
 

 

 
Copyright Undertaking 

 

This thesis is protected by copyright, with all rights reserved.  

By reading and using the thesis, the reader understands and agrees to the following terms: 

1. The reader will abide by the rules and legal ordinances governing copyright regarding the 
use of the thesis. 

2. The reader will use the thesis for the purpose of research or private study only and not for 
distribution or further reproduction or any other purpose. 

3. The reader agrees to indemnify and hold the University harmless from and against any loss, 
damage, cost, liability or expenses arising from copyright infringement or unauthorized 
usage. 

 

 

IMPORTANT 

If you have reasons to believe that any materials in this thesis are deemed not suitable to be 
distributed in this form, or a copyright owner having difficulty with the material being included in 
our database, please contact lbsys@polyu.edu.hk providing details.  The Library will look into 
your claim and consider taking remedial action upon receipt of the written requests. 

 

 

 

 

 

Pao Yue-kong Library, The Hong Kong Polytechnic University, Hung Hom, Kowloon, Hong Kong 

http://www.lib.polyu.edu.hk 



 

 

 

APPLYING PHASE CHANGE MATERIALS 

(PCMS) TO DISASTER-RELIEF 

PREFABRICATED TEMPORARY HOUSES 

(PTHS) FOR IMPROVING THEIR INDOOR 

THERMAL ENVIRONMENTS IN SUMMER 

TIME 

 

 

 

WANG CAIXIA 

 

 

PhD 

 

 

The Hong Kong Polytechnic University 

 

This programme is jointly offered by The Hong Kong  

Polytechnic University and Sichuan University 

2021



The Hong Kong Polytechnic University 

Department of Building Services Engineering 

Sichuan University 

Institute for Disaster Management and Reconstruction 

Applying Phase Change Materials (PCMs) to 

Disaster-relief Prefabricated Temporary 

Houses (PTHs) for Improving Their Indoor 

Thermal Environments in Summer Time 

WANG Caixia 

A thesis submitted in partial fulfillment of the requirements 

for the Degree of Doctor of Philosophy 

Feb 2021 



II 

Certificate of Originality 

I hereby declare that this thesis is my own work and that, to the best of my knowledge 

and belief, it reproduces no material previously published or written, nor material that 

has been accepted for the award of any other degree or diploma, except where due 

acknowledgement has been made in the text. 

WANG Caixia 



III 

Abstract 

 

Natural disasters endanger the lives and properties of people and their frequent 

occurrences have left hundreds of thousands of disaster victims homeless. Therefore, 

providing disaster victims with suitable temporary shelters has been one of the key 

issues in post-disaster management. It is noted that disaster-relief prefabricated 

temporary houses (PTHs) have been massively used during disaster relief 

reconstructions period due to the advantages of convenient transportation, easy 

installation and short construction period to provide the much-needed shelters. 

However, previous related field studies have demonstrated that as no energy-

consuming environmental control systems such as an air conditioner were normally 

installed inside PTHs, in summer time, the thermal environment inside PTHs can 

become intolerably hot, and thus harmful to disaster victims’ health both physically 

and mentally. It has been therefore urgently needed to apply simple and low cost 

measures to disaster-relief PTHs for improving their indoor thermal environments in 

summer. On the other hand, phase change materials (PCMs) have been extensively 

used in various permanent buildings for helping improve indoor thermal 

environmental control successfully, with however little application to disaster-relief 

PTHs for enhancing their indoor thermal environmental controls. Consequently, a 

programmed research work on applying PCMs to disaster-relief PTHs for improving 

their indoor thermal environment in summer time has been carried out and is reported 

in this Thesis. 



IV 

 

This Thesis begins with, firstly, describing a purposely established experimental setup 

having two different Designs of applying PCMs to PTHs to facilitate the experimental 

work required in this programmed research work. For Design 1, two different scaled 

model houses (MHs) were used and for Design 2, a full-scale experimental PTH was 

used. Appropriate measuring instrumentations were provided to the setup.  

 

Secondly, an experimental study on applying PCMs to disaster-relief PTHs for 

improving their internal thermal environment in summer is presented. The 

experimental setup was used and the two designs examined in the experimental study. 

In Design 1, PCMs were fixed to the internal surfaces of one of the two MHs and the 

related experimental results demonstrated that both indoor air temperature and internal 

surface temperatures of the PCM based MH can be reduced at daytime. However, in 

Design 2, a movable PCM based energy storage system (PESS) was used and the 

related experimental results suggested the use of the movable PESS with a total charge 

of 148.8 kg PCM helped reduce the average indoor air temperature by 3.2 to 3.6 oC. 

The experimental results for both Designs suggested that, due to the nature of disaster 

relief and since outdoor air at a lower temperature may be the only cooling energy 

source for charging the PCM, a movable PESS was preferred, so that it can be moved 

to outdoor at night time for being charged with more cooling energy using lower 

temperature outdoor air or via sky radiation but not adversely increasing the air 

temperature inside PTHs. 
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Thirdly, the Thesis presents a numerical study on optimizing the designs of applying 

PCMs to a disaster-relief PTH to improve its summer daytime indoor thermal 

environment. The numerical study followed up the experimental study to numerically 

examine different designs of applying PCMs to a disaster-relief PTH in order to 

identify the best design for guiding future practical applications. A numerical model 

for the full-scale PTH was established using EnergyPlus platform and experimentally 

validated. The numerical study included two parts. In the first part, a total of 16 

different designs were defined and the simulated results demonstrated that the 10th 

design, or D10, was identified as the most effective design, and could result in the 

highest number of acceptable hours at 90 hours. In the second part, increasing PCM’s 

thickness to beyond 20 mm would lead to negligible effects on further improving the 

thermal environment inside the full-scale PTH. Hence, 20 mm thickness for PCM was 

recommended as a reference design value for future practical applications. 

 

Finally, a further numerical study on applying the movable PESS to disaster-relief 

PTHs used in 12 selected cities located in different climate regions to improve the 

thermal environments inside PTHs in July is reported. The previously developed and 

experimentally validated EnergyPlus based simulation model for a PTH incorporating 

the movable PESS was deployed. In this further numerical study, in order to 

quantitatively describe the degree of improvement in the thermal environment inside 

PTHs after applying PCMs, a number of evaluating indexes including Unacceptable 
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Degree Hours inside a PTH without incorporating the movable PESS (UDH) and after 

incorporating the movable PESS (UDH’) and the absolute difference between UDH 

and UDH’ ( ), were proposed. Using the meteorological data in the typical weather 

year of 1989, the further numerical study showed that, in all the 12 selected cities in 

July, after introducing the movable PESS to the PTHs, both the monthly maximum 

and the averaged air temperature inside the PTHs, the daily peak and daily average 

indoor air temperature on the hottest day were lowered. In all the 12 selected cities, 

although applying the movable PESS to disaster-relief PTHs in July was functional, it 

was more effective for the following seven cities including Singapore, Miami, 

Bangkok, Chengdu, Damascus, Hanoi and Urumqi, with six of the seven cities located 

in both tropical and temperate climate regions, based on the proposed evaluating 

indexes. 
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Chapter 1 

 

Introduction 

 

Following natural disasters that destroy human habitats [Gunawardena et al., 2014], 

such as earthquakes, tsunamis, floods, typhoons and bushfires, prefabricated 

temporary houses (PTHs) are massively used in disaster relief reconstructions [Tang 

et al., 2017; Aye et al., 2012; Tas et al., 2011]. For example, after the 2008 mega-scale 

Wenchuan Earthquake in China, more than 21 million victims were resettled in PTHs 

during the post-disaster transitional period of up to 36 months [Wang et al., 2018]. In 

most cases, such fast-installed PTHs were the only choice for disaster victims during 

a post-disaster transitional period, which may nonetheless last for up to several years 

[Felix et al., 2015; Asefi and Sirus, 2012; Dikmen et al., 2012]. However, given their 

temporary nature, few indoor thermal environmental control systems are usually 

installed inside PTHs and therefore, their indoor thermal environments are cold in 

winter and hot in summer [Huang et al., 2015]. Exposed to a poor indoor thermal 

environment for a long time may result in the physical and mental illness of PTHs’ 

occupants, especially those disaster victims [Zhang et al., 2017a]. Therefore, 

improving the indoor thermal environments for the occupants in PTHs using simple 

and low-cost measures, such as passive designs [Wang et al., 2017; Wang et al., 2016a], 

is urgently needed. 
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On the other hand, various studies have shown that the use of phase change materials 

(PCMs) could help improve the indoor thermal comfort in different buildings. 

