B) DuPont Energain® 
wallboards used in Hut 2 

2.2.2.3 Experimental hut 

The proposed method was tested using a full-scale test facility consisting of two identical test 

huts and a computer office situated at the University of Auckland Tamaki Campus. These huts 

were used in this study to test the proposed method for space heating applications. Both huts 

were constructed using standard lightweight materials, were elevated above the ground, and 

had a north-facing window (Figure 2-3A). The first hut, referred to as Hut 1 or the “reference 

hut”, has interior walls and ceiling finished with ordinary 13mm thick gypsum wallboards and 

is used as the base case for all the experiments. In Hut 2, the 13mm gypsum boards were 

replaced with 10mm gypsum board plus a layer of DuPont Energain® wallboard. The DuPont 

Energain® sheets had a thickness of 5.2mm and the PCM contained in it had a peak melting 

point of 21.7°C, and a latent heat storage capacity of 70 kJ/kg [44]. 

 

A) B) 
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Figure 2-4: Schematic diagram showing the data acquisition and control used in the space 
heating experiment 

2.2.2.4 Data acquisition and control in the hut experiment.   

A CompactRIO was used as the control unit for hut experiments because of its ability to acquire 

all the required data and processing them as well as sending the required commands to the 

heating unit. As shown in Figure 2-4, the CompactRIO was programmed to receive the OP, PC 

and the temperature setpoint using the internet connection. Temperatures within each hut were 

measured using T-type thermocouples connected to a 16-channel thermocouple input module 

(NI 9214) enabling measurement sensitivity up to 0.02°C and measurement accuracy up to 

±0.45°C. Electricity consumption in both huts was measured using Cerrel Electrade LP-1W1 

with accuracy up to ±0.5%. Solar irradiance also was measured using a VAEQ08E 

pyranometer. The Embedded controller in CompactRIO received all the information and sent 

signals to the remote control of the heat pump; the remote control sent the signal to the heat 

pump to maintain the room within the desired temperature range. 

As shown in Figure 2-5, during the low peak period when the electricity price is low, the 

controller keeps the room temperature between 21oC and 23°C. This temperature range is 



 

21 
 

referred to as the “low price range” in which 21oC and 23°C are referred to as the “low price 

lower constraint” or LPL and “low price upper constraint” or LPU, respectively. As soon as 

the price rises above the PC, the controller switches to discharge mode, in which the room 

temperature kept within the temperature range of 17oC to 19°C (referred to as high peak 

temperature range shown by the grey area) in order to discharge the stored energy in PCM and 

also use the least possible energy during the high peak period. This temperature range was 

selected in order to be able to discharge the PCM. Using higher set temperature range would 

lead to incomplete discharge and consequently lower efficiency of the storage system. 17oC 

and 19°C are referred to as “high price lower constraint” or HPL and “high price upper 

constraint” or HPU, respectively. As mentioned earlier, DuPont wallboards have a peak 

melting point of 21.7°C, which is between the low price and the high price temperature range. 

This enables successful charge and discharge of the PCM and consequently uses the full 

potential of the PCM.  

 

 

Figure 2-5: Room temperature setpoint during high peak and setpoint period 

 

 

 

  

 

Discharge Period Charge Period 
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Figure 2-6: Price-based control for freezer without PCM 

2.3 RESULTS AND DISCUSSION 

2.3.1  Freezer experiment 

To test the benefit of using PCM in a freezer an experiment was conducted first with no PCM, 

and the results are shown in Figure 2-6. Part A of the Figure presents the online electricity price 

(OP) and the price constraint (PC) of the day. During the period that the OP is lower than the 

PC of the day (low peak period), the controller sends a 5-volt analogue signal to the switch to 

keep the freezer running and thus operates within its normal cycling range ( between -21°C and 

-17°C). As soon as the electricity price rises above the price constraint of the day (peak period), 

the controller  sends a zero volt signal to the switch to turn off the freezer  during this period 

until the electricity price drops below the price constraint.  

However, at any time during this process if the freezer’s temperature rises beyond the 

temperature constraint, the controller ignores the electricity price and turns the freezer on to 

prevent further increase in the temperature. This is to keep the freezer temperature low enough 

to prevent any possible food damage. 

A 

B 
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Figure 2-7 shows the experimental results in which the price-based control strategy was applied 

to the freezer with and without PCM. The experiment has been carried out for identical price 

data and using the same price constraint of 75 NZD/MWh and the same set temperature of -

12˚C.   

The results show that the freezer with no PCM had a more rapid temperature increase from -

22oC to the freezer temperature constraint of -12˚C during the price peak time. Following that, 

the controller turned on the power to prevent further temperature rise, and kept the temperature 

close to the temperature constraint during the peak period (shown by C). Once the electricity 

price dropped below PC, the controller allowed the freezer to use electricity normally and bring 

the freezer temperature back to -22°C. The results showed that the freezer could be turned off 

for a maximum of 40 min during the peak period.  

 

 

Figure 2-7: Price-based control of the freezer filled with PCM panels 

 

A B C 
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On the other hand, using the same strategy for the freezer with PCM, it can be clearly seen in 

Figure 2-7 that, despite power being turned off, the temperature stayed below the temperature 

constraint limit during the high price period. The freezer power was switched off for more than 

150 minutes until the price dropped below the PC. Cost saving using this method varies 

depending on the electricity price profile (the higher the price during the cut off period, the 

more money can be saved). For this experiment, application of PCM resulted in 16.5% 

reduction in the total cost of electricity use. This experiment showed that using PCM can enable 

successful application of the price-based strategy which enables the user to stop using 

electricity for a period three times longer than when no PCM is used.  

It should be noted that the temperature constraint of -12˚C for the freezer was chosen to 

illustrate the effect of PCM in the freezer and, if a lower desired temperature is to be applied, 

a PCM with lower melting point needs to be used. 

2.3.2  Hut experiment 

As described earlier, the test huts at University of Auckland Tamaki campus were used to study 

application of PCM to assist the proposed price-based method. The proposed method was 

applied under various condition and results for both huts were compared in terms of energy 

and electricity cost saving.  
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Figure 2-8: Hut experiment for a day with low solar radiation, a) solar irradiance, b) Room 
temperature for Huts 1 and 2 

2.3.2.1 Space Heating Using Price-based Control Method.   

Figure 2-8 shows the interior temperature of Hut 1 and Hut 2 when both huts were kept at a 

temperature range of 21 to 23°C until 7:30 in the morning (charge period). The controller 

stopped supplying heat to the huts during the early morning high price period (shown by the 

grey shaded area). However, because of the solar irradiance during the day, the room 

temperature in both huts remained above 21°C. As a result, the PCM in Hut 2 remained fully 

charged until evening. During the high peak period of early evening, the room temperature 

dropped sharply and reached the minimum temperature constraint at 17:27 while the room 

temperature for Hut 2 remained within the setpoint range until 22:17, using the stored energy 

for almost five hours longer compared to Hut 1.  

  

A 

B 17:27 

  

22:17 
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Figure 2-9: Hut experiment for a day with high solar radiation, A) solar irradiance, B) Room 
temperature for Huts 1 and 2 

Based on the above discussion, this method of control can be very successful for most winter 

days with relatively low solar irradiance. However during days with high solar radiation this 

method can cause overheating during the day, as shown in Figure 2-9. As can be observed, 

during the charge period both huts are heated and consequently the PCM in the wallboards is 

fully charged in the morning. During the day, high solar radiation causes a temperature rise in 

both huts, which brings the room temperature in both to an uncomfortable range. This is 

because the PCM in DuPont wallboards is fully charged, and cannot absorb any further energy 

to prevent temperature rise in Hut 2. 

In order to address this problem, the controller was programmed to keep the room temperature 

within the range of 17 to 19°C throughout the night when the next day’s weather was forecast 

to be sunny, even if the price is low. 

 

A 

B 
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Figure 2-10: Hut experiment for a day with high solar radiation, using weather forecast A) 
solar irradiance, B) Room temperature for Huts 1 and 2 

Results in Figure 2-10 show that the controller kept the room temperature for both huts between 

17 and 19°C until the room temperature increased because of solar radiation. The room 

temperature for Hut 1 rose above 25°C while the temperature in Hut 2 did not reach 23°C, 

which clearly shows that the PCM in Hut 2 was getting charged during that period by capturing 

a good amount of solar energy. The charged energy was then used during the evening peak 

period to keep the room temperature within the limit of 17 to 19°C until 23:18, while Hut 1 

required the use of electricity four hours earlier at 20:16. This method of control requires 

accurate weather forecasting, and unfortunately because of unstable weather during the winter 

period in Auckland, New Zealand, an accurate weather forecast is not possible. This makes it 

very difficult to use weather forecasting as a reliable method.    

 

A 

23:18 

B 
20:16 
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2.3.2.2 Power consumption   

In order to better present the possible savings using the proposed price-based method, the room 

temperatures in both huts were compared over a six-day period, as shown in Figure 2-11. 

During this period, the total electrical energy consumption and corresponding costs were 

compared. The control system used the price-based method throughout this period and the price 

constraint was kept constant at 70 NZD/MWh. During Day 6, the price-based method was used 

in combination with the weather forecast. 

Figure 2-11 shows room temperature for Hut 1 and Hut 2 over the six-day period. Over this 

period, a total electricity saving of 21.5% was achieved with a corresponding electricity cost 

saving of 26.7%. A wrong assumption of the price constraint can significantly deteriorate 

performance of the proposed price-based method, as can be observed in Day 3. Table 2-1 below 

shows the electrical and cost savings achieved for each day. 

 

 

Figure 2-11: Hut experiment over the period of six days. A) Electricity price, B) Room 
temperature for Hut 1 and Hut 2 

Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 

A 

B 
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Table 2-1: Daily power saving and cost saving over the six-day period 

 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 total 

Power saving  0.24% 32.03% -9.39% 15.94% 60.08% 36.50% 21.5% 

Cost saving 1.43% 45.08% -6.81% 16.02% 62.64% 44.00% 26.7% 

 

As shown in Table 2-1, the highest saving achieved in Day 5 was 60.08%, followed by Day 6 

and Day 2 with 36.50% and 32.03% respectively. However, Hut 2 consumed 9.39% more 

energy compared to Hut 1 in Day 3 because of the unavailability of a suggested price constraint 

by the electricity provider. 

Figure 2-12 shows Day 2 where the electricity price stayed below the price constraint all night, 

allowing the control system to successfully charge the PCM during the night. The stored energy 

then used during the high peak period kept Hut 2 within the setpoint temperature range until 

midnight. This resulted in a 32% saving in electrical energy consumption and 45% in electricity 

cost.   

 

Figure 2-12: Hut experiment, day 2. A) Electricity price, B) Room temperature for Hut 1 and 
Hut 2 

 

Discharge period A 

B 
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Figure 2-13: Hut experiment Days 5 and 6, A) Electricity price, B) Room temperature for 
Hut 1 and Hut 2 

As shown in Figure 2-13, During Day 5, the controller stopped using electricity during early 

hours of the morning (2:00am onwards) because of the high electricity price. As a result Hut 2 

used the stored energy until sunrise while Hut 1 had to use electrical energy to keep the room 

temperature within the setpoint range. During the evening, despite the low electricity price, Hut 

2 did not use electricity to charge PCM as the next day was forecast to be sunny, while Hut 1 

used heating to ensure it would have enough stored heat in case of any electricity peak. As a 

result, the heater only turned on 4 cycles compared to 22 cycles in Hut 1, which resulted in a 

60% power saving. As forecast, solar radiation charged the PCM during Day 6, storing enough 

energy to supply heat during high peak period in the evening. Because of this, very little heating 

was required in Hut 2 which resulted in a power saving of 36% during Day 6.  

 

Day 5 Day 6 A 

B 
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Figure 2-14: Hut experiment day 3, A) Electricity price, B) Room temperature for Hut 1 and 
Hut 2 

As shown in Table 2-1, Hut 2 consumed more energy compared to Hut 1 in Day 3. As can be 

seen in Figure 2-14, both huts were charged in the early morning but as a result of low price in 

the evening, the stored energy could not be used. However, in this case, it only affected the 

daily energy consumption rates and did not affect the overall energy consumption, as the 

consumed energy was later used during the next day. As it is clear, Hut 2 required higher 

amount of energy to get charged compared to Hut 1, which resulted in a more energy 

consumption for Hut 2.  

 

A 

B 
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Figure 2-15: Hut experiment day 4, A) Electricity price, B) Room temperature for Hut 1 and 
Hut 2 using price constraint equal to 75 NZD/MWh 

As mentioned earlier, the price constraint of the day is one of the most important parameters in 

the proposed methodology. Looking closer on Day 4, the price trend shows that the price 

constraint is too high for that day (Figure 2-15A). As a result, the controller maintained the 

room temperature within the low peak temperature range almost all day. This means that the 

controller did not benefit from price variation to charge when the price is cheaper and use when 

it is more expensive, and thus could not contribute to the peak load shifting. Also more energy 

was consumed in both huts to keep the room temperature in a higher temperature range for a 

longer period.  

 

A 

B 
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Figure 2-16: Day 4 electricity price using price constraint equal to 57 NZD/MWh 

As shown in Figure 2-16, using a lower price constraint such as 57 NZD/MWh on Day 4 could 

significantly improve the performance of the system by storing energy during the period of the 

day with a lower electricity price and using the stored energy during the period with a higher 

price. As a result, the stored energy at night could be discharged during the morning peak 

(shown as discharge 1) and use solar energy to store energy again for the evening peak (shown 

as discharge 2). However because of using the price constraint equal to 75 NZD/MWh in Figure 

2-15, the controller assumed the electricity price was cheap almost all day. 

As suggested earlier, in order to successfully apply the price-based control method, the 

electricity providers needed to provide both online electricity prices and the price constraint of 

the day. The results in Figure 2-17 show that selecting a suitable price constraint enables the 

controller to better use the variable price. It should be noted that having a price constraint lower 

than 60NZD/MWh in Figure 2-17 would not allow the controller to charge the PCM throughout 

the day. The experimental results highlight the importance of using a suitable price constraint 

for the proposed method. 

 

 

  

Discharge 1 Discharge 2 
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Figure 2-17: Application of price-based method using suitable price constraint 

2.4 CONCLUSIONS  

The price-based control method was experimentally applied on a domestic freezer and two 

experimental huts to elucidate the concept. PCM was used in both applications in order to 

improve the performance of the proposed method. Experimental results for the freezer 

experiment showed a cost saving of 16.5 % and also showed that, using PCM, the freezer can 

stop using electricity three times longer than would a freezer with no PCM. Application of the 

price-based method on experimental huts also showed a significant improvement in both 

energy and cost saving, reaching up to 62.62% cost saving per day with a corresponding 60% 

energy saving. Application of the price-based method shown resulted in a successful peak load 

shifting for both freezer and space heating applications. The results also showed the importance 

of selecting a suitable price constraint to maximise the benefits, suggesting that the electricity 

distributer needed to provide the price constraint data for the consumers.  
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Application of PCM Underfloor Heating in 

Combination with PCM Wallboards for Space Heating 

Using Price Based Control System 

 

Phase change materials are used with various building materials in order to increase their 

thermal mass. This chapter is on the application of phase change material in the form of DuPont 

Energain® wallboards in combination with an underfloor heating system incorporating phase 

change materials. An experimental study was carried out using two identical test huts at the 

Tamaki Campus, University of Auckland. Results using a price-based method showed 

electricity savings in both consumption and cost of up to 35% and 44.4%, respectively.  
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3.1 Introduction  

High energy demand, and excessive consumption of natural resources, have become one of the 

most critical global challenges. Energy consumption in buildings is responsible for 40% of 

global energy in the European Union, contributing to production of up to 35% of greenhouse 

gases [45]. It is expected that, between 2008 and 2030, the world energy demand will increase 

by about 50% [46]. More than 30% of this energy consumption is caused by heating, cooling 

and ventilation systems demonstrating the huge potential for improving energy efficiency of 

buildings [47]. This can be done through modifying the construction systems and using new 

technologies such as thermal energy storage (TES) for more efficient energy usage in buildings. 

Latent heat thermal energy storage (LHTES) is preferred for its high energy storage density 

[48]. Many researchers have suggested the use of phase change materials (PCMs) in buildings 

to improve their performance [49].  

Active and passive storage systems are two types of TES systems that can be used in buildings. 

Active systems, such as ice storage [36], require an additional fluid loop to charge and 

discharge the storage tank and to deliver cooling to the existing chilled water loop. PCM also 

can be used in a storage tank and uses an additional liquid to charge and discharge the PCM. 

In one example, Martin et Al [50], used direct contact PCM water storage and managed to 

obtain between 30 to 80 kW/m3 of storage. Solar-assisted PCM storage tanks are also another 

example of active storage systems which can be used for heating application, as demonstrated 

through modeling and experimental study [51-53] (Similar works can be found in [54-56]). 

Passive systems, however, do not require any additional heat exchanger to extract heat or cold 

from the storage [57, 58]. Passive TES systems may use the thermal mass of the building to 

store energy in the form of sensible heat [59, 60] or may use PCM in building envelopes to 

store energy in the form of latent heat, with the objective of shifting and reducing peak cooling 
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loads [37]. PCM can be incorporated into various building components such as walls [61], 

floors [62] and window glazing [63]. 

Impregnation of PCM into construction materials has become a popular area of research in 

recent decades. This is mainly because walls and floors offer large heat transfer areas within 

the building, enabling a high heat transfer rate [64]. PCM wallboard [65-67], bricks [68], 

concrete [69-71] and PCM-impregnated gypsum boards [72, 73] are among the common 

construction elements used for passive storage of energy.  

In 2005, a German research group used microencapsulated PCM (peak melting point of 25°C) 

in two similar rooms of a full-size building. Results showed that PCM had very little effect on 

the room temperature because of the high melting point of the PCM chosen. The study also 

suggested that an adequate ventilations system was required for the solidification of the PCM 

during the night [74]. Voelker et al 2008 used micro-encapsulated PCM (melting range 

between 25°C and 28°C) in gypsum boards. The boards were used in two identical lightweight 

chambers. PCM-modified gypsum board reduced the temperature fluctuation in the chamber 

by 3°C. However, because of the high melting point of the PCM, the room temperature 

increased to 35°C, well above the comfort level [75]. Numerous experimental studies using 

microencapsulation or gypsum board impregnated with PCM have shown similar results [76]. 

In [77], the ENERGAIN PCM board (DuPont) was used, which contained 60wt% PCM 

compared to 25-30% in the case of gypsum boards. Results showed that using ENERGAIN 

PCM boards reduced the room temperatures by up to 4.2°C compared to a room with normal 

gypsum board. Further studies focusing mainly on characterization of ENERGAIN boards can 

be found in [44, 78]. 
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The main focus in all these studies has been to increase the thermal mass of lightweight 

buildings. There has been very little work published on the application of PCM wallboards for 

peak load shifting application. Qureshi et al 2011, used the same facilities built by [34] 

consisting of office-size construction containing gypsum board impregnated by RT21 as PCM 

to facilitate peak load shifting. PCM gypsum wallboards (RT21 used as the PCM) were used 

to store heat and use it for peak load shifting. The results obtained showed a significant 

reduction in electricity consumption during peak periods and allowed a total of 31% less energy 

consumption during a period of 12 days [20].  

Unlike the application of PCM in walls, there is limited literature regarding the application of 

PCM in underfloor heating systems. More than a decade ago, Farid and Kong used a salt 

hydrate PCM (peak melting point about 28°C) in concrete slabs to reduce temperature 

fluctuations of the slab surface. The application of PCM was shown to significantly reduce 

temperature fluctuations of the slab surface, indicating potential future use of this method for 

peak load shifting applications. However, the study was done on a small concrete slab and did 

not explore what the effect of the proposed method would be in a real building. Later in 2005, 

a Chinese research group used a high melting point PCM in an underfloor heating system (with 

phase transition temperature of 52°C). The results showed that enough energy can be stored in 

the PCM for the following day [79]. They also performed a modeling and simulation study to 

show that this can be used in various climates [80, 81]. According to the European standard, 

floor temperature should not exceed 35°C [82].   

Despite a large number of reported studies on the application of PCM in building materials, 

very little work has been reported on the use of PCM (passively) for price-based peak load 

shifting. This Chapter presents the application of PCM wallboards in combination with a PCM 

underfloor heating system to perform a successful peak load shifting. The research uses the 
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price-based peak load shifting scheme to demonstrate how application of phase change material 

can significantly improve both energy and cost savings. 

3.2 Methodology: 

3.2.1 Price-based control 

In the proposed price-based method, the electricity provider monitors electricity load and, as 

soon as the electricity consumption peaks, the electricity provider increases the unit price. Then 

users who are using the price-based control system make a decision whether to continue using 

electricity and pay the higher price, or turn it off. A program was developed using LabVIEW 

software [41] to read the electricity price from a website when the website address is provided. 

In this study, wholesale electricity prices for the Auckland city region (obtained from 

http://www.electricityinfo.co.nz) were used as the electricity price variable [43].  

In order to mimic the real situation, both price and price constraints were fed directly to the 

control system remotely from the University of Auckland city campus, 12 km away from the 

experimental huts located at Tamaki campus of the University. 

http://www.electricityinfo.co.nz/
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Figure 3-1: Experimental hut at Tamaki Campus, University of Auckland 

3.2.2 Experimental setup 

The proposed method for space heating applications was tested using two identical test huts, 

Hut 1 and Hut 2, situated at the University of Auckland Tamaki Campus. Both huts were 

constructed using standard lightweight materials, were elevated above the ground, and had a 

north-facing window (Figure 3-1). Hut 1 was used as the reference in this study. Its interior 

walls and ceiling were finished with ordinary 13 mm thick gypsum board. It is referred to as 

Hut 1 or the “reference hut” and is used as the base-case in this study. These experimental Huts 

are similar to those used by [34, 38], with the exception of the way PCM and the heating is 

done and controlled, as described in the following section. 
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Figure 3-2: The underfloor heating system used in Hut 2, 2a) Devi foil heaters, 2b) 

underfloor heating system layout 

3.2.2.1 Underfloor heating system 

In the first part of this study, Hut 2’s interior walls and ceiling were finished with gypsum 

wallboards, similar to Hut 1. However, the floor was covered with 10mm PCM-impregnated 

gypsum board used in combination with an underfloor heating system. A paraffin-based PCM 

was provided specially to this project by Shell in Malaysia (peak melting point of 28°C and 

latent heat storage capacity of 120 J/g) was used. Five Devi™ electric foil heaters were used 

in the hut as the underfloor heating element, as shown in Figure 3-2a. Each foil had a heated 

area of approximately 32cm x 240cm with a power rating of 145W. The whole unit has a total 

power rating of 725W. The layout of the underfloor heating system is presented in Figure 3-

2b. 