Although PCMs have been widely applied to various permanent buildings as passive 

measures for improving their indoor thermal environments [Saffari et al., 2017], their 

full-scale applications to temporary disaster-relief PTHs are seldom reported. This 

may be due to the temporary nature of PTHs since they are not expected for long term 

use. However, the actual use of PTHs may no longer be temporary following some 

mega-scale natural disasters, such as the 2008 Wenchuan Earthquake. It becomes 

therefore highly necessary to investigate the applications of PCMs to PTHs for 

improving their indoor thermal environments for the well-beings of PTHs’ occupants, 

most of them being disaster victims. To this end, a programmed research work has 

been carried out and is presented in this Thesis. 

 

This Thesis begins with an extensive literature review in Chapter 2 where firstly a 

review on the occurrences and the risk assessment and management of natural 

disasters is reported. Secondly, a review on the previous experimental and numerical 

studies on the thermal environments inside disaster-relief buildings including disaster-

relief PTHs and their improvements is presented. Thirdly, related studies on applying 

PCMs to buildings are reviewed. Finally, the research gaps identified through 

reviewing the previous related studies are discussed. 
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In Chapter 3, the backgrounds, the title, the aims and objectives of, and the research 

methodologies used, in the programmed research work are presented. 

 

Chapter 4 presents the establishments of two experimental model houses (MHs) and a 

full-scale experimental PTH for two different designs of applying PCMs and their 

associated instrumentations. The experimental MHs and full-scale PTH were for 

carrying out the required experiments of the programmed research work reported in 

this Thesis. A detailed description of Design 1 was firstly presented, followed by 

detailing that of Design 2. In Design 1, there were two MHs, one as a reference MH, 

and the other a PCM based MH where PCMs were fixed to its internal surfaces. 

However, in Design 2, a movable PCM based energy storage system (PESS) was used 

in the full-scale experimental PTH. The availability of the experimental MHs and the 

full-scale experimental PTH in the two designs is expected to be essential in 

successfully carrying out the programmed research work proposed in Chapter 3. 

 

In Chapter 5, an experimental study on applying PCMs to disaster-relief PTHs using 

the two experimental MHs and the full-scale experimental PTH of the two different 

designs is reported. The two different designs of applying PCMs were examined. The 

related experimental results for Design 1 demonstrated that both indoor air 

temperature and internal surface temperatures in the PCMs based MH can be reduced 
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at daytime, and those for Design 2 suggested the use of the movable PESS with a total 

charge of 148.8 kg PCMs helped reduce the average indoor air temperature inside the 

full-scale PTH by 3.2 oC to 3.6 oC. The experimental results from both Designs 

suggested that, due to the nature of disaster relief and since outdoor air at a lower 

temperature at nighttime may be the only cooling energy source for charging the PCM, 

a movable PESS system was preferred, so that it can be moved to outdoor at nighttime 

for being charged with the cooling energy from the outdoor air at a lower temperature 

and sky radiation, and not adversely increasing the air temperature inside PTHs. 

 

In Chapter 6, a numerical study on optimizing the designs of applying PCMs to a 

disaster-relief PTH to improve its indoor thermal environment in summer is reported. 

A numerical model for the full-scale experimental PTH was established using 

EnergyPlus platform and experimentally validated. The numerical study included two 

parts. In the first part, a total of 16 different designs were defined and the simulated 

results demonstrated that the 10th design, or D10, was identified as the most effective 

one, and could result in the highest number of acceptable hours at 90 hours. In the 

second part, it was numerically shown that increasing PCM’s thickness to beyond 20 

mm would lead to negligible effects on further improving indoor thermal environment 

in summer. Hence, 20 mm thickness for PCM was recommended as a reference design 

value for future practical applications. 
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Chapter 7 presents a further numerical study on applying the movable PESS to the 

PTHs installed in 12 selected cities in different climate regions around the world to 

improve their indoor thermal environments in July. The experimentally validated 

EnergyPlus based simulation model for the experimental PTH incorporating the 

movable PESS used in Chapter 6 was deployed in the numerical study. Using the 

meteorological data in the typical weather year of 1989, the numerical study showed 

that, in all the 12 selected cities in July, after introducing the movable PESS to the 

PTHs, the maximum temperature, the monthly averaged air temperature inside the 

PTHs, the daily peak and daily average indoor air temperatures on the hottest day were 

all lowered. In all the 12 selected cities, although applying the movable PESS to 

disaster-relief PTHs in July was functional, it was more effective for the following 

seven cities including Singapore, Miami, Bangkok, Chengdu, Damascus, Hanoi and 

Urumqi, with six of the seven cities located in both tropical and temperate climate 

regions, based on the evaluating criteria proposed in this Chapter. 

 

The conclusions of the Thesis and the proposed future work are presented in Chapter 

8. 
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Chapter 2 

 

Literature review 

 

2.1 Introduction 

 

Natural disasters pose threats to the sustainable development of human society and 

cause losses in human lives and properties. For example, the death toll in the Huaxian 

Earthquake in the year of 1556 in China exceeded 830000, and that in the 2004 Indian 

Ocean Earthquake and Tsunami 292000. According to statistics, from 1900 to 2018, 

there were about 14748 number of natural disasters worldwide, resulting in more than 

32.65 million deaths, 8.57 million injuries and 174.16 million homelessness. The total 

number of people affected was as high as 7.99 billion, leading to enormous economic 

losses of more than 3.34 trillion US dollars. Natural disasters can occur anywhere in 

the world, causing lasting and far-reaching harm and bringing huge losses to human 

society. 

 

Natural disasters occur frequently in China, such as floods, droughts, typhoons, 

earthquakes, ice and snow disasters and landslides, etc. For example, on May 12, 2008, 

an earthquake measuring at 8.0 on the Richter scale occurred in Wenchuan County, 

Aba Qiang Tibetan Autonomous Prefecture, about 90 kilometers northwest of 
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Chengdu, Sichuan Province. The earthquake affected a large area, covering 852 

counties in 8 provinces, and the cumulative number of people affected exceeded 45 

million. According to the official data, a total of 69227 people were killed, 17923 

missing and 360355 injured in the Wenchuan Earthquake. A total of 2114845 

wounded were treated in hospitals. More than 5 million buildings collapsed in the 

affected area and more than 21 million buildings were severely damaged. Totally, 

more than 25 million families were affected. The massive destruction of houses and 

subsequent secondary disasters have led to the emergency relocation of more than 12 

million people. How to resolve the problem of the rapid resettlement for mega-scale 

disaster victims became one of the most important tasks following a major natural 

disaster. 

 

Disaster-relief PTHs have the characteristics of convenient large-scale mass 

production, convenient transportation and rapid construction. Therefore, they are 

widely used in post-disaster resettlement [Wang et al., 2018; Shen et al., 2005]. 

According to the statistics, following the Wenchuan Earthquake, the number of 

temporary houses built to resettle the affected people exceeded 625000 [Subasinghe, 

2013], including 107000 public resettlement temporary houses such as hospitals and 

schools, and 71000 and 429000 residential resettlement temporary houses for rural 

and urban residents, respectively [Ni and Qian, 2017]. Fig. 2.1 shows a photo for 

disaster-relief temporary houses following the Wenchuan Earthquake. In addition, in 
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Middle East, disaster-relief temporary houses were also used for emergency 

resettlement of disaster victims who lost their homes. Fig. 2.2 shows the relief 

temporary houses donated to war victims by the Khuzaa, an international disaster-

relief organization, in a Palestinian town on the eastern Mediterranean coast of the 

Gaza Strip [Asfour, 2019]. 

 

 

Fig. 2.1 The resettlement site of disaster-relief PTHs-Wenchuan in 2008 
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Fig. 2.2 The resettlement site of disaster-relief PTHs-Khuzaa [Asfour, 2019] 

 

Although disaster-relief PTHs are only intended to provide transitional or temporary 

accommodation, it has been widely acknowledged that disaster victims often lived in 

disaster-relief PTHs for as long as several years [Belcher and Bates, 1983; Alexander, 

1984; Gutierrez, 2017]. It has been noted that disaster-relief PTHs were made of light 

colour steel board, so that they may be rapidly erected in a disaster area, with limited 

construction materials, limited space requirement but poor ventilation provisions, 

resulting in severe indoor thermal environment, and impacting negatively on the health 

of victims [Huang et al., 2015]. 

 

Therefore, disaster victims not only had to bear the grief of losing their families and 

homes, but also suffered the poor living environment in disaster-relief PTHs, which 
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was not beneficial to the physical and mental health of victims [Zhang et al., 2017a; 

Cao et al., 2014; Fussell and Lowe, 2014; Tsuchiya et al., 2019]. As a result, 

appropriate and effective measures should be taken to improve the thermal 

environment inside disaster-relief PTHs [Wang et al., 2017; Wang et al., 2016a; Sodha 

et al., 1986], so as to provide victims with a more comfortable post-disaster transitional 

living environment [Davis, 1978]. 

 

On the other hand, studies have shown that the use of PCMs [Tyagi et al., 2012; Zhou 

et al., 2012; Pomianowski et al., 2013] could help improve the thermal comfort in 

different buildings [Soares et al., 2013; Tyagi et al., 2013]. For examples, Sage-Lauck 

and Sailor [2014] evaluated the impacts of using PCMs on indoor thermal comfort in 

an insulated residential building using experimental and numerical approaches. 

Figueiredo et al. [2017] used different constructive solutions incorporating PCMs for 

indoor thermal comfort assessments in real case studies in school buildings. Alam et 

al. [2017] completed a comparative analysis on the effectiveness of different 

application methods for PCMs to enhance the level of thermal comfort inside 

residential buildings. 

 

Although a considerable number of studies have been carried out to study the 

applications of PCMs [Kenisarin and Mahkamov, 2016; Konuklu et al., 2015] to 

various permanent buildings for enhancing their indoor thermal environmental control 
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[Saffari et al., 2017; Silva et al., 2016a; Weinläder et al., 2016], full-scale applications 

of PCMs to disaster-relief PTHs were limited [Lin et al., 2016; Song et al., 2018]. This 

may be due to the temporary nature of PTHs since they were not expected for long-

term use. However, as mentioned before, since the actual use of PTHs may no longer 

be temporary, it became highly necessary also to study the applications of PCMs to 

disaster-relief PTHs for improving their indoor thermal environments, for the well-

beings of disaster victims. 

 

In this Chapter, an extensive literature review on applying PCMs to improve the 

thermal environment inside disaster-relief PTHs and some related issues is reported. 

Firstly, a review on the occurrences and the risk assessment and management of 

natural disasters is presented. This is followed by reporting a review on the previous 

studies on the thermal environment inside disaster-relief temporary houses including 

PTHs. Thirdly, previous experimental and numerical studies applying PCMs to 

buildings are reviewed. Finally, a conclusion is given, where future required research 

work on applying PCMs to improve the thermal environment inside PTHs is identified 

and summarized. 
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2.2 The occurrence and risk assessment and management of natural disasters 

 

2.2.1 Occurrences of natural disasters 

 

Natural disasters are caused by natural events or forces that cause the death or injury 

to human lives and the damage to social properties. Since the beginning of the 20th 

century, the economic losses and the number of people affected by natural disasters 

have shown an increasing trend. Tables 2.1 to 2.3 detail the top 20 natural disasters 

from 1900 to 2019, based on the total number of people affected, total death and total 

economic losses. The flood disasters in China and the droughts in India were 

widespread, affecting the largest number of people. More than 330 million people 

were affected by the 2015 drought in India alone (Table 2.1). A severe drought and a 

severe flood occurred in China in 1931 and 1928, respectively, resulting in a total 

death of more than 670000 people (Table 2.2). The total economic losses caused by 

Hurricane Harvey in southern Texas in August 2017 amounted to US $171.1 billion. 

In 2011, the total economic losses caused by the earthquakes in Japan exceeded US 

$210 billion. These have demonstrated that natural disasters have brought heavy 

casualties and economic losses to human beings all over the world and caused 

catastrophic damages to the entire human society.  
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Table 2.1 Top 20 natural disasters based on the number of people affected globally 

from 1900 to 2019 

Ranking Type of disaster Country Year 

Number of 

affected people 

(Million people) 

1 Drought India 2015 330.00 

2 Drought India 1987 300.00 

3 Drought India 2002 300.00 

4 Flood China 1998 225.24 

5 Flood China 1991 206.00 

6 Drought India 1972 200.00 

7 Flood China 2003 154.37 

8 Flood China 1996 150.00 

9 Flood China 2010 140.19 

10 Flood India 1993 128.00 

11 Flood China 1995 125.50 

12 Flood China 2002 113.22 

13 Flood China 2007 111.04 

14 Hurricane China 2002 107.40 

15 Flood China 1994 105.90 

16 Flood China 1999 104.93 

17 Flood China 1989 100.00 

18 Drought India 1965 100.00 

19 Drought India 1982 100.00 

20 Flood China 2011 93.36 
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Table 2.2 Top 20 natural disasters based on the number of death toll from 1900 to 

2019  

Ranking Type of disaster Country Year 

Number of 

death (Million 

people) 

1 Flood China 1931 3.70 

2 Drought China 1928 3.00 

3 Infectious disease India 1920 2.50 

4 Infectious disease Former Soviet Union 1917 2.50 

5 Flood China 1959 2.00 

6 Drought Bangladesh 1943 1.90 

7 Drought India 1942 1.50 

8 Drought India 1965 1.50 

9 Infectious disease China 1909 1.50 

10 Infectious disease India 1907 1.30 

11 Drought India 1900 1.25 

12 Drought Former Soviet Union 1921 1.20 

13 Drought China 1920 0.50 

14 Flood China 1939 0.50 

15 Infectious disease India 1926 0.42 

16 Infectious disease Bangladesh 1918 0.39 

17 Hurricane Bangladesh 1970 0.30 

18 Drought Ethiopia 1983 0.30 

19 Infectious disease India 1924 0.30 

20 Earthquake China 1976 0.24 



15 

Table 2.3 Top 20 natural disasters based on the amount of economic loss from 1900 

to 2019 

Ranking 
Type of 

disaster 
Country Year 

Economic loss 

(Billion US$) 

1 Earthquake Japan 2011 210.00 

2 Hurricane America 2017 171.11 

3 Hurricane America 2005 158.23 

4 Earthquake Japan 1995 100.00 

5 Earthquake China 2008 85.49 

6 Hurricane America 2012 77.50 

7 Hurricane Puerto Rico 2017 68.00 

8 Hurricane America 2004 55.23 

9 Hurricane America 2008 45.76 

10 Hurricane America 2011 43.45 

11 Flood Thailand 2011 40.32 

12 Hurricane America 1992 34.50 

13 Flood China 2016 31.79 

14 Flood China 1998 31.74 

15 Earthquake America 1994 30.00 

16 Earthquake Chile 2010 30.00 

17 Earthquake Japan 2004 28.00 

18 Hurricane America 2016 27.35 

19 
Extreme 

weather 
China 2008 21.10 

20 Earthquake Turkey 1999 21.00 
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From these three Tables, it was clear that natural disasters occurred frequently and 

spreaded widely all over the world [Ward et al., 2020]. Main types of natural disasters 

included flood [Forero-Ortiz et al., 2020], drought [Ngcamu and Chari, 2020], 

earthquake [Wang et al., 2020; Stahl et al., 2017], typhoon [Karaca and Aslani, 2016], 

storm [Weiskerger and Phanikumar, 2020], geological disaster [Wang et al., 2012], 

forest fire [Burger et al., 2020; Xu et al., 2020] and prairie fire [Bercak et al., 2018; 

Dou et al., 2018], landslide [Juang et al., 2019], tropical cyclone [Cardona et al., 2014; 

Hong and Moller, 2012; Trepanier et al., 2017], volcano [de Vallejo et al., 2020; Freire 

et al., 2019] and tsunami [Iimura et al., 2020]. Furthermore, natural disasters can occur 

in different parts of the world, included Asia [Ali et al., 2020; Dagher et al., 2020], 

Europe [Paul, 2002; Radovic et al., 2012], Africa [Edoun et al., 2015; Michellier et al., 

2020], America [Alcantara-Ayala, 2010; Ishizawa and Miranda, 2019] and Oceania 

[Forbes et al., 2018; Wisetjindawat et al., 2017]. 

 

Generally, a natural disaster can possess the following six characteristics: 

 

 Potentiality. Prior to disasters, there can be incubation periods with varying 

lengths, when energy was accumulated or converted to break the original balance 

and stability; 
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 Suddenness. Before a disaster occurred, there were often no direct signs or strict 

rules to be found, so that a disaster was usually not easy to be detected and 

distinguished by people; 

 Periodicity. Disasters of the same nature can occur repeatedly after a certain 

period of time; 

 Simultaneity. Some disasters of the same or different types could often follow one 

after another or occur concurrently; 

 Complexity. The periodicity of disasters was not confined to only one time scale. 

Certain disasters may often form a disaster chain with other disasters; 

 Multiple causes. One cause may lead to multiple disasters, and a single disaster 

may be the result of multiple causes [Carrasco-Ochoa and Martinez-Trinidad, 

2004]. 