The recommended floor surface temperature depends upon the surface material and on whether 

the occupants are wearing shoes or walking barefoot. According to ASHARE standards, a floor 

temperature between 19°C and 29°C is recommended in the occupied zone (giving less than 

GIB Board + PCM 

 Floor 

Heater 

Carpet 

2a 

2b 
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10% discomfort) [83]. In the European standard, it is acceptable to use 35°C outside the 

occupied zone. This study uses the recommended floor temperature range of 19°C to 29°C for 

day time and 34°C for the midnight period when occupants are sleeping, in order to be able to 

both charge the PCM and maintain the room temperature within the set point range, as 

described in Table 3-1.  

Table 3-1: Temperature set point ranges during high price and low price period 

      Lower Temperature Constraint Upper Temperature Constraint 

High Price Period 17oC 19°C 

Low Price Period 21oC 23°C 

 

3.2.2.2 PCM underfloor heating system in combination with PCM wallboard 

In the second part of the study, the 13mm gypsum boards in Hut 2 walls were replaced with 

10mm gypsum board plus a layer of DuPont Energain® wall board. The DuPont Energain® 

sheets had a thickness of 5.2mm; the PCM contained in it had a peak melting point of 21.7°C 

and a latent heat storage capacity of 70 kJ/kg [44].  
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Figure 3-3: Data acquisition and control system in the experimental huts 

3.2.3 Data acquisition and control 

As illustrated in Figure 3-3, a CompactRIO unit was programmed to receive room temperature 

(RT), outdoor temperature, solar radiation, power consumption of the heating unit, online 

electricity price (OP), and price constraint (PC). As shown in the Figure, the heat pump (AC) 

was used in order to supply heat to Hut 1 while underfloor heating elements were used to heat 

Hut 2. In the second part of the experiment the AC in hut 2 were replaced with an electric 

heater in to ease the energy consumption comparison in both huts. 

As shown in Figure 3-4, the control mode used was dependent on the relative magnitudes of 

OP and PC. If OP is smaller than PC, the controller proceeds to “Charge mode” and RT is kept 

within the “low peak temperature” range of 21 and 23°C. These are referred to as the “low 

price lower constraint” or LPL and “low price upper constraint” or LPU, respectively. As 

mentioned earlier, DuPont wallboards have a peak melting point of 21.7°C. Keeping the room 
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within the low peak temperature range enables charging the wallboards during the low peak 

period. In the next step, the control unit receives the room temperature data and uses the heating 

unit to keep the room temperature within the range of 21 to 23°C. As soon as the OP rises 

above the PC, the controller switches to “Discharge mode”. This implies a lower temperature 

range, the “high price temperature range”, of 17 to 19°C in order to use less energy and capture 

the stored energy in the wallboards during this period. The 17 and 19°C temperatures are 

referred to as “high price lower constraint” or HPL and “high price upper constraint” or HPU, 

respectively. Temperature constraint values are presented in Table 3-1. 

The room temperature was measured using T-type thermocouples connected to a 16-channel 

thermocouple input module (NI 9214) enabling measurement sensitivity up to 0.02°C and 

measurement accuracy up to ±0.45°C. All thermocouples were calibrated against a reference 

thermometer (Ebro TFX430) from 0 to 35°C. Electrical consumption of the heating units in 

both huts was measured using Carrel Electrade LP-1W1 with accuracy up to ±0. 5%.  
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Figure 3-4: Flowchart of the price-based method applied to the experimental huts 

3.3 Results and discussion 

In the following sections, two types of experimental arrangements were made. The first was 

based on introducing an underfloor heating system incorporating PCM, while the second 

includes the use of DuPont wallboards in combination with the underfloor heating system. 

 

 

 

 

 



 

47 
 

3.3.1  Underfloor heating system 

 

Figure 3-5: Hut 2 room temperature, charge and discharge of the PCM underfloor heating 
system 

Figure 3-5 shows the charge/discharge process of the PCM in the floor gypsum board over a 

24-hour period in Hut 2. As shown, during the night, room temperature was kept within the 

high price temperature range until 6:00am. During this period, PCM impregnated in the 

underfloor heating system remained fully charged since its temperature is sustained above its 

melting point of 28°C. After the morning peak at 6:00am, the controller stopped supplying 

electricity to the heater and, as a consequence, the temperature of the PCM dropped sharply 

from 40 to 27°C and remained relatively constant for almost three hours until all PCM 

solidified (shown as “Discharge” in the Figure). At 20:13, the room temperature reached 17°C 

and the controller turned on the underfloor heating elements to prevent further temperature 

drop in the hut. During the heating process, phase change of the PCM from solid to liquid can 

be observed as a gradient change (shown as “Charge” in the Figure).  

 
 

Discharge 

Charge 

10:30 

   

6:00 20:13 
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Figure 3-6: Room temperature of Huts 1 and 2: application of PCM underfloor heating 
system for morning peak 

Figure 3-6 shows the interior temperature of Hut 1 and Hut 2 when both were heated during 

the night using an AC unit and the underfloor heating system respectively. The underfloor 

heating PCM was fully charged. The controller stops supplying heat to the huts during the early 

morning high price period (shown by the grey shading) and, as a consequence, the interior 

temperature of Hut 1 drops sharply and reaches the minimum temperature constraint at 7:30.  

The room temperature for Hut 2 remains above the temperature constraint until the room is 

heated as a result of solar radiation. This shows clearly that the PCM underfloor heating system 

can successfully be used for early morning peaks.  
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Figure 3-7: Application of PCM underfloor heating system for evening peak 

However, despite the good performance of the underfloor heating system in the early morning 

peak, it does not have any effect during the evening peak, as shown in Figure 3-6 (the 

temperature drops similarly in both huts during the evening period). This is because there is 

usually no need for heating during the day and, as a consequence, the stored energy in the 

underfloor system is fully discharged. This can be clearly observed in Figure 3-7, which shows 

that the underfloor heating system was not turned on during the day and the PCM temperature 

at 17:00 dropped to 24°C, suggesting that the PCM is fully discharged and cannot contribute 

any more to the heating of the hut. 
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Figure 3-8: Underfloor heating system: Carpet temperature and PCM temperature during 
charge and discharge period in Hut 2 

In order to prevent excessive floor temperature, the underfloor heating system was programmed 

not to allow the carpet temperature to exceed 29°C during daytime and not to exceed 34°C 

from 1:00 am until 6:00 am (when occupants are sleeping) as shown in Figure 3-8. The 

controller stops supplying heat as soon as the carpet temperature exceeds these carpet 

temperature constraints. PCM temperature in either of these cases can easily rise above 30°C, 

which ensures that the PCM is being fully charged. During the discharge period, the carpet 

temperature remains around 23°C until the PCM is fully discharged. 

3.3.2 Underfloor heating in combination with PCM wallboards 

As shown in previous section, underfloor heating can contribute mainly to early morning peaks 

and not to evening electricity peaks. In order to improve this, DuPont wallboards were installed 

on the wall of Hut 2 in addition to the PCM underfloor heating system in order to deal with 

possible evening peaks.  Hut 1 was heated using an AC unit and Hut 2 by the underfloor heating 

system. 

47°C 

34°C 

29°C 
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Figure 3-9: Hut experiment for a day with Low solar radiation A) solar irradiance, B) Room 
temperature for Huts 1 and 2 

Figure 3-9 shows the indoor temperatures for Huts 1 and 2 when they were both heated and 

maintained at 22°C during the low price period at night. As can be observed in the Figure, both 

PCM used in underfloor system and wallboards were fully charged. Around 7:00 am, the 

electricity price rose and consequently the controller stopped supplying heat to the hut during 

the peak period. As a result of solar radiation the room temperature of both huts remained above 

22°C during the day, which ensures that the PCM in Hut 2 remained fully charged. During the 

high peak period in the evening, indoor temperature in Hut 1 dropped and reached the minimum 

temperature constraint at around 20:00 while room temperature in Hut 2 remained within the 

set point range until the next day, using the stored energy for almost 4 hours longer.  
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Figure 3-10: Hut experiment for a day with high solar radiation A) solar irradiance, B) Room 
temperature for Huts 1 and 2 

As demonstrated above, this method can be successful in most winter days with low solar gains. 

However on a sunny day with high solar radiation, this method can cause overheating during 

the day. As shown in Figure 3-10, both huts are heated during the night and consequently PCM 

in both the underfloor system and wallboards are fully charged in the morning. High solar 

radiation causes a temperature rise in Hut 2 that is very similar to Hut 1 and this brings the 

interior temperature to an unacceptable level. This is because the PCM is fully charged, cannot 

absorb any further energy and therefore cannot prevent a temperature rise inside Hut 2. 

In order to prevent this excessive heating during the day, the room temperature was set to 20°C 

instead of the 21-23°C range in Figure 3-10. As a result, the PCM for the underfloor heating 

system was fully charged but not the walls. In other words, changes were made in order to use 

electricity solely to charge underfloor heating PCM and use solar energy to charge the wall 

PCM. In order to keep the room temperature closer to the set point, an electric heater was used 

instead of the AC unit in Hut 1.  
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Figure 3-11: Experiment results for a day with high solar radiation using lower set point A) 
Electricity price, B) Room temperature for Huts 1 and 2. 

In Figure 3-11, the room temperature was kept at 20°C during the night to prevent melting the 

PCM in the DuPont wallboard, while the floor temperature remained at 31°C in order to insure 

the PCM in the underfloor heating system was fully charged. As a consequence, during the 

morning peak, the room temperature for Hut 2 remained above the temperature constraint for 

a three-hour period longer than Hut 1 as a result of stored energy in the underfloor heating 

system. Later, during the midday, the room temperature in Hut 1 rose to 30°C because of high 

solar radiation, while in Hut 2 it remained below 25.5°C. This clearly shows that the PCM in 

Hut 2 was getting charged during that period by capturing solar energy. The stored solar energy 

during the day was also discharged during the evening peak as the room temperature remained 

above 18°C, using the stored energy.  
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Figure 3-12: Set point change for day with low solar radiation A) solar irradiance, B) Room 
temperature for Huts 1 and 2 

In order to apply this strategy, the set temperatures of 20°C and 18°C were used as the low and 

high peak temperature set points respectively. Additionally, the control system monitors solar 

radiation and, when it is a rainy or a cloudy day, the controller raises the low peak temperature 

set point from 20°C to 23 °C in order to charge the PCM in the wallboard for the evening peak. 

As shown in Figure 3-12, due to very little solar radiation in the morning period, the controller 

at 10:38am raises the temperature set point from 20°C to 23 °C in order to charge the PCM 

during low price periods of the day. As a result, it stored enough energy for use during the high 

peak period in the evening. Because of the stored energy, the room temperature in Hut 2 was 

successfully held above 18°C for almost four hours longer than Hut 1.  
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Figure 3-13: Hut experiment over a period of 5 days. A) Solar Irradiance, B) Room 
temperature for Huts 1 and 2 

Figure 3-13 shows solar radiation and room temperature in Hut 1 and Hut 2 over a five-day 

period. As presented in Table 3-2, very little electricity saving was achieved in Day 1 because 

of the low solar radiation during the day; however, using the price-based control system, a 

17.2% cost saving was possible. This is mainly as a result of using electricity during low peak 

periods to store energy and use it during the high peak period. High solar gains caused 

overheating in Hut 1 during Days 2 and 5, while excessive heat was captured by the PCM walls 

in Hut 2, which discharged it during the evening peak. The stored solar energy in the wallboards 

then was used to maintain the room temperature above 18°C during the evening peak, which 

resulted in energy savings of 25% and 15% for Day 2 and Day 5, respectively.  