 

Most natural disasters were regarded as normal events in the evolution of the earth 

system, but they have become important restrictive factors hindering the development 

of human society and economy. Various types of natural disasters caused not only 

direct economic losses and casualties, but also various indirect losses, and may even 

affect the stability and sustainable development of the whole society [Chan et al., 

2019]. 
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2.2.2 Risk assessment and management of natural disasters  

 

One of important issues for managing natural disasters was their risk assessments 

[Nascimento and Alencar, 2016; Rinaldi and Bergamini, 2020]. This was because the 

risk assessment for natural disasters can help to determine natural disaster prevention 

standards, optimize the implementation sequences of disaster prevention system 

construction, optimize the emergency rescue sequence (by providing a scientific basis 

for decision-making including the selection of emergency and disaster-relief priorities, 

the choice of sequence, and the selection of emergency and disaster-relief methods), 

form scientific land management in natural disaster risk areas and provide a basis for 

post-disaster loss assessments. 

 

Ward et al. [2020] systematically reviewed risk assessment models of natural disasters 

at a global scale. According to the nature of different types of disasters, such as 

hydrological disasters, meteorological disasters and climatological disasters, generally 

available risk assessment models were also different. However, knowledge sharing 

and cooperation were encouraged. 

 

Li et al. [2016] compared the existing natural disaster risk assessment frameworks , as 

shown in Fig. 2.3, and proposed a new framework, Hazard, Vulnerability and 

Adaptation Capability, as illustrated in Fig. 2.4. 
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Fig. 2.3 Typical component based risk assessment frameworks [Li et al., 2016] 

 

 

Fig. 2.4 A new scenario based risk assessment framework [Li et al., 2016] 

 

Rus et al. [2018] conducted a systematic study on urban natural disaster assessments 

and responses. They emphasized the importance of optimizing pre-disaster mitigation 

measures and rational planning of urban layout, as shown in Fig. 2.5 and Fig. 2.6, 

respectively. 
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Fig. 2.5 A conceptual framework for quantitative seismic resilience assessment of an 

urban system: time-dependent system performance analysis [Rus et al., 2018] 
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Fig. 2.6 A concept for the modelling of an urban system, its (sub)components and 

their attributes [Rus et al., 2018] 
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Chan et al. [2019] reported that, in rural areas of Asia, the number and severity of 

climate-related natural disasters were increased. In the process of the assessment and 

management of natural disasters in rural areas, it was necessary to jointly consider 

local culture, economic level and sustainable development. In addition, current studies 

on natural disasters in rural areas mostly focused on earthquakes. The number of 

studies on other natural disasters, such as droughts and floods, were somehow limited. 

It was proposed that the popularization of disaster prevention and response knowledge 

should be enhanced in rural areas, and disaster emergency exercises appropriately 

stepped up to improve the disaster prevention and risk avoidance ability of the local 

governments and ordinary people. 

 

Kreibich et al. [2014] comprehensively reported the risk assessment and management 

for the most important natural disasters including floods, earthquakes, extreme 

temperatures and storms in Germany. It was pointed out that, in the process of risk 

management, multiple risk factors should be considered comprehensively. As a result, 

the interrelationship among various factors in natural disasters can be accurately 

identified, and the impacts and roles of natural disasters quantified. 

 

Jahangiri et al. [2017] reported that the current policies related to natural disaster risk 

assessment and management were mainly developed based on previous experiences. 

Using forward-looking tools or methods was helpful for effective risk management. 
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Therefore, the applications of far-sighted methods, models and tools were important 

in natural disaster risk assessment and management. 

 

2.3 Studies on the thermal environments inside disaster-relief temporary houses 

including PTHs 

 

Following a natural disaster, disaster-relief temporary houses were widely deployed 

during post-disaster transition, post-disaster reconstruction and resettlement period. 

Disaster-relief temporary houses can meet victims’ basic living needs, provide victims 

with safe shelters, sufficient water, food and clean sanitation facilities. In addition, the 

use of disaster-relief temporary houses also helped people recover from the trauma of 

natural disasters and provide strong support for future reconstruction. 

 

When deploying disaster-relief temporary houses, four types of factors should be 

considered [Bashawri et al., 2014]: 

 

 Technical factors: materials and insulations, classification of hazards and 

performance, easy to erect and dismantle, physical and psychological effects; 

 Economic factors: cost, lifetime, type of shelters, livelihood; 

 Environmental factors: recycling, upgrading and disposal, climate variations, 

hygiene, locations; 
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 Sociocultural factors: dignity and security, cultural difference, communication; 

 

2.3.1 Types of disaster-relief temporary houses 

 

Disaster-relief temporary houses mainly included disaster-relief PTHs and tents, 

which will be discussed in detail in this Section. Other types may include a paper tube 

disaster-relief temporary house, and an example is shown in Fig. 2.7. 

 

 

Fig. 2.7 The inside of a paper tube disaster-relief temporary house 
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2.3.1.1 Disaster-relief PTHs 

 

Disaster-relief PTHs have been massively used in disaster relief reconstructions due 

to the advantages of convenient transport, easy installation and short construction 

period [Tang et al., 2017; Aye et al., 2012; Wang et al., 2016b]. For example, after the 

mega-scale 2008 Wenchuan Earthquake in China, more than 21 million victims were 

resettled in PTHs during a post-disaster transitional period of up to 36 months. A photo 

illustrating PTHs erected in Whenchuan is shown in Fig. 2.8. 

 

 

Fig. 2.8 Disaster-relief PTHs erected following the Whenchuan Earthquake in 2008 
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Felix et al. [2013] found that due to the continuous occurrence of natural disasters, the 

demands for disaster-relief PTHs became increasingly higher. Appropriate layout and 

scientific management of disaster-relief PTHs were necessary in effectively using 

disaster-relief PTHs during post-disaster rescue and transitional resettlement. By 

applying life cycle analysis evaluation method to the full cycle evaluation for two 

kinds of disaster-relief PTH in Turkey, Atmaca [2017] obtained the following two 

conclusions. Firstly, from the view of point of improving the energy efficiency in 

temporary disaster-relief PTHs and reducing carbon dioxide emissions, the selection 

of materials, the use of thermal insulation technology and recyclable facilities were 

the key factors to be considered. Secondly, during the operation of a PTH, its energy 

consumption and carbon dioxide emissions accounted for 86% and 95%, respectively, 

of those during building and installing the PTH. Similarly, Song et al. [2016] also 

discussed the issue of energy consumption from the viewpoint of full life cycle of 

PTHs. They pointed out that the use of recycled materials, lightweight structural 

materials and lightweight envelope materials were helpful to reduce the energy 

consumption in building and erecting PTHs. 

 

Shinohara et al. [2013] measured the air exchange rate, VOCs release and radioactive 

energy levels in 19 PTHs after the earthquake in Minamisoma region, Japan. The time 

span was from August 2011 to January 2012. The measured results demonstrated that 

there was little difference in air exchange time duration in different post-disaster PTHs. 
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For the measured results of VOCs, it was shown that indoor air quality in post-disaster 

PTHs was good, and indoor radioactive energy level grade was low. Iwasa et al. [2012] 

found that two families who used to be neighbours would choose to live adjacent to 

each other in a post-disaster temporary building community. Setting up public areas 

such as “Bench Space”, “Common Room” and “Farm Place” in a post-disaster 

temporary building community could better enhance the information and emotional 

communication of victims, and was an important way to promote their physical and 

mental recovery from the post-disaster trauma [Basile, 2020]. Arslan [2007] found 

that in the whole process of post-disaster reconstruction, the cost of post-disaster 

temporary housing took up to 10% of the total cost. But more attention should be paid 

to the effective recycling of post-disaster temporary housing, which was very 

important for environmental friendliness and sustainable development of a post-

disaster residential ecosystem. 

 

2.3.1.2 Tents 

 

Tents that may be used as temporary houses for various purposes include nomadic 

tents, adventure tents, military tents and disaster-relief tents, etc. 

 

For nomadic tents, in order to adapt to different environmental temperatures, three 

different structures of single, double and three-layer can be used. The advantages of 
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single-layer tents include portability, low cost, small size and easy making. On the 

other hand, a double-layer tent adds an impermeable layer to a single-layer tent. 

Single-layer tents are mainly suitable for warmer areas or seasons, and double-layer 

tents for cooler seasons or areas. Furthermore, the design of a three-layer tent is based 

on a double-layer tent by adding a layer of cotton to further enhance the thermal 

insulation. In an outdoor environment of - 10 oC, the temperature inside a three-story 

tent can be kept at above 0 oC. Fig 2.9 shows three-layer nomadic tents. 

 

 

Fig. 2.9 Three-layer nomadic tents 

 

For adventure tents, as illustrated in Fig. 2.10, in the harsh climate of the high altitude 

mountains or polar regions, an adventure tent can provide shelter and warmth for 
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explorers [Cena et al., 2003]. Adventure tents mainly include dome tents, geodesic 

tents and tunnel tents. 

 

Dome tents are widely used in outdoor adventures, ranging from a single-person tent 

to a size that can accommodate a dozen people for dinner and meeting. The structure 

of dome tent is highly wind-resistant, so that dome tents are generally suitable for high 

altitude applications. 

 

      

 

Fig. 2.10 Adventure tents 

 

On the other hand, the poles in the structure of geodesic tents are repeatedly crossed, 

providing a very strong stability. They are hence highly suitable for use in harsh 

climate environments. For weight considerations, the number of poles in a geodesic 

tent may be reduced, provided that its stability would not be compromised. 
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Military tents, as illustrated in Fig. 2.11, are used for long-term or short-term stays for 

soldiers during a period of field investigation, camping, prospecting, construction and 

disaster relief. Steel frame structure adopted by military tents is convenient for 

exhibition and collection. Military tents can be erected or withdrawn within 30 minutes 

by 4 people. Jiang and Chen [2019] conducted comparative experiments on the 

thermal environments inside military tents having different structures. They also 

studied the contributions to the improvement in the thermal environment inside 

military tents from shading. 

 

 

Fig. 2.11 A military tent [Jiang and Chen, 2019] 

 

Following the occurrence of disasters, disaster-relief tents, with an example shown in 

Fig. 2.12, are also massively used for disaster-relief management and emergency 
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medical treatment, and as temporary school buildings, transit storage of disaster-relief 

materials and personnel accommodation, etc. [Easton, 2008; Wang et al., 2015]. 

 

Fig. 2.12 Disaster-relief tents erected in Wenchuan in 2008 

 

2.3.2 Studies on the thermal environments inside disaster-relief temporary 

buildings/tents 

 

A number of studies on the methods of improving the thermal environment inside 

temporary houses have been reported [Jiang and Chen, 2019; Cena et al., 2003; Liu et 

al., 2016]. Jiang and Chen [2019] reported that having shading measures on top of a 

tent, such as a sunshade net, could effectively reduce the solar radiation received by 



32 

the tent, so as to improve the thermal environment inside the tent in summer. It was 

demonstrated that the thermal environments inside the tested tent were improved by 

different degrees when using different densities of sunshade nets. The resulted shading 

rate when using a 6-pin shading net was 28% higher than that when using 3-pin 

shading net, and the air temperature inside the two nets was reduced by 8oC and 5 oC, 

respectively. The inner surface temperature of the shaded tent was dropped by as much 

as 17 oC. Fig. 2.13 shows the experimental setup used in the study by Jiang and Chen 

[2019]. 

 

 

Fig. 2.13 The shaded tent studied by Jiang and Chen [2019] 

 

Naylor et al. [2018] proposed a disaster-relief building made of wood and multi-layer 

cork panels, as shown in Fig. 2.14. Cork had the characteristics of good sound 

insulation, fire retardant, environmental protection, mould and microorganisms 
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resistance. They measured the thermal environments inside this cork-based disaster-

relief building. By comparing the measured indoor air temperatures in July, it was 

found that when the outdoor air temperature was lower than 30 oC, the maximum air 

temperature inside this cork-based disaster-relief building still exceeded the maximum 

outdoor air temperature. Therefore, the thermal environment inside the cork-based 

disaster-relief building should be improved. Shinohara et al. [2014] conducted a 7-

month long study on 19 disaster-relief temporary buildings located in Fukushima, 

Japan. Combined with the results of questionnaire survey of residents and field 

measurements in disaster-relief buildings, it was found that the thermal environment 

inside disaster-relief buildings was worse than that of ordinary buildings in summer. 

It was proposed that an improvement in the thermal insulation for disaster-relief 

buildings should be considered during the construction of disaster-relief buildings in 

the future. Cornaro et al. [2015] studied the thermal environment inside disaster-relief 

temporary tents. The experimental results showed that at the highest outdoor air 

temperature of 23 oC, as shown in Fig. 2.15, the air temperature inside a disaster-relief 

tent can reach as high as 45 oC, as shown in Fig. 2.16, far above the upper limit of the 

air temperature for thermal comfort. These results suggested that the thermal 

environment inside disaster-relief temporary buildings/tents in summer should be 

significantly improved. 
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Fig. 2.14 A disaster-relief building made of cork panel [Naylor et al., 2018] 

  

Fig. 2.15 Measured outdoor air temperature where a disaster-relief tent was erected 

[Cornaro et al., 2015] 
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Fig. 2.16 Measured air temperature inside the disaster-relief tent [Cornaro et al., 

2015] 

 

2.3.3 Studies on the thermal environments inside disaster-relief PTHs 

 

As an important form of disaster-relief temporary houses, disaster-relief PTHs have 

been widely used during post-disaster resettlements. Therefore, a number of studies 

have been carried out to evaluate the thermal environment, and to examine the 

measures for improving thermal comfort level, inside PTHs. 

 

Combined with measurements and questionnaire surveys, Shinohara et al. [2014] 

studied the thermal environments inside both a PTH and a wooden temporary house. 

The study results demonstrated that in winter, the air temperatures inside the PTH and 
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the wooden temporary house were both very low, hence their thermal environments 

were poor. In summer, the thermal comfort level inside the PTH was lower than that 

inside the wooden temporary house due to a higher air temperature inside the PTH.  

 

Kim et al. [2015] investigated the thermal environment inside an experimental mobile 

energy PTH in Korea. The results showed that the PMV range inside the experimental 

mobile energy PTH was between - 0.08 and - 0.85. The thermal environments inside 

the PTH were found uncomfortable during certain periods in summer and winter. 

However, the comfort level of occupants can be improved by adjustment of clothing 

and using appropriate mechanical ventilation. 

 

Wang et al. [2016a] studied the thermal environments inside a full-scale experimental 

disaster-relief PTH. The study results demonstrated that in both summer and winter, 

the thermal environments inside the full-scale experimental PTH were intolerable for 

disaster victims. The indoor air temperature peaked at 42 oC which was 8 oC higher 

than outdoor air temperature. Therefore, it was urgently needed to improve the thermal 

environment inside a disaster-relief PTH by effective and low cost passive measures. 

As a follow-up, Wang et al. [2017] further numerically investigated four different 

passive measures applied to the full-scale PTH for improving its indoor thermal 

environment. The effects of using single passive measures and multiple passive 

measures on improving the thermal environments inside the PTH were compared in 



37 

detail. The comparison results showed that the use of external window blinds and 

movable sunshade curtains on the roof and walls could effectively reduce the air 

temperature, and improve the thermal comfort level, inside the PTH in summer. 

 

Asfour [2019] studied disaster-relief PTHs erected in Gaza Strip. The study results 

demonstrated that if appropriate and effective measures were not employed, the 

thermal environments inside disaster-relief PTHs would become intolerable. It was 

difficult for occupants to live in such a harsh environment. In their study, three 

methods were proposed to improve the thermal environments inside PTHs. The first 

was to shade PTHs so as to reduce the solar radiation received by PTHs. The second 

was to make the appropriate layout for PTHs in order to reduce the total external 

envelope surface area of PTHs. The last was to add thermal insulation materials to 

PTHs’ envelopes, such as walls and roofs. By taking these measures, the average PMV 

level inside PTHs was increased by 0.6 in winter and decreased by 0.9 in summer, 

respectively. 

 

2.4 Studies on applying PCMs in buildings for improving indoor thermal 

environments 

 

In order to improve the thermal environments inside buildings, various passive 

measures for regulating indoor air temperatures using new technologies and materials 
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have been developed. As one of these measures, PCMs have been widely used for 

improving indoor thermal environments in various buildings [Hirmiz et al., 2019; 

Mourid et al., 2018; Sun et al., 2018]. 

 

2.4.1 Classifications of PCMs 

 

PCMs release or absorb energy by phase transition reaction, which is a reversible 

process. The phase transition process of PCMs has three different forms, including 

solid-liquid, solid-solid and solid-gas phase transition. In these three forms, a solid-

gas phase transition has a low heat transfer coefficient and a large change in volume 

and pressure, while the energy storage capacity in a solid-solid phase transition is 

relatively lower [Sun et al., 2020a; Yan et al., 2019a]. PCMs based on solid-liquid 

phase transition are widely used in the construction industry [Umair et al., 2019]. 

Generally, PCMs are classified into three main categories, eutectic mixtures [Cai et 

al., 2015; Zhang et al., 2014a; Zhang et al., 2014b], organic [Choi et al., 2019; Wang 

et al., 2019a; Xie et al., 2019] and inorganic [Mohseni et al., 2020; Peng et al., 2019; 

Sun et al., 2020b; Cunha and Aguiar, 2020]. 

 

Extensively used organic PCMs include paraffin [Qu et al., 2020; Vasu et al., 2019; 

Yao and Wu, 2020], polyethylene glycol [Kou et al., 2019; Wijesena et al., 2020] and 

fatty acids [Umair et al., 2019]. Organic PCMs have a wide applicability temperatures 
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range, high latent heat of phase change, high nucleation, low phase segregation rate, 

low undercooling capability, good thermochemical stability, non-toxic and high 

recycling utilization rate [Kalnaes and Jelle, 2015; Lin et al., 2018; Oliver et al., 2012]. 