Table 3-2: Power and cost saving achieved using the proposed energy storage system 

 Day 1 Day 2 Day 3 Day 4 Day 5 Total 

Energy saving  5.8% 25.0% 35.0% 16.2% 14.6% 18.8% 

Cost saving 17.2% 27.7% 44.4% 22.8% 28.8% 28.7% 
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As shown in Table 3-2, the highest energy saving of 35%, with a corresponding power saving 

of 44%, was achieved in Day 3. This was mainly because the stored energy was not fully 

discharged during Day 2 and consequently Hut 2 used less energy during the early hours of 

Day 3. This shows that the electricity saving achieved in each day comes from solar irradiance 

and is affected by outdoor temperature. Moreover, the previous day’s conditions also 

significantly affect the energy consumption of the next day. 

Based on the obtained results presented in Table 3-2, and using the proposed method, a total 

electricity saving of 18.8% was possible, with a corresponding electricity cost saving of 28.7%.  

3.3.3 Further comments and discussions  

PCM selection is one of the most important steps towards successfully using full potential of 

PCM. The selected PCM should undergo full charge and discharge in each cycle, otherwise 

latent heat storage capacity of the PCM will not be fully used. The PCM used in this study for 

the underfloor heating system has a peak melting temperature of 28°C, which can easily get 

fully charged and discharged, as can be seen in Figure 3-6. Failing to fully charge and discharge 

at each cycle can significantly deteriorate performance of the PCM, as can be seen in [32, 33, 

39].  

As mentioned earlier, the application of a PCM underfloor heating system and the application 

of DuPont wallboard to absorb heat for heating purposes has been studied earlier in [35-36, 

39]. However the combination of a PCM underfloor heating system with DuPont wallboards 

in this study resulted in getting benefits from both of the systems and consequently reducing 

electricity consumption while maintaining the room temperature within the desired range. 

Application of this method resulted in sizable saving of 18.8% over a five-day period, with a 

maximum saving of 35%. The amount of saving mainly depends on the solar radiation of the 
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day and the outdoor temperature, as is concluded in [38]. This method can benefit from the 

solar radiation and variable electricity prices during the winter period to reduce electricity 

consumption while performing peak load shifting. The proposed method in this research can 

be applied in any locality which offers a variable electricity price. It should be noted that the 

melting point of the PCM needs to be selected according to the thermal comfort requirements. 

3.4 Conclusions 

A series of experiments were conducted in two identical test huts at the Tamaki campus, 

University of Auckland. The price-based control method was tested initially using a PCM 

underfloor heating system, which showed a successful morning peak load shifting. However 

very little improvement was observed during the evening peak load period. DuPont Energain® 

wallboards were installed on the interior walls in order to provide energy storage for evening 

peak. Experimental results showed that the application of the underfloor heating system in 

combination with PCM wallboard, enables very efficient energy usage. A total energy saving 

and electrical cost saving equal to 18.8% and 28.7%, respectively, were achieved over a period 

of five days. The highest energy saving achieved during this period was 35%, with a 

corresponding cost saving of 44.4%.  
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Application of PCM Energy Storage in Combination 

with Night Ventilation for Space Cooling  

 

In recent years, as a result of the continuous increase in energy demand, the use of energy 

storage has become increasingly important. To address this problem, the application of phase 

change materials (PCM) in buildings has received attention because of their high energy 

storage density and their ease of incorporation in building envelopes. In this study, the 

application of night ventilation in combination with PCM-impregnated gypsum boards for 

cooling purposes was experimentally investigated for the first time. Two identical test huts 

equipped with “smart” control systems were used for testing the concept. One hut was 

constructed using impregnated gypsum boards, while the other hut was finished with ordinary 

gypsum board. Initially an air conditioning (AC) unit, without night ventilation, was used in 
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both huts to charge the PCM during low peak period, showing very little savings in electricity. 

However, when night ventilation was used to charge the PCM instead, a weekly electricity 

saving of 73% was achieved.  

4.1 Introduction 

In recent years, with dramatic increases in energy consumption in developed and developing 

countries, the shortage of energy sources and environmental issues has become increasingly 

important. The building sector is responsible for almost 40% of energy consumption in Europe 

and 36% worldwide [84, 85]. Space heating and cooling is responsible for roughly 50% of this 

energy consumption in buildings, which is why energy saving in space heating and cooling can 

significantly reduce total energy consumption and consequently would reduce greenhouse 

gases emissions [86]. 

To reduce energy consumption and to assist with the smoothing of diurnal variation in energy 

demand, energy-efficient buildings have gained much attention since the 1970s [87]. 

Incorporation of thermal energy storage (TES) into traditional buildings is not only considered 

an effective method of minimizing energy consumption but also it is a useful method to reduce 

the mismatch between energy supply and demand [88-90]. Energy can be stored in the form of 

sensible heat and latent heat [91]. The former depends on the mass and specific heat of the 

storage material. This method has been used for centuries to store/release thermal energy 

passively, but today it is difficult to use this method as charge and discharge induces a 

temperature variation and also requires a large amount of space [77]. As an alternative, latent 

heat storage is based on the absorption/release of energy associated with a change of state. Such 

latent heat storage materials can store a much larger amount of energy, as the latent heat of 

fusion is larger compared to the sensible heat. Additionally, there is only a very small 

temperature change during heat charge and discharge [92, 93].  
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These days, lightweight buildings are becoming more popular due to their ease of   construction 

and architectural flexibility for retrofitting purposes [94]. However, having a low thermal mass 

is the main disadvantage of these buildings. External cooling, heating and solar heating loads 

largely affect their interior temperature. The application of phase change material can 

significantly reduce temperature fluctuation and consequently reduce energy consumption in 

these buildings [77]. PCM stores 5–14 times more heat per unit volume than sensible heat 

based storage materials such as water, masonry or rock[95]. Several researchers have 

investigated the possibility of increasing the storage capacity of lightweight buildings using 

energy storage materials including phase change materials (PCMs). However, this is not 

limited to lightweight construction as Ascione et al., [92] have applied the concept in a well-

insulated heavyweight building in Europe and showed improvement in the thermal behavior of 

the building.  

Traditionally, nocturnal ventilative cooling or night ventilation has been used to dissipate heat 

from the building structure using convective heat loss, by allowing the outdoor cooler air to 

pass through the building at night. In this method, the building mass is cooled down during the 

night and in fact building structures act as a heat storage medium, with the stored energy being 

used to prevent overheating the buildings the following day [96]. This can significantly 

improve thermal comfort without increasing electricity demand [97]. Previous monitoring 

studies on real buildings concluded that the use of night ventilation in buildings can reduce 20-

25% of their air-conditioning demand or, when air-conditioning is not used, it can reduce peak 

indoor temperature by up to 3°C [98-100]. However such benefits cannot be seen in lightweight 

buildings because of their low thermal mass.  

For lightweight buildings however, “free cooling” in which air available at a lower temperature 

at night may be used. It could also be used to store the coolness via external heat storage. The 
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main difference between night ventilation and “free cooling” is their storage components [101]. 

As mentioned earlier, nocturnal ventilation uses the building structure as the storage while in 

“free cooling”; a storage medium is used to store the cold at night. The advantage of “free 

cooling” over the night ventilation is that the stored cold in the free cooling method can be 

extracted from the storage medium whenever it is needed [101].  

The storage medium for “free cooling” can be in the form of sensible or latent heat, or a 

combination of the two [10]. Latent heat energy storage is preferred over sensible heat storage 

due to its high energy storage density and isothermal characteristics during heat charge and 

discharge [73, 102]. A large number of simulations and experimental studies have been 

performed on “free cooling” using PCM storage units. For instance Takeda et al., [103] used a 

PCM packed bed thermal storage in a ventilation system operating using the “free cooling” 

concept. Results showed a significant reduction in the ventilation load (up to 62%) of the 

building. Similar works done on different PCM storage designs using PCM in various shaped 

products such as aluminum panels [104], spherically encapsulated PCM [105], PCM granules 

[106] and many more all showed reductions in the cooling demand of the building. However, 

the relatively high cost of this method compared to its storage capacity, the fact that they do 

not contribute to the thermal inertia of the building, and the additional space requirements are 

the main disadvantages of these systems. To address this, Alvarez et al., [58] encapsulated 

PCM in cylindrical containers, located in an air chamber of the building for “free cooling” 

application. As a result, they were able to use an active storage system with forced convection, 

while using this storage in the air cavity helped to increase the thermal inertia of the building 

as well. 

Incorporating PCM into building materials (such as wallboards, gypsum boards, bricks, etc.) 

is commonly used as a passive method for its ease of application, low cost,  no additional space 
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requirement and provision of a large heat transfer area [107, 108]. Kuznik et al., [109] 

experimentally investigated the application of PCM wallboards, showing a significant 

enhancement in the thermal comfort of the building. Many researchers investigated this method 

under free floating conditions, showing a significant reduction in the peak interior temperature 

in summer [61, 64, 110] and a significant reduction also in the electricity needed for heating 

and cooling [111].  However, in order to fully use the storage capacity, PCM needs to be fully 

charged and discharged at each cycle, otherwise the full potential of PCM will not be achieved. 

For example, considering PCM building envelope construction, which intends to take 

advantage of PCM to prevent over-heating of the building during hot summer days; the amount 

of energy that can be absorbed during the day depends on the amount of PCM which has been 

solidified during the night before. If the PCM remains liquid during the night, it can only absorb 

heat in the form of sensible heat, which will be negligible. In other words, PCM need to be 

solidified at night in order to be able to absorb a good amount of heat in the form of latent heat 

and consequently prevent overheating of the building the following day.  

Under free-floating conditions, the PCM incorporated into the interior of the building may not 

fully solidify at night. This is because building insulation prevents energy losses and, as a 

result, the interior temperature stays higher than outdoor temperature throughout the night.  

Hence the interior temperature might remain above PCM’s freezing point most of the night, 

preventing PCM from solidifying. To solve this problem, Zhou et al., [112] proposed  night 

ventilation to reduce interior temperature and consequently solidify the PCM. They performed 

numerical analysis on the application of shape-stabilized PCM in combination with night 

ventilation, resulting in an application of PCM with peak melting temperature of 26°C, which 

could reduce peak room temperature by 2°C. Zhou et al., [113] also numerically investigated 

application of the same shape-stabilized PCM in an office environment with night ventilation 
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and active cooling during office hours to maintain room temperature below 28°C. They showed 

that, using this technique, 76% of daytime cooling energy consumption could be saved.  

To the authors’ knowledge, the above-mentioned two research publications are the only 

published articles in this area. Also, literature shows an absence of experimental works on the 

use of PCM-impregnated gypsum boards in buildings combined with night ventilation. 

In this Chapter, the application of PCM-impregnated gypsum boards was experimentally 

investigated for cooling application using Hut 1 and Hut 2. Initially air-conditioning units were 

used to solidify PCM using lower-priced electricity during the night and use the stored coolness 

during the peak period when the electricity price is more expensive. In the next stage, a night 

ventilation system was used to solidify the PCM instead of the AC unit in order to increase the 

energy saving.    