Their disadvantages however include leakage problem, flammability, low density and 

low thermal conductivity. Umair et al. [2019] reported that shape-stabilization was an 

effective method to solve the leakage problem of organic PCMs by 

microencapsulation, as illustrated in Fig. 2.17. 

 

 

Fig. 2.17 (A) Schematic formation of the silica-microencapsulated n-octadecane via 

sol–gel method. (B) SEM images of MEPCMs containing n-octadecane/TEOS with 

50/50 mass ratio at pH 2.45, and (C) 70/30 mass ratio at pH 2.89 [Umair et al., 2019] 
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As a representative of organic PCMs, paraffin wax is introduced in details as follows. 

Paraffin wax, a product of petroleum refining, is a mixture of pure alkanes. The general 

chemical formula of paraffin is CnH2n+2. Paraffin has the advantages of no 

undercooling, non-corrosiveness, high chemical stability, high latent heat of phase 

transformation, no phase separation and low cost. However, its main disadvantages 

include low density, flammability and low thermal conductivity [Hasnain, 1998a; 

Hasnain, 1998b; Lv et al., 2016]. 

 

Inorganic PCMs mainly include hydrated salts, molten salts, metal and alloy. Their 

advantages are large phase change temperature ranges, high thermal conductivity, 

non-flammability, low volume change and low cost. Their disadvantages however 

include low nucleation, high phase segregation rate, sub-cooling problems, toxic and 

low thermochemical stability [Cunha and Aguiar, 2020; Lin et al., 2018]. 

 

Hydrated salt is a kind of inorganic PCM containing crystal water, and its general 

chemical formula is AB·X H2O. Hydrated salt has relatively high latent heat and 

thermal conductivity of phase transition and is non-flammable and cheaper than 

paraffin wax. However, it has certain shortcomings, such as insufficient durability, 

easy for phase separation to occur, undercooling and corrosiveness. In practical 

application, hydrated salt is widely used in buildings [da Cunha and Eames, 2016; 

Tyagi and Buddhi, 2008]. 
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For eutectic mixtures, due to their appropriate combining of inorganic and organic 

PCMs, they have the advantages of good thermochemical stability, low undercooling 

capability, high thermal conductivity and low liquid leakage. Eutectic mixtures are a 

mixture of organic and inorganic PCMs, such as microencapsulated PCMs, porous 

composite PCMs, polymer composite PCMs. However, the high cost of eutectic 

mixtures limits their application [Cunha and Aguiar, 2020]. The melting temperature 

of eutectic mixtures is lower than that of their components [Campos-Celador et al., 

2014; Rezaei et al., 2013]. 

 

On the other hand, according to the phase change temperature, PCMs can also be 

divided into high temperature energy storage materials (above 250 oC), medium 

temperature energy storage materials (100 oC - 250 oC) and low temperature energy 

storage materials (below 100 oC) [Kalnaes and Jelle, 2015; Lin et al., 2018; Sharma et 

al., 2009]. 

 

For practical application, factors that should be considered in the selection of PCMs 

include phase change temperature, phase change latent heat, thermal conductivity, 

undercooling, volume change rate, flammability, stability and corrosion [Cunha and 

Aguiar, 2020]. An ideal PCM should have suitable thermos-physical, kinetic, safety, 

environmental and economic properties [Forbes et al., 2018], detailed as follows: 
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 Thermos-physical property: operating temperature, thermal conductivity, density, 

energy storage density, latent heat, heat capacity, thermal stability, volume 

variation, segregation; 

 Kinetic property: nucleation rate, crystallization rate; 

 Safety property: toxicity, flammability, degradation, corrosion properties; 

 Environmental property: energy consumption, recycling life, environmental 

impact; 

 Economic property: abundance of raw materials, cost; 

 

2.4.2 Methods for incorporating PCMs into building materials 

 

Incorporating methods of building materials and PCMs include: direct modification of 

building materials and PCMs, incorporating encapsulated PCMs into building 

materials, PCMs immersion in building materials [Cunha and Aguiar, 2020]. 

 

The definition of direct modification of building materials and PCMs is that, in the 

preparation stage of building materials, PCMs are directly incorporated into building 

materials. For example, in the process of preparing concrete, PCMs are directly added 

in the raw materials to modify concrete. However, direct modification has the risk of 
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properties changing for building materials. For example, the strength of mortar and 

the durability of gypsum may be reduced due to the modification of PCMs. 

 

Yun et al. [2019] experimentally added PCMs into mass concrete. The experimental 

results showed that adding PCMs to concrete would reduce the compressive strength 

of concrete, reduce the heat of hydration, and decrease the cracking caused by heat. 

Bahrar et al. [2018] used experimental and numerical methods to study the PCMs 

composited concrete. The study results demonstrated that the thermal conductivity of 

the composited concrete was decreased with an increase in the number of PCMs added. 

The phase transition temperature of the PCMs was verified by heating and cooling 

experiments. An established numerical model was also validated by experiments. 

 

Incorporating building materials with encapsulated PCMs is another suitable method. 

Commonly encapsulating materials include microcapsules [Cabeza et al., 2020; Raj et 

al., 2019; Yan et al., 2020] and large-volume containers [Aziz et al., 2018; Yan et al., 

2019b]. Large-volume PCMs containers mainly include plates, tubes and large-

volume blocks.  

 

Microencapsulation materials can be formed through physical, chemical and 

mechanical actions. The main advantage of microencapsulated PCMs is that the 

encapsulated PCMs can be directly added into building materials. For example, 
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microencapsulated PCMs can be added into mortar or concrete in the form of 

aggregate. The heat transfer, the durability and mechanical shock resistance of PCM 

are enhanced due to microencapsulation. However, the incorporation of 

microencapsulated PCMs into building materials also has certain disadvantages, such 

as reducing the strength and increasing the production cost of building materials. In 

the production process of microcapsule PCMs, the cost of microencapsulation of PCM 

accounts for 70% of the total cost.  

 

The cost of PCMs encapsulation in large-volume containers is considerably lower than 

microencapsulation materials. In addition, PCMs encapsulated in large-volume 

containers are more convenient to transport and install. For some buildings, PCMs in 

large-volume containers are prefabricated in buildings’ envelopes. However, several 

factors should be taken into consideration during the selection and design process of 

large-volume containers, such as convenient installation, method of incorporation and 

coefficient of heat transfer. 

 

The third incorporating method is to impregnate building materials with PCMs. PCMs 

are immersed into the building materials through the capillary action. This method is 

mainly used for porous building materials, such as lightweight concrete aggregates 

with porous structures impregnated with PCMs [Uthaichotirat et al., 2020]. Materials 

used for PCMs immersion should have sufficient porosity, suitable specific surface 
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area and pore size. Commonly used lightweight aggregates for PCMs immersion are 

perlite, slate and shale [Umair et al., 2019; Cunha and Aguiar, 2020]. Fig, 2.18 shows 

a process of impregnating PCMs into building materials. 

 

 

Fig. 2.18 (A) Schematic preparation of AgNP-decorated diatomite powder; (B) shape 

stable PCM fabrication via vacuum impregnation method [Umair et al., 2019] 

 

In the study by Qian and Li [2018], PCM and carbon nano-diatomite were 

compounded and mixed into concrete as aggregates. The multi-layer porous structure 

of carbon nano-diatomite was beneficial to the recombination of PCMs. The energy 
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storage capacity of PCM concrete was improved. PCM concrete had good chemical 

and mechanical stability and excellent durability which was helpful to modulate the 

fluctuation of indoor air temperature and improve indoor thermal comfort. 

 

Uthaichotirat et al. [2020] completed a serious of studies about high porous aggregates 

impregnated with PCMs mixed with concrete. Workability, density, compressive 

strength and modulus of rupture and sound transmission loss of the aggregates were 

examined. The experimental results showed that with an increase in PCMs content in 

aggregate, the slump, density, compressive strength, flexural strength and sound 

transmission loss of aggregates were all increased. As the content of PCMs was 

increased from 0 to 100%, the slump, density, compressive strength and flexural 

strength of concrete were increased by 19.2%, 8.6%, 8.6% and 8.2%, respectively. 

 

2.4.3 Application of PCMs to buildings for improving indoor thermal environments 

 

PCMs chemically store energy by high latent heat. In the process of phase 

transformation, PCMs change from solid to liquid or from liquid to solid, during which 

a large amount of heat is absorbed or released. The melting temperature of PCMs used 

in passive buildings is usually at between 10 oC and 35 oC. Beside suitable temperature 

range of phase change, PCMs used in passive buildings should also meet other 

requirements, such as thermodynamic properties, kinetic properties, chemical 
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properties, economy, realizability [Song et al., 2018; Zhu et al., 2018; Tao and He, 

2018]. 

 

Studies of applying PCMs to buildings can be divided into three categories, based on 

the way of incorporating PCMs into buildings: direct modification of PCMs into 

building materials; independent operation of PCMs inside or outside a building; 

incorporating PCMs into building envelopes [Dardir et al., 2019; Rao et al., 2018; 

Rathore and Shukla, 2019]. 

 

Cabeza et al. [2007] developed an innovative concrete, by incorporating PCMs into 

the concrete. Good structural properties together with thermal comfort improvement 

performances were demonstrated. It was shown that in buildings using the innovative 

concrete, a more comfortable indoor thermal environment can be provided, as 

compared with the buildings using conventional concrete. 

 

Zhao et al. [2019] analysed the specific geo-climatic characteristics of Tibet, including 

high altitude, abundant solar radiation, long sunshine duration, low ambient 

temperature at nighttime and low water boiling point. It was proposed that in the 

design process of a PCMs based solar heating system, both active and passive heating 

methods should be considered. The use of flat plate solar collectors can prevent 

explosion hazard caused by water vaporization at low boiling point, while considering 
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the risk of sandstorm and glass breakage. The efficiency of using solar energy through 

the implementation of a PESS may be enhanced. 

 

PCMs can also be composited into building envelopes [Lu et al., 2020; Park and Kim, 

2019; Lu et al., 2017]. When a PCM is composited into the inner surface, outer surface 

or middle layer of a building envelope, the PCM can help increase the thermal 

resistance of building envelopes. Experimental and numerical studies suggested that 

the application of PCMs to building envelopes can improve the thermal environment 

inside buildings. 

 

Tyagi et al. [2012] observed that a PESS was very important when energy supply and 

demand mismatched. Such a PESS can regulate indoor air temperature efficiently in 

low energy demand buildings. In their experimental work, they firstly charged the 

PESS with cooling energy, and then increased the heat gain for an experimental room 

by 1 kW, 2 kW and 3 kW, respectively. From the experimental results, it was found 

the duration when comfortable indoor air temperature was maintained was at 9 h, 3.5 

h and 2.5 h, respectively. Lin et al. [2016] provided a solution of thermal performance 

improvement by compositing a residential building with PCMs and using solar 

photovoltaic thermal (PVT) collectors. They undertook a series on-site tests, 

considering the arrangement of different PCMs and thickness of insulation materials. 
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A common method of using PCMs in building envelopes was to combine PCMs with 

the inner surface, outer surface or middle layer of building walls. PCMs can enhance 

the heat capacity of building envelopes. A number of experimental and numerical 

studies [Kuznik et al., 2016; Imani, 2019; Kolaitis and Founti, 2017] have proved that 

PCMs can improve the indoor thermal environment and have a positive impact on 

reducing energy consumption. 

 

2.5 Conclusions 

 

Following global natural disasters, disaster-relief temporary houses have been 

massively used during post-disaster transition, post-disaster reconstruction and 

resettlement period to provide disaster victims with temporary shelters. Among 

various disaster-relief temporary houses, disaster-relief prefabricated temporary 

houses (PTHs) were the mostly commonly employed due to their advantages of 

convenient transport, easy installation and short construction period. In many cases, 

such fast-installed PTHs were the only choice for disaster victims during a post-

disaster transitional period, which may unfortunately last for up to several years. 

Furthermore, given their temporary nature, few indoor thermal environmental control 

systems were usually installed and therefore, the thermal environments inside PTHs 

can become intolerable, as shown in Section 2.3.3. In particular, in summer, the air 

temperature inside a disaster-relief PTH can be much higher than the outdoor air 
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temperature. For example, the indoor air temperature peaked at 42 oC which was 8 oC 

higher than outdoor air temperature. The long-term severity in indoor thermal 

environment may result in physical and mental problems for PTHs’ occupants, which 

can be particularly true for those disaster victims. Therefore, improving the indoor 

thermal comfort for the occupants in disaster-relief PTHs using simple and low-cost 

measures, such as passive designs, has been urgently needed. As illustrated in Section 

2.3.3, although certain passive measures, such as shading and ventilation, for 

improving the thermal environments inside PTHs had certain effects, they were still 

inadequate in maintaining acceptable thermal environments inside disaster-relief 

PTHs. Alternative but yet effective passive measures on improving the indoor thermal 

comfort for occupants in disaster-relief PTHs in summer were still urgently needed. 

 

On the other hand, as presented in Section 2.4, previous experimental and numerical 

studies showed that the use of PCMs could help improve the thermal comfort in 

buildings. A considerable number of studies were carried out to study the applications 

of PCMs to various permanent buildings for enhancing their indoor thermal 

environmental control. However, full-scale applications of PCMs to disaster-relief 

PTHs were rarely seen. This may also be due to the temporary nature of disaster-relief 

PTHs since they were not expected for long-term use. Nonetheless, as the actual use 

of PTHs may no longer be temporary, it became highly necessary also to study the use 
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of PCMs, as an alternative to other passive measures, in PTHs for improving their 

indoor thermal environments in summer, for the well-beings of disaster victims. 

 

The extensive literature review presented in this Chapter has identified a number of 

important areas where further in-depth research work is urgently required, to provide 

the disaster victims in PTHs with an acceptable indoor thermal environment in 

summer using passive measures of applying PCMs to PTHs. These are the expected 

study targets of the programed research work presented in this Thesis.  
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Chapter 3 

 

Proposition 

 

3.1 Background 

 

It is clear from the literature review presented in Chapter 2 that the thermal 

environment inside disaster-relief PTHs in summer was severe and therefore harmful 

to the physical and mental health of their occupants. It became highly necessary to 

take measures to effectively improve the thermal environment inside disaster-relief 

PTHs in summer. Although certain passive measures, such as shading and ventilation, 

were applied to disaster-relief PTHs to improve their indoor thermal environments, 

their effectiveness was limited and alternative measures should be developed.  

 

On the other hand, although PCMs have been widely applied to conventional buildings 

for reducing energy consumption and demand, and for improving indoor thermal 

comfort, they were rarely applied to disaster-relief PTHs. This may be due to the 

temporary nature of disaster-relief PTHs since they were not expected for long term 

use. Given the success of applying PCMs to conventional buildings in regulating the 

energy demand and improving indoor thermal comfort, it became highly necessary to 
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study the application of PCMs in disaster-relief PTHs, as an alternative measure to 

other passive measures, for improving their indoor thermal environment in summer. 

 

3.2 Project title 

 

A programmed research work on applying PCMs to improve the thermal environments 

inside disaster-relief PTHs has been therefore carried out and is presented in this 

Thesis. There are three parts in the programmed research work: 1) experimentally 

studying the application of PCMs to disaster-relief PTHs for improving their internal 

thermal environment in summer; 2) establishing and experimentally validating a 

numerical model for an experimental PTH, and using the validated model to 

numerically optimize the designs of applying PCMs to the PTH in order to improve 

its indoor thermal environment in summer; 3) numerically studying the application of 

a movable PESS to disaster-relief PTHs used in different climate regions around the 

world to improve their indoor thermal environments in the summer month of July. The 

programmed research work is therefore entitled “Applying phase change materials 

(PCMs) to disaster-relief prefabricated temporary houses (PTHs) for improving their 

indoor thermal environments in summer time”. 
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3.3 Aims and objectives 

 

The aims and objectives of the programmed research work are as follows: 

 

1) To establish two experimental MHs, a full-scale experimental PTH and a PCM-

based energy storage system, to enable the required experimental work and model 

experimental validation; 

2) To experimentally study the application of PCMs to disaster-relief PTHs for 

improving their indoor thermal environments in summer, using the experimental 

MHs and the full-scale experimental PTH; 

3) To establish and validate a numerical model for the experimental full-scale PTH 

incorporating with PCMs and to use the validated model to numerically study the 

optimization of the designs of applying PCMs to a full-scale disaster-relief PTH 

to improve its indoor thermal environment in summer; 

4) To use the validated model to numerically study the application of a movable 

PESS to disaster-relief PTHs used in different climate regions around the world 

to improve their indoor thermal environments in the summer month of July. 
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3.4 Research methodologies 

 

Experimental and numerical approaches will be used throughout the programmed 

research work. 

 

Firstly, two experimental MHs, an experimental full-scale PTH and a PESS, to be 

placed on the flat roof of a four-story building in the campus of Sichuan University, 

will be purposely established. The operating thermal and environmental parameters 

for the experimental MHs, full-scale PTH and PESS, including outdoor air 

temperature, air temperatures inside the MHs and the full-scale PTH, internal surface 

temperatures of the MHs and the full-scale PTH, will be measured, to experimentally 

study the application of PCMs to the MHs and the full-scale PTH and to validate a 

numerical model to be established for the experimental full-scale PTH.  