4.2 Methodology 

4.2.1 Experimental Setup 

The field tests were performed using two identical fully-instrumented test huts with interior 

dimensions of 2.4 × 2.4 × 2.4 m and designed to operate independently. The test huts are located 

at Tamaki Campus, University of Auckland, New Zealand (see Figure 4-1). Both huts were 

constructed using standard lightweight materials, were elevated 0.4m above the ground and 

have north facing single glazed windows with dimensions of 1×1m. Both huts were insulated 

using 0.1m thick pink glass wool in the walls and ceiling and 0.06m of polystyrene foam under 

the floor to reduce heat loss from the huts.  
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Figure 4-1: Experimental test huts at Tamaki Campus, University of Auckland, New Zealand 

The first, hut referred to as “Hut 1,” is used as the base case for all experiments throughout this 

study and has interior walls and ceiling finished with ordinary 13mm thick gypsum boards. In 

second hut, referred to as “Hut 2,” the 13mm gypsum boards were replaced with PCM-

impregnated gypsum boards. Each hut was equipped with an AC unit to provide cooling 

demand as required and a power meter to monitor the electricity consumption. This should be 

noted that electricity consumption of the AC unit cannot exactly represent the energy 

requirement due to variation of COP of the AC based on the indoor and outdoor temperature. 

A 20W ventilation fan was installed only in Hut 2 (no ventilation fan was installed in Hut 1). 

This is because Hut 1 didn’t require any cooling at night and its room temperature easily drops 

below 17°C at night. T type thermocouples were used for all temperature measurements inside 

and outside the experimental huts. All thermocouples were calibrated against a reference 

thermometer (Ebro TFX430) from 0 to 35°C. 

Hut 1 

Hut 2 
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4.2.2 PCM selection and impregnation 

PT20 from PureTemp was used as the energy storage material in this study. The PCM is 100% 

renewable, with a narrow melting range, produced from agricultural sources. PT20 has heat 

storage capacity and peak melting point equal to 180 J/g and 20 °C, respectively [114].  

 

Figure 4-2: Differential scanning calorimetry (DSC) of PT20 as reported by PureTemp [114] 

Imbibing or direct immersion technique was used to impregnate gypsum boards. In order to 

impregnate the gypsum boards, two metal trays with dimensions of 0.9×0.9×0.15m and 

0.7×0.7×0.09m were used, as shown in Figure 4-3. The large tray was filled with water while 

the smaller tray was left floating inside the large tray. Water inside the large tray was heated to 

55°C to melt the PT20 contained in the small tray. After reaching steady temperature the boards 

were immersed in the molten PCM one by one, each for a period of 10 min. Weight 

measurement of the gypsum boards before and after impregnation showed roughly a PCM 

impregnation of 22wt%.      
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Figure 4-3: Impregnation of PT 20 into the gypsum board using the imbibing method 

4.2.3 Control system 

The control system uses the price-based control and monitors the electricity price and uses 

electricity as long as its price is low. As soon as the electricity price peaks, the control unit 

stops using electricity for cooling in the building as long as the room temperature is below the 

temperature constraint. 

 

Gypsum board 
immersed in 

PT20 

Hot water tray 

Thermocouple  
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Figure 4-4: Schematic diagram for data acquisition and control system in the experimental 
huts 

The CompactRIO was used as the control system in each hut to acquire all the necessary data, 

process them and send corrective commands to the AC unit or ventilation fan. As shown in 

Figure 4-4, the CompactRIO was programmed to receive PC, OP, solar radiation, outdoor 

temperature, room temperature, power consumption of the AC unit and ventilation system. The 

embedded controller in the CompactRIO receives all this information, sends signals to the 

remote control of the AC unit, and the remote control sends the signal to the heat pump to 

maintain the room within the desired temperature range. The control unit also controls 

operation period of the ventilation fan using an electric switch.  
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Figure 4-5: Flow chart of the control system to operate the AC unit 

Throughout this study, the control system operates the AC unit based on the flowchart shown 

in Figure 4-5 which shows that the operation mode depends on the relative magnitudes of OP 

and PC. If the OP is smaller than the PC, the electricity price is considered low and the 

controller proceeds to the “charge mode”. In the charge mode, the RT needs to be maintained 

within the “low peak temperature range”, between 17 and 19°C; which are referred to as the 

“low price lower constraint” or LPL and “low price upper constraint,” or LPU, respectively. 

This temperature range was selected to solidify PCM during the charge period. Choosing the 

charge mode, the controller receives the room temperature data and uses the AC unit to keep 

the room temperature within the low peak temperature range. If the OP rises above the PC, the 

controller switches to the “Discharge mode” in which the controller uses a higher temperature 

range of 24 and 26°C, referred to as “high price temperature range” to reduce cooling load and 

also allows the encapsulated PCM to absorb heat during this period.  The 24oC and 26°C are 
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referred to as “high price lower constraint” or HPL and “high price upper constraint” or HPU, 

respectively. Temperature constraints are presented in Table 4-1. 

Table 4-1: Temperature setpoint ranges during high price and low price period (Using AC 
unit) 

 Lower Constraint Upper Constraint 

High Price Period 24oC 26°C 

Low Price Period 17oC 19°C 

 

Figure 4-6 presents an example to further clarify the price-based method. A price constraint 

equal to 90 NZD/MWh was set for this experiment. During the night and early morning period 

until 6:20, electricity price were below 90 NZD/MWh (Low Price Period). As a result the room 

temperature was maintained within the range of 17 to 19oC, as can be observed in the Figure. 

As soon as the electricity price rises above the price constraint, the control system changes the 

temperature set point to the high price temperature range of 24 to 26oC to use less energy until 

the electricity price drops below the temperature constraint once again at 22:15. The high price 

period is shown by the grey shaded area in the Figure.     
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Figure 4-6: Application of price-based control method using low peak and high peak 
temperature range 

4.2.4 Night ventilation  

In order to provide night ventilation, a 20W fan was installed on a 0.25×0.25m opening at the 

entrance door of Hut 2 to blow outdoor air into the hut during the night period as required. The 

control system automatically operates the ventilation fan and outside the ventilation hours it is 

fully closed. The ventilation system operates solely during night period.  

4.3 Results 

4.3.1 Application of AC unit  

In the first part of the study, an AC unit was used in each hut to supply the cooling demand. As 

shown in Figure 4-7, Hut 1 does not require any cooling at night due to its low thermal mass 

and low outdoor temperature. As can be observed, the room temperature for Hut 1 easily falls 

below 17oC at night without using any additional cooling. This means further cooling is not 

 

6:20 22:15 
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required. However, due to the presence of the PCM, the room temperature in Hut 2 remains 

above 19 and needs to be cooled down using the AC unit in order to charge the impregnated 

PCM.  

In order to have a better understanding of the charge and discharge process of the PCM-

impregnated gypsum boards, both PCM and room temperature are presented in Figure 4-7 over 

a 24 hours period. As can be observed, the room temperature was maintained within the low 

price temperature range, and despite cycling of the room temperature between 19 and 17°C, 

the PCM temperature remained at 19°C for more than 5 hours. At 6:00, the PCM temperature 

dropped below 19°C, which indicates that the PCM has solidified (charged). At 9:00 the room 

temperature rose above 19°C due to solar radiations and quickly reached 22°C at around 11:30 

while the PCM temperature remained relatively constant below 21°C until 14:00 when the 

PCM was fully discharged. Shortly after the discharge, the PCM temperature reached RT and 

consequently the room temperature rose faster and reached the temperature constraint of 26°C. 

During the charge and discharge periods, the PCM temperature remained fairly constant at 19 

and 21°C.  

 

 

Figure 4-7: Thermal behaviour of the impregnated PCM during a charge and discharge 
period 

14:00 6:00 9:00 
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Figure 4-8: Thermal performance of Hut 2 in comparison with Hut 1 using AC unit for 
cooling, during a summer day with high solar radiation 

Figure 4-8 shows that the room temperature in Hut 2 was maintained within the low price 

temperature range of 17-19 °C (using the AC unit) in order to solidify the PCM for the next 

day while Hut 1 did not require any cooling. During the day, the room temperature in Hut 1 

increased sharply due to solar radiation and reached the upper temperature constraint of 26°C 

at 13:03; while in Hut 2 the room temperature did not reach the upper constraint until 16:04; 

almost three hours after Hut 1, consuming 60% less energy during the peak period due to the 

stored coolness in the PCM-impregnated gypsum boards. However, as a result of not using any 

electricity for cooling Hut 1 during night, Hut 1 consumed an overall 15% less electrical energy 

compared to Hut 2. Despite this negative impact of the PCM, a cost saving of 5% was achieved 

in Hut 2 through the use of electricity during the low peak period. This can be even less energy 

saving in the case of rainy days or days with low solar radiation as shown in Figure 4-9. 

5:30 13:03 16:04 
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Figure 4-9: Room temperature comparison between Huts 1 and 2 in a period of six days 
using an AC unit for cooling. 

Figure 4-9 shows RT in both huts over a six-day period. During sunny days, as shown earlier 

in Figure 4-8, Hut 2 uses slightly more electricity compared to Hut 1.  Hut 2 uses even more 

electricity in case of rainy days as, because of the limited solar radiation and low outdoor 

temperature, no cooling is required through the day and as a result, all the stored energy is 

wasted through heat loss to the environment. This can be seen during days 3 and 4 in Figure 4-

9 where Hut 2 used AC through the night and the following day no cooling was required and 

all stored energy was wasted during the day. During these two days Hut 1 used no electrical 

energy while Hut 2 used AC for almost 5 hours per night to charge the PCM. A similar 

performance can be seen for days with low solar radiation as can be observed during Day 5, 

where Hut 2 used almost nine times more electricity compared to Hut 1 for similar reasons.  

 

 

Day 1             Day2  Day 3              Day 4       Day 5                   Day 6     
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Table 4-2: Energy and cost saving/ losses achieved through the use of AC to charge PCM 
during low peak period 

 Day 1 Day 2 Day 3 Day 4 Day 5 Day 6 Total 

Energy saving -21% -6% - - -890% -6% -100% 

Cost saving 5% 22% - - -631% 35% -30% 

 

As presented in Table 4-2, application of AC to charge the PCM at night can be very risky: 

without accurate weather forecast information this can result in higher electricity consumption 

rather than energy saving. Electricity cost saving was only achieved for Days 1, 2 and 6, when 

high solar radiation resulted in full discharge of the PCM. During Days 3, 4 and 5; Hut 1 used 

AC for a few minutes while Hut 2 used more than 14 hours. During the period of 6 days, Hut 

2 consumed twice the electrical energy and increased electricity cost by 30 %, as shown in 

Table 2. 
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Figure 4-10: Performance of Hut 2 in comparison with Hut 1: effect of charging of the PCM 

The above-mentioned negative impact of using PCM in combination with night air-

conditioning encouraged us to stop using the AC unit at night as shown in Figure 4-10. Figure 

4-10 shows that, during the first day, Hut 2 was charged (PCM was solidified) during the night 

period and as a consequence Hut 2 did not need to use any cooling during the day until 16:17, 

almost four hours later than Hut 1. The next day however, the PCM in Hut 2 was not charged 

using the AC at night and, as a result, both huts performed almost identically during the day.  

This shows that, when not charging the PCM, both huts perform very similar. One concludes 

that the observed difference during the first day was solely due to the stored energy in the PCM 

and no thermal mass difference was involved. The experiment also shows that, despite a low 

outdoor temperature of below 15 °C, RT did not drop below 20°C and as a result no significant 

charging of PCM was achieved. 