 

Secondly, a numerical model for the experimental full-scale PTH will be established 

using EnergyPlus platform and experimentally validated with the measured data from 

the experimental full-scale PTH. With the validated model, a detailed numerical study 

on optimizing the designs of applying PCMs to the full-scale PTH will be carried out. 

The numerical study will include two parts. In the first part, a total of 16 different 

designs will be defined and numerically evaluated. In the second part, an appropriate 
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thickness for a PCM layer will be recommended as a reference design value for 

practical applications. 

 

Thirdly, a further numerical study on applying a movable PESS to PTHs in 12 selected 

cities of different climates around the world will be undertaken. The experimentally 

validated EnergyPlus based simulation model for the full-scale experimental PTH 

incorporating the movable PESS will be deployed. To evaluate the effectiveness of 

applying PCMs to disaster-relief PTHs, an evaluating criteria will be proposed. Based 

on the thermal and environmental parameters for the PTH incorporating the movable 

PESS, such as outdoor air temperature, air temperatures inside PTHs (the maximum 

temperature, the monthly averaged air temperature, the daily peak and daily average 

indoor air temperature on the hottest day) obtained in the numerical study and the 

proposed evaluating criteria, cities which are suitable for applying PCMs to PTHs will 

be identified. 
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Chapter 4 

 

Experimental setups for the two designs and their associated 

measuring instrumentations 

 

4.1 Introduction 

 

In the experimental part of the programmed research work, two different designs, 

named as Design 1 and Design 2, respectively, were examined. In Design 1, two MHs 

were used and in Design 2, a full-scale experimental PTH was used. Design 2 was 

implemented following the experimental outcomes for Design 1. The experimental 

setups for the two designs are detailed in this Section. 

 

4.2 Design 1 

 

In Design 1, two model PTHs, a reference MH and a PCM based MH, were purposely 

built. Both were the scaled down models of a full-scale PTH, and of identical 

dimensions of 1.0 m × 0.8 m × 1.3 m. Both MHs used light-weight prefabricated 

insulation panels for their envelopes. However, for the PCM based MH, a PCM layer 

of 20 mm-thick was added to the internal surfaces of its envelope, as shown in Fig. 

4.1 
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Fig. 4.1 Details of the two experimental MHs for Design 1 

 

The details of envelope materials, and the physical and thermal properties of these 

materials are given in Table 4.1 and Table 4.2, respectively. In addition, there were no 

windows or doors in the two MHs. 

 

The two MHs were placed on the flat roof of a four-story building in the campus of 

Sichuan University, Chengdu, China. To ensure an accurate comparison between the 

thermal environments inside the two MHs, they were placed side by side, with a 

distance of only 1.2 m in between. 
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Table 4.1 Materials of building envelope used in the two MHs 

Building envelope Reference MH PCM based MH 

Floor 

Steel panel  

EPS insulation panel 

Steel panel  

EPS insulation panel 

Roof and Walls 

Steel panel  

EPS insulation panel 

Gypsum panel 

Steel panel  

EPS insulation panel 

Gypsum panel 

Phase change material 

 

Table 4.2 Physical and thermal properties of the materials used in the two MHs 

Materials 
Thickness 

(mm) 

Thermal 

conductivity 

(W/m·K) 

Density 

(kg/m3 ) 

Specific heat 

(J/kg·K) 

Steel 0.5 45.28 8000 460 

EPS 75 0.035 20 1100 

Gypsum 8 0.18 580 870 

PCM 20 0.25 - 0.5 1300 1780 

 

To measure and compare the thermal performances inside the two MHs, T-type 

thermocouples with an accuracy of ± 0.5 oC were used. All T-type thermocouples were 

calibrated before they were used in the experiments, and were connected to a data 

logger where all the measured temperatures were recorded at an interval of 5 minutes. 
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The arrangement of locating thermocouples for the two MHs is shown in Fig. 4.2, and 

their details are given in Table 4.3. All the thermocouples for measuring envelope 

surface temperatures were located at the center of each of the surfaces, and those for 

measuring air temperatures inside the two MHs at the center point of the two MHs. 

 

Fig. 4.2 The locations of T-type thermocouples in the two MHs 
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Table 4.3 Temperature measuring locations for the two MHs 

Locations Reference MH PCM based MH 

External surface of east wall TR1 TP1 

External surface of south wall TR2 TP2 

External surface of west wall TR3 TP3 

External surface of north wall TR4 TP4 

Internal surface of east wall TR1’ TP1’ 

Internal surface of south wall TR2’ TP2’ 

Internal surface of west wall TR3’ TP3’ 

Internal surface of north wall TR4’ TP4’ 

External surface of roof TR5 TP5 

Internal surface of roof TR5’ TP5’ 

Indoor air TR6 TP6 

Internal surface of floor TR7’ TP7’ 

External surface of floor TR7 TP7 

 

4.3 Design 2 

 

The experimental results with Design 1, to be reported in Chapter 5, suggested that in 

summer time, the use of PCM in a PTH on a permanent basis was only good for 

improving the indoor thermal comfort at daytime, but counter-productive at nighttime. 

It was therefore considered necessary to apply PCM to PTHs on a movable basis. 

However, the two MHs were too small to install a movable PESS, and therefore Design 
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2 was implemented. 

 

In Design 2, a full-scale experimental PTH, having a dimension of 5.6 m × 3.8 m × 

2.7 m, with two 1.7 m × 0.9 m windows and one 2.0 m × 0.8 m door, was used, as 

shown in Fig. 4.3. The full-scale PTH was made of light-weight prefabricated 

insulation panels and wood. The details of envelope materials, and the physical and 

thermal properties of these materials are given in Table 4.4 and Table 4.5, respectively. 

This full-scale experimental PTH represented those typical conventional PTHs in the 

current Chinese market, in terms of both dimensions and envelope materials. 

 

The full-scale experimental PTH was also placed on the flat roof of the same four-

story building in the campus of Sichuan University, where the two MHs were 

previously placed. The flat roof was surrounded by a 1.5 m-high parapet, and there 

was a 7.5 m-high elevator shaft 2 m away from the south wall of the full-scale PTH. 
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Fig. 4.3 3D-Illustration of the full-scale experimental PTH 

 

Fig. 4.4 The locations of T-type thermocouples inside the full-scale experimental 

PTH 
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Inside the full-scale PTH, eight thermocouples were placed and their locations are 

shown in Fig. 4.4. These eight thermocouples were located at the center of the full-

scale PTH, with a distance of 300 mm between any two of them. The indoor air 

temperature ( Ti ) inside the full-scale experimental PTH was obtained by averaging 

the readings from the eight thermocouples. In addition, a thermocouple was also used 

to measure the outdoor air temperature ( To ). 

 

Table 4.4 Materials of building envelope used in the full-scale experimental PTH 

Building envelope Materials 

Roof and external wall 

Steel 

EPS 

Floor Wood 

 

Table 4.5 Physical and thermal properties of the materials used in the full-scale 

experimental PTH 

Materials 
Thickness 

(mm) 

Thermal 

conductivity 

(W/m·K) 

Density 

(kg/m3) 

Specific 

heat 

(J/kg·K) 

Steel  0.5 45.28 8000 460 

EPS 75 0.035 20 1100 

Wood 13 0.15 521 1630 
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A movable PESS was specially made to be placed inside the full-scale experimental 

PTH. It consisted of (i) a supporting steel shelf, (ii) a plastic net-shape container for 

holding PCM-tubes and (iii) PCMs inside tubes. The physical and thermal properties 

of PCMs and the details of PESS are given in Table 4.6 and Table 4.7, respectively. 

Totally there were 1240 tubes which were horizontally tiled onto the plastic net-shape 

container. Inside each tube, 120 g PCM was filled. The container was suspended on 

the steel shelf, with variable distances from the west wall, as shown in Fig. 4.5. Such 

a configuration for the PESS would enable the largest possible heat transfer surface 

area between the PCMs and indoor air. Furthermore, since the solar heat gain by the 

west wall would be the highest in the afternoon, the PESS was therefore placed close 

to the west wall, as shown in Fig. 4.6. In addition, since the PESS was movable, 

experiments can be carried out with and without the PESS placed inside the full-scale 

PTH for comparison purposes. 
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Fig. 4.5 The movable PESS placed inside the full-scale experimental PTH 

 

 

Fig. 4.6 Top view of the PESS placed inside the full-scale experimental PTH 
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Table 4.6 Physical and thermal properties of PCMs in the movable PESS 

Physical and thermal properties Values 

Base material Inorganic