Day 1 Day 2 
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Figure 4-11: Performance of Hut 2 in comparison with Hut 1 over a period of 4 days without 
using any cooling at night (not using AC or night ventilation) 

As demonstrated by numerous research studies, successful application of PCM in buildings 

can produce savings in energy and electricity costs. However, the above analysis showed that 

the improper use of PCM could even lead to higher power consumption instead. It can be 

observed in Figure 4-11, that Hut 2 was not charged and as a result, the room temperature in 

Hut 2 stayed above 20°C at all times. This means that the PCM in Hut 2 was never solidified 

during this period; as a consequence it could only store energy in form of sensible heat which 

is very limited. Experimental results showed a 3% higher power consumption in Hut 2 

compared to Hut 1 during this period.   

 

Day 1 Day 2 Day 3 Day 4 
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4.3.2 Application of Night Ventilation in combination with AC in Hut 2 

 

Figure 4-12: Performance of Hut 2 in comparison with Hut 1 using night ventilation in Hut 2 

As shown in Figure 4-9, using an AC unit through the night in order to charge the PCM can 

cause an increase in electricity consumption in Hut 2. On the other hand, not using any cooling 

at night to charge the PCM can lead to similar problem, as demonstrated in Figure 4-11. 

However, night ventilation should provide a significant benefit if night air temperature is lower 

than the PCM melting point. For instance, in Figure 4-11, during the whole 4-days period, the 

outdoor temperature at night was lower than the melting point of the PCM. In order to use night 

ventilation, a 20 watt fan was used in Hut 2 to blow fresh air into the room during night period. 

Figure 4-12 shows the experimental results, when night ventilation was used in Hut 2 during 

the night period. As can be observed, due to low outdoor temperature at night, the application 

of night ventilation helped to decrease the room temperature and the PCM temperature. As 

shown in the Figure, the PCM temperature dropped as a result of the night ventilation until it 

reached 19°C and plateaued for almost four hours until it got fully charged. During the next 

day, RT in Hut 1 rose sharply due to high solar radiation and reached 26°C at 11:20. However 

15:00 11:20 21:00 
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as a result of successful implementation of the night ventilation, Hut 2 remained the 

temperature constraint without using electricity for air-conditioning until 15:00, a period of 3 

hours and 40 minutes longer than Hut 1, which resulted in 66% energy saving in Hut 2 

compared to Hut 1. The night ventilation system was activated again at 21:00 as shown in the 

Figure, causing a sudden temperature drop in the room temperature and the PCM temperature 

to charge the PCM for the next day.  

Figure 4-13 presents a period of 8 days in which the AC was replaced with night ventilation in 

Hut 2. As shown in the Figure, AC was used to charge the PCM in Hut 2 only during Day 1 to 

ease the visual comparison between the use of AC and night ventilation. During Day 1, Hut 2 

consumed 0.5% more electricity compared to Hut 1; however a cost saving of 44% was 

achieved in Hut 2 as a result of using the price-based control strategy. However, application of 

night ventilation instead of the AC unit resulted in significant total electricity saving of 73%, 

with corresponding electricity cost saving of 67% over the period of a week (day 2-8).  

 

Figure 4-13: Hut experiment over the period of 8 days. A) Solar radiation, B) Room 
temperature for Hut 1 and Hut 2 

Day 1    Day2       Day 3          Day 4        Day 5            Day 6             Day 7 Day 8 

A 

B 
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The control system is programmed to use the AC unit if the next day is forecast to be sunny 

and the outdoor temperature at night is not low enough to charge the PCM. As can be observed 

in the early hours of Day 2, the AC unit in Hut 2 was turned on for a short period to assist the 

ventilation system, reducing RT and assisting charging of the PCM.  

The best results can be observed when the outdoor temperature is low enough to bring the PCM 

temperature below its melting point and ensure the PCM is fully charged for use the following 

day. During Days 7 and 8, when PCM has been fully charged due to low outdoor temperature 

in the previous night, high energy savings of 92% and 76% respectively were achieved. On 

Day 7, PCM temperature reached 17 °C at night and, as a consequence, no heating was required 

during the next day in Hut 2, while AC was used in Hut 1 for three hours and thirty minutes. 

Full charge was also achieved on Day 8 as the PCM temperature reached 17.5oC at night and 

the room temperature in Hut 2 remained below 26°C, the following day, for almost 4 hours 

longer than Hut 1, achieving 73% energy saving as detailed in Table 4-3. 

As shown in Table 4-3, Hut 2 did not need to use AC for four consecutive days and solely used 

electricity to operate the 20W fan. The lowest energy saving achieved during this period was 

48% on Day 5 due to the very low cooling demand in Hut 1.  

Table 4-3: Energy and electricity cost saving achieved using night ventilation system 

 Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 8 total 

Energy saving 57% 64% 55% 48% 83% 92% 76% 73% 

Electricity cost saving 67% 34% 58% 52% 85% 93% 73% 67% 
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4.4 Conclusion  

Application of PCM-impregnated gypsum boards in lightweight buildings were experimentally 

tested using two identical test huts at Tamaki Campus, University of Auckland. The 

experimental results showed that, if PCM is not used with a proper control strategy, it may lead 

to an increase in the air-conditioning energy required. In order for the PCM to work efficiently 

a combination of “night ventilation” and “free cooling” method should be applied in which low 

temperature outdoor air at night is used to charge the PCM inside the building. Using this 

method to charge the PCM with coolness instead of using AC has significantly improved the 

energy saving. A combination of the proposed method with weather forecast data resulted in 

an impressive electricity saving of 73% over a one-week period. This method of energy storage 

is very suitable for office application where comfort temperature need only be maintained 

during office hours. Night ventilation could create inconvenience for occupants if applied in 

residential buildings.   
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Application of Weather Forecasting in Conjunction 

with the Price-Based Method for PCM Passive Solar 

Buildings – An experimental study 

 

This chapter investigated experimentally the application of weather forecasting in combination 

with the price-based control method for passive solar buildings. Two identical lightweight test 

huts were used for the experimental study, one finished with ordinary gypsum board and the 

other finished with PCM-impregnated gypsum board. Based on the experimental results, the 

application of weather forecast data showed significant energy savings when PCM is used. On 

some days, an electrical energy saving of up to 90% per day was achieved using the proposed 

method. However, the results also showed that the application of inaccurate weather forecasts 



 

84 
 

can significantly deteriorate the performance of the control system and even lead to more 

energy consumption in the PCM hut.   

5.1 Introduction 

 As defined by the International Energy Agency (IEA), current energy consumption trends and 

their environmental consequences, are raising great concerns [115]. Increased CO2 emissions 

from high energy consumption have resulted in serious environmental problems worldwide. In 

the EU and the U.S. buildings are responsible for about 40% of total energy consumption in 

the country, which correlates to the about 40% of greenhouse gas emissions which are 

attributed to energy use in buildings. It is interesting to note that roughly 50% of this energy is 

used for space heating and cooling applications. This clearly shows that a reduction in building 

heating and cooling demand can significantly affect total energy consumption in buildings and 

consequently the emission of greenhouse gases [116, 117] 

Renewable energy resources such as solar or wind can contribute to a significant reduction in 

the emission of greenhouse gases. However, the intermittent nature of these energy sources 

requires energy storage, because the energy availability usually does not match the time of use 

[64, 118, 119]. Energy storage in buildings is of benefit when there is a mismatch between the 

time of the energy’s availability and its use. Batteries are the simplest example of energy 

storage devices, as they store electrical energy for use when required [120]. The same concept 

can be applied to store available heat and cold for use when needed.  

Thermal energy storage (TES) material is considered as one of the potential solutions to the 

energy management problem. TES incorporates materials with high energy storage capacity in 

the form of sensible heat (sensible heat storage, SHS), latent heat (latent heat storage, LHS) or 

thermochemical energy (thermochemical heat storage, TCHS). Phase change materials have 
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the ability to store large amounts of energy as the latent heat of melting.  These materials can 

provide constant energy delivery because of their isothermal nature [77]. 

5.1.1 Application of PCM in Solar Passive Buildings 

Application of PCM technology to store solar energy for space heating purposes can be traced 

back to just after World War II [64]. However, the application of phase change materials to 

store energy faces some difficulties such as the low thermal conductivity of these materials. As 

a result, there are some difficulties associated with the design of PCM heat exchangers. To 

address this problem, various storage designs such as the application of plate type and tubular 

heat exchangers, and heat exchangers with the addition of high thermal conductivity materials 

have been suggested [121-124]. However, the high cost of some of these methods has 

prevented their commercialization.   

Application of PCM in building components, however, is advantageous by having a large 

surface area, which is needed to charge and discharge the PCM. Additionally, this can be done 

at very low cost and does not need any additional space. These characteristics make PCM 

interesting alternatives to storing energy for passive applications. In passive heating, solar 

energy can be stored in latent heat storage materials incorporated in the construction 

components during daytime and later released passively into the room’s air as the PCM solidify 

[125, 126]. 

For instance, Chen et al., [127] studied the application of a new phase change material in 

passive solar buildings to absorb excess solar radiation during winter days and use it during the 

night when heating is required. Simulation results showed that the application of PCM can 

reduce peak temperatures during the day by 1.5°C. However the amount of cost/energy saving 

achieved using this method was not discussed in the study.  



 

86 
 

In another study, Shilei et al., [128] experimentally studied the application of PCM 

impregnated gypsum wallboards in a passive solar building to reduce electricity costs as well 

as the electrical energy needed for heating. They concluded that, because of low variation of 

outdoor temperature, little saving could be achieved; however this still encourages an 

application of this method to save energy in a building during winter. A similar simulation 

study performed by Zhou et al., [129] resulted in a 46% and 56% reduction in indoor 

temperature swings with the application of gypsum board and shape- stabilized PCM, 

respectively. Athienitis et al., [130] also performed a numerical and experimental study on the 

application of gypsum board impregnated with PCM in a passive solar test room during winter. 

The results showed up to a 4°C reduction in the room peak temperature and close to 15% 

reduction in heating at night. 

5.1.2 Application of weather forecasts in energy management in buildings with 

PCM 

The application of weather forecasts to improve the efficiency of a process is a well-established 

method. For instance many studies can be found in the field of electrical power demand 

forecasting. Similar methods can be used to forecast weather in the building sector [131]. 

Some studies have used weather forecasts for buildings with no thermal energy storage. For 

instance, Argiriou et al., [132] experimentally tested the use of weather forecasts to predict 

ambient temperature and solar radiation for the following day and consequently to predict the 

heating requirements of the test cell the next day. The results showed an annual saving equal 

to 7.5% in the case of the test cell studies. Similar results were obtained using weather and 

solar irradiance forecasts in the case of a full-scale office building; this resulted in a saving of 

15% [133]. 
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Application of weather forecasting for buildings using active TES also has been investigated 

in order to optimize the process. For instance Candanedo et al., [134] used ice storage in 

combination with a chiller to perform peak load shifting in a building. They used weather 

forecasts and internal gains forecasts to calculate the required cooling demand for the next day. 

Through the application of a model-based control algorithm, they achieved a 20-30% energy 

saving. 

Weather forecasting however plays a crucial role if it is included and an inaccurate forecast can 

adversely affect the performance of the system significantly. Henze et al., [135] showed in 

simulation studies that, assuming the weather forecast and building models are perfect, there 

can be a significant saving; however in real applications, prediction uncertainty can 

dramatically affect the performance of the system [136].  

According to the literature, application of phase change materials in passive solar buildings is 

a well-practiced method. Weather predictions also have been successfully tested to reduce the 

electricity consumption of large buildings as well as buildings with active thermal storage 

materials. However, a review of the literature reveals an absence of applications of weather 

prediction for passive solar buildings.  

In this chapter, the application of PCM impregnated gypsum boards in passive solar buildings 

was investigated for heating in winter, using two identical test huts. Weather forecasting was 

also used in order to minimize the energy consumption in the huts. Problems regarding 

inaccurate weather forecasts were also discussed in detail. One of the test huts was used as the 

reference while the other hut was retrofitted with PCM impregnated gypsum board. The control 

system takes into account real-time electricity pricing whereby low-price electricity is used 

optimally to charge PCM and the stored heat is used during the high peak electricity price 

period of the day.  
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Figure 5-1: Experimental huts at Tamaki Campus, University of Auckland, New Zealand 

5.2 Methodology 

5.2.1 Experimental setup 

Experimental studies were performed at the Tamaki Campus of the University of Auckland, 

New Zealand. Two fully instrumented test huts were used for the experimental studies, as 

shown in Figure 1. Both huts were constructed using standard lightweight materials with 

internal dimensions of 2.4 × 2.4 × 2.4 m. The huts have north-facing windows with dimensions 

of 1×1m, and both were heavily insulated using 100mm thick pink glass wool in the walls and 

ceiling and 60mm of polystyrene foam under the floor.  

The first hut was used as reference for all experiments throughout this study and referred to as 

Hut 1. The interior walls and ceiling of Hut 1 were finished using ordinary 13mm thick gypsum 

board. However in the second hut, the ordinary gypsum boards were replaced with PCM-

impregnated gypsum boards. The second hut is referred to as Hut 2. Each hut was equipped 

with a heat pump to provide heating demands. 

Hut 1 

Hut 2 
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Figure 5-2: Impregnation of PT20 using the direct immersion method 

5.2.2 Thermal energy storage 

In this study the PCM PT 20 from PureTemp was impregnated in gypsum board using the 

direct immersion method. In order to impregnate the gypsum boards with PCM, two metal 

trays with dimensions of 0.7×0.7×0.09m and 0.9×0.9×0.15m were used as shown in the Figure 

5-2. The large tray was filled with water while the smaller tray was filled with PT20 and left 

floating inside the larger tray. Water inside the large tray was heated to 55°C to heat the PT20 

inside the smaller tray. After reaching a steady temperature, the gypsum boards, which were 

cut into 0.6×0.6m pieces, were immersed in the molten PCM one by one, each for a period of 

10 min. Weighing of the gypsum boards before and after impregnation showed an approximate 

PCM impregnation of 22wt%. 

Hot water tray 

Gypsum board 
immersed in 

PT20 

PCM tray 
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Figure 5-3: Schematic diagram for data acquisition and control system in the experimental 
huts 

5.2.3 Data acquisition  

The experimental huts were designed to operate independently. As shown in Figure 5-3, the 

CompactRIO was programmed to receive weather forecast data, price constraints (PC), online 

prices (OP), outdoor temperatures, solar irradiance, wall temperatures (WT), room 

temperatures (RT) and electricity consumption.  

5.2.4 Control system 

LabVIEW software was used to read the online electricity price from any given website when 

its address was provided. Similarly, the www.metservice.com [137] website was used to obtain 

weather forecast data for the location of the experimental huts.   

http://www.metservice.com/
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Figure 5-4: Flow chart of the control system to use the price-based method in conjunction with 
weather forecast 

The control system throughout this study operates the heating unit based on the algorithm 

shown in Figure 5-4. The control system receives the weather forecast for the next day and, if 

it is not forecast to be sunny, uses the price-based method, otherwise it proceeds to the 

discharge mode. In the price-based method, the control mode is used based on the relative 

magnitudes of OP and PC. The controller proceeds to the charge mode if the OP is smaller than 

PC and the wall temperature is kept within the “low peak temperature range”. The limits of this 

range are 23 and 21°C, which are referred to as the “low price upper constraint” or LPU and 
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“low price lower constraint” or LPL, respectively. This temperature range was selected to be 

above the peak melting point of PCM to ensure PCM melting during the charge period. 

Choosing the charge mode, the controller receives wall temperature data and keeps the wall 

temperature within the low peak temperature range using the heat pump. In this study wall 

temperature was used instead of room temperature to improve the charge and discharge 

process, as will be discussed further in the “Results” section. As soon as the electricity price 

rises above the PC value, the controller switches to discharge mode, in which a lower 

temperature range is applied; this is referred to as the “high price temperature range”. In this 

mode, the control system uses a lower temperature range of 19 to 17°C. these limits are referred 

to as the “high price upper constraint” or HPU and “high price lower constraint” or HPL, 

respectively.  

If the weather is forecast to be sunny, the control system automatically switches to discharge 

mode regardless of the electricity price, and maintains the room temperature within the “high 

price temperature range” to prevent any energy consumption for charging of the PCM. This 

enables the control system to use solar energy instead of the heat pump to charge the PCM. 

The temperature constraints during the low price and high price periods are presented in Table 

5-1.  

Table 5-1: Temperature constraints during low and high price periods 

 Lower Constraint Upper Constraint 

Low Price Period 21oC 23°C 

High Price Period 17oC 19°C 
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Figure 5-5: Application of Price-based method using the low peak price and high peak 
temperature ranges 

In case of a misleading weather forecast, the controller switches to the price-based method 

during the day to charge the PCM during the low peak price period of the day and use the stored 

energy during the evening peak price period.  

Figure 5-5 shows an example of the application of price-based control where room temperature 

was maintained within a low peak price temperature range of 21 to 23°C during the off peak 

period when the electricity price is below the price constraint. Every time the electricity price 

rises above the PC value, the control system stops using electricity for heating and maintains 

the room temperature within the high peak temperature range of 17-19oC as long as the 

electricity price is higher than the price constraint. The high peak period is shown by the gray 

shaded areas. 
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Figure 5-6: Application of room temperature as a control variable to charge and discharge 
the PCM 

5.3 Results and Discussion  

In the first stage of this study, room temperature was used as the control variable (CV), as 

shown in Figure 5-6. However, because of the small interior area of the experimental huts, and 

the high power of the heating units, a quick indoor temperature rise was observed. In fact room 

temperature reached the upper temperature constraint quickly while the PCM temperature 

remained below its melting point. As shown in the Figure, during a low peak price period, the 

room temperature rose to 23°C while the PCM temperature did not rise above 20°C during this 

period. This clearly shows that the PCM was not charged during the low peak period.  
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Figure 5-7: Experimental results for Huts 1 and 2 over a period of 4 days using the room 
temperature as the CV 

Figure 5-7 shows experimental results over a 4-day period using the room temperature as the 

CV. As can be observed, during the early morning peak (shown by the gray shaded area), the 

drop in Hut 2 room temperature is very similar to that in Hut 1, which is evidence of the fact 

that very little PCM charging was achieved. As shown in Table 5-2, Hut 2 achieved an energy 

saving of only 8% with a corresponding cost saving of 13% during this period. 

Table 5-2: Electrical energy and cost savings over a period of 4 days using the room 
temperature as the CV 

 Day 1 Day2 Day3 Day4 Total 

Electrical saving -12% 26% 13% 7% 8% 

Price saving  -25% 42% 18% 13% 13% 

 

 

 

Day 1 Day 2 Day 3 Day 4 
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In order to overcome this problem, wall temperature was used as a control variable in both 

huts, as shown in Figure 5-8. During the charging period, the room temperature rises above the 

LPU range and consequently raises the PCM temperature above its melting temperature within 

a shorter period as shown in the Figure. After the first heating cycle, very little temperature 

difference can be observed between the room temperature and the wall temperature during the 

charge period. As can be seen in the Figure, room temperature and wall temperature are almost 

identical during the discharge process because the temperature change during the discharge 

process is very slow. Successful charging of the PCM during the charging period is one of the 

most important criteria, which was achieved using wall temperature instead of room 

temperature as the CV.  

As shown in Figure 5-8, the PCM temperature was maintained within the low price peak 

temperature range most of the night. During the early morning price peak, both huts stopped 

using electricity for heating and as a result, the room temperature in Hut 1 dropped fast and 

heating was required to be applied, while Hut 2 did not require any heating because of the 

successful PCM charging during the low price peak period. 

 

Figure 5-8: Room and wall temperatures of Huts 1 and 2 using Price-based control and the 
wall temperature as CV 
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Later during the day, the room temperature remained above the melting point of the PCM due 

to solar irradiation. After sunset, during the high price period, the room temperature in Hut 1 

dropped sharply and reached 17°C at 19:23 while the room temperature in Hut 2 remained 

above 17°C until midnight, achieving an electrical saving equal to 14%, with a corresponding 

cost saving of 32%. The method presented shows acceptable performance during days with 

medium or low solar radiation. However application of the same method on days with high 

solar radiation can be of a problem, as Figure 5-9 shows. 

The PCM temperature in Figure 5-9 remained above its melting point during the low price 

period at night, making the PCM fully charged. High solar radiation during the day caused a 

sharp temperature rise in Hut 2 similar to that in Hut 1 to above 29°C, because the PCM in Hut 

2 was almost fully charged and could not absorb further amounts of heat. Additionally, because 

there was very little heating demand during the evening price period, Hut 2 could not discharge 

all the stored energy and consequently consumed 30% more electricity compared to Hut 1.  

 

Figure 5-9: Room and wall temperatures of Huts 1 and 2 using the price-based method on a 
sunny day 
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Figure 5-10: Room and wall temperatures of Huts 1 and 2: Application of weather 
forecasting in conjunction with the price-based method 

This could be even worse if both Huts did not require any heating until the next day (due to 

high temperature during the day). Hence using the same strategy during warmer periods of the 

year may result in an inferior performance for Hut 2. In order to prevent this excessive 

temperature rise and to increase savings in energy, weather forecast data was used to predict 

solar radiation and outdoor temperature for the next day. Figure 5-10 shows the experimental 

result for a day which was predicted to be sunny. As shown in the Figure, despite the low 

electricity price, the controller used the high price temperature range (and maintained the 

temperature between 17-19°C) through the night to prevent charging of the PCM. During the 

day, the high solar radiation raised the room temperature sharply in Hut 1 to above 30°C, while 

the room temperature in Hut 2 remained below 24°C all day. This clearly indicates that the 

PCM in Hut 2 was getting charged during the day by capturing sufficient solar energy. As can 

be seen in the Figure, the PCM temperature remained constant for almost 5 hours from 12:00 

to 17:00 while absorbing heat from the interior space of the hut. After sunset, the room 

temperature in Hut 1 dropped to 17°C and used electricity for heating from 10pm onward while 
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the room temperature in Hut 2 remained above 19°C until midnight using the stored energy 

during the day. As a result of the proposed method solar energy can be used to charge the PCM 

passively and use the stored energy during the evening high price period. A significant energy 

saving, equal to 41%, was achieved using the proposed method.  

Figure 5-11 shows the experimental results over an eleven-day period to further investigate the 

proposed method. During this period, the proposed method was tested against various 

conditions. A total energy saving of 31%, with a corresponding 40% cost saving, was achieved, 

as can be seen in Table 5-3.  

 

Figure 5-11: Room and wall temperatures of Huts 1 and 2: Application of weather 
forecasting in conjunction with the price-based method over a period of 11 days 
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Table 5-3: Electrical energy and cost saving over a period of 11 days using weather 
forecasting in conjunction with the price-based method. 

 Day1 Day2 Day3 Day4 Day5 Day6 Day7 Day8 Day 9 Day10 Day11 Total 

Energy 
saving  

63% 82% 64% -73% 22% -8% 90% -11% 53% 41% 37% 31% 

Price 
saving 

47% 60% 71% -77% 46% 7% 79% 16% 67% 55% 41% 40% 

 

Table 5-3 shows the energy and price savings achieved over the period of 11 days shown in 

Figure 5-11. As shown in the Table, the energy saving for most days was significant. The 

highest energy saving in Hut 2 was achieved during Day 7, with 90% less energy consumption 

than Hut 1 followed by Day 2 and Day 1 with 82 and 63% energy saving respectively. 

However, during this period Hut 2 used more energy during Day 4, 6 and 8, because of 

inaccurate weather forecast. Despite that, the electricity cost in Hut 2 was less that Hut 1 

throughout this period, except for Day 4, due to application of the price-based method. It is 

also interesting to see that, despite inaccurate weather forecasting, the total price and energy 

saving were equal to 40% and 31%, respectively, over the test period of 11 days.  
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Figure 5-12: Room temperature and wall temperature of Hut 1 and Hut 2 during day 4 and 
day 6: Effect of inaccurate weather forecasting 

Inaccurate weather predictions can result in inappropriate strategy selection, as can be seen 

during Day 4 and Day 6. These days were predicted to be cloudy with little solar radiation, and 

consequently the controller decided to charge the PCM through the night and use the stored 

energy during the peak period throughout the day. However, the forecast were incorrect and 

the high solar radiation raised the room temperature and caused overheating in both huts. 

During the high price period of Day 4 no heating was required in Hut 1 or Hut 2, and as a 

consequence no heat was discharged from the PCM. This means that all the energy stored 

through the night before was not used during the same day, which resulted in 73% more energy 

consumption in Hut 2 than in Hut 1.  

Day 6 was slightly better. Because of the cold outdoor temperature, Hut 1 needed to be heated 

during the high price period and at the same time some stored energy in Hut 2 could be used to 

prevent a temperature drop in the hut. However, this still resulted in 8% more energy 

consumption in Hut 2 than in Hut 1.   
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Figure 5-13: Room and wall temperatures of Huts 1 and 2 during Days 1 and 2: accurate 
weather forecasts 

 

Figure 5-13 shows the experimental results during the first 2 days where high energy saving 

was achieved. Mainly because of the weather forecast accuracy, the controller benefitted from 

the solar energy to charge the PCM and use the stored energy during the high price period. The 

stored energy in the PCM was sufficient to keep the room temperature above the HPL all night 

until the next day.  As can be observed, Hut 2 used only 3 cycles of heating during this period, 

while hut 1 used more than 20 cycles. As a result of the accurate weather forecast and high 

solar irradiance, an energy saving of 63 and 82%, respectively (compared to Hut 1) was 

achieved during these two days.  
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Figure 5-14: Room temperature and wall temperature of Hut 1 and Hut 2: Effect of accurate 
weather forecasting on performance of the control system 

Comparison of Days 2, 4 and 6 shows the significance of accurate weather forecasts, as shown 

in Figure 5-14. Looking closely at these days, it can be observed that the outdoor temperature 

profile and the solar irradiance are very similar. However, choosing an appropriate heating 

control strategy resulted in 82% energy saving in Day 2, while using an inappropriate strategy 

based on a inaccurate weather forecast resulted in 73% and 8 % more energy consumption in 

Hut 2 for Days 4 and 6, respectively.  
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Figure 5-15: Room and wall temperatures of Huts 1 and 2: controller approach for days with 
low solar radiation and high outdoor temperature 

For days with low solar radiation, and if the outdoor temperature is predicted to be relatively 

high during the evening, the controller did not allow charging the PCM at night; instead it uses 

the low price period in the afternoon to charge the PCM for a short period, as can be seen 

during Days 3 and 8. This can ensure the availability of a sufficient amount of stored energy 

for use during the high price period, while minimizing the heat losses from the PCM. 

The experimental results suggest that application of the price-based method in conjunction with 

weather forecast data can significantly improve energy storage in buildings incorporating 

PCM. However due to the geographic location of Auckland City, there are some uncertainties 

associated with the weather forecasts, which could significantly worsen the performance of 

storage materials [136]. Thus this mode of control will result in higher savings in regions with 

more stable weather conditions that can be forecasted more accurately.   

5.4 Conclusions  

Application of PCM-impregnated gypsum boards in a passive solar building was investigated 

experimentally. Initially, the price-based control method showed a noticeable energy saving of 
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14% with a corresponding cost saving of 32%. In order to achieve further savings and to 

prevent overheating during days with high solar radiation, weather forecast data were 

incorporated into the control strategy. The results obtained showed a significant energy saving, 

reaching up to 90% in one day and 31% energy savings overall, with corresponding 40% cost 

savings over an eleven-day period despite inaccurate weather forecasts on some of the days. 

This work therefore provides strong justifications for the application of the proposed method 

in areas where reliable weather forecasts are possible.    
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Conclusion 

 

Increased energy consumption in the developed and developing countries and its environmental 

consequences, are raising great concerns. Demand-side management can be used as an 

effective solution to reduce energy consumption during peak consumption load periods.  

In order to perform a successful peak load shifting, a price-based control based on RAC was 

proposed. The proposed price-based method is able to use the online electricity price and 

electricity price constraints so that electricity can be used during off peak periods and also 

minimize electricity consumption during peak demand periods. However studies around the 

world have shown that the application of similar peak-load shifting practices have failed 

because they affect the comfort level of the consumers. In order to minimize the effect on the 

consumers’ comfort levels, energy storage is needed. This storage should be able to supply 
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energy while the appliance is turned off during the electricity peak period. PCM materials were 

used in this study to store energy because of their high storage density and their ability to 

provide constant energy delivery.   

In the first part of this study, the proposed price-based method in combination with PCM 

storage was described. The proposed method was experimentally tested using a PCM-

incorporated domestic freezer. The application of the proposed method on the freezer resulted 

in a cost saving of 16.5%. The experimental results also showed that the application of PCM 

in the freezer enables the user to stop using electricity for almost 150 minutes, which is more 

than three times longer than when no PCM is used.  

In the next step, the proposed method was experimentally tested on two identical test huts, at 

the Tamaki Campus, University of Auckland, New Zealand. The proposed method was applied 

under various conditions to compare the results in terms of energy and electricity cost saving. 

Both huts were constructed using conventional lightweight building materials. Hut 1 was 

finished with ordinary gypsum boards and used as a reference during these experiments, while 

DuPont shape-stabilized PCM wallboards were used in Hut 2 to store heat during the winter 

period. Application of the proposed method in the experimental huts showed a significant 

saving up to 62.6% per day. A total power saving of 21.5% with a corresponding electricity 

cost saving of 26.7% in Hut 2 was achieved over a period of six days. The results also showed 

the importance of selecting a suitable price constraint to successfully apply the proposed 

method and achieve a successful peak load shifting.  

Later, the application of PCM-impregnated underfloor heating systems was experimentally 

tested using the huts. The results showed successful peak load shifting during morning peaks. 

However the underfloor heating system had very little impact on the evening peak and could 

not contribute to the heating of Hut 2.  



 

109 
 

In order to improve the PCM underfloor heating system, DuPont wallboards were also installed 

on the walls of Hut 2 to store energy for the evening peak period. The combination of 

underfloor heating and DuPont wallboards resulted in a significant improvement in the overall 

energy saving. To further improve its performance, a lower setpoint temperature was used to 

provide a selective PCM charging, minimize energy consumption and get maximum benefit 

from solar radiation. This resulted in a total cost saving of 28.7% over a five-day period. The 

highest electrical energy and electricity cost saving achieved using this method was 35% and 

44.4% respectively. 

In order to improve thermal energy storage, the DuPont wallboards were replaced with PT20-

impregnated gypsum boards because of their higher latent heat. The application of the price-

based method was experimentally tested for cooling application. In the first part, an air 

conditioner unit was used in each hut to supply the cooling demand and also for charging the 

PCM during the low price period of the day. Results showed successful peak load shifting; 

however no energy saving was achieved. In order to address this problem, night ventilation 

was used instead of air conditioner in Hut 2 to charge the PCM at night. The application of 

night ventilation dramatically improved energy saving, reaching in some days up to 92%. As a 

result, an electrical energy and electricity cost saving of 73% and 67% respectively was 

achieved over a one-week period.  

The experimental huts then were used during the winter period to study the price-based control 

in combination with PT20-impregnated gypsum boards for heating applications. A heat pump 

was used in each hut to supply the heating demand and to charge the impregnated PCM during 

the low price period of the day throughout the test period. The proposed method using the 

price-based method resulted in an acceptable energy saving of 14% during days with low solar 

irradiance. However during days with high solar irradiance, overheating could occur. To 
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address this problem and save more energy, weather forecasting data were used. The 

application of weather forecasts resulted in a significant energy saving improvement, reaching 

an energy saving of up to 90% on some days. However due to the geographical location of the 

experimental test facilities, accurate weather forecasting was not possible. Inaccurate or 

misleading weather forecasts could adversely affect the controller’s performance. Despite 

inaccurate weather forecasts, a total electrical energy saving of 31%, with a corresponding 40% 

electricity cost saving, was achieved over an eleven-day period.  

 

This research study therefore provides a strong justification that application of phase change 

material in conjunction with a smart control system can significantly contribute to peak load 

shifting and energy saving. It also showed that the application of a suitable PCM is essential in 

order to perform a successful peak load shifting with minimum impact on consumers’ comfort 

level. 
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Future Research 

Based on the experimental results presented in this study, there is great potential to use PCM 

energy storage for heating and cooling applications in buildings. This study was carried out to 

prove that PCM in building applications can significantly contribute to energy saving as well 

as peak load shifting. However, prior to the large-scale application of the passive latent heat 

thermal energy storage in building components, it is necessary to resolve a number of problems 

at the research and development stage.  

All experimental results presented in this study were based on the application of PCM in 

lightweight buildings. It is necessary to perform similar experimental studies on medium-

weight and heavy-weight buildings in order to quantify the effectiveness of PCM in such 

buildings.  
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Room temperature were used to evaluate the thermal comfort however it is believed that 

operative temperature is a better measure for thermal comfort within the building. It can be 

calculated using wall temperature and room temperature. In this study however, room 

temperature was used since it is easier to implement.  

Surface to volume ratio also plays a very critical role in thermal behaviour of buildings in 

general. The experimental huts used for this study have a very large surface area to volume 

ratio. Similar experiments need to be carried out using a real-scale building to further study the 

behaviour of PCM in real-world applications. Simulation studies can assist testing the 

applicability of PCM in real buildings under in various climatic conditions.    

During the period of this study, no electricity company was providing real-time electricity 

pricing for its consumers; therefore the wholesale electricity price was used in this study. Also, 

as discussed in Chapter 2, not knowing the price constraint or not having access to the forecast 

electricity price, it was impossible to fully use the price-based method. However, recently 

“Flick Electric”, an electricity provider in New Zealand, provides real-time electricity pricing 

for residential consumers. The company also provides electricity price forecasts and a smart 

meter, which enables the consumer to monitor the electricity price and use the electricity during 

low peak period. This provides an excellent opportunity to study and fully use the proposed 

price-based method in combination with PCM-building construction materials in New Zealand. 

Advanced process control techniques such as predictive control methods can also be used in 

order to further improve the performance of the proposed method. 
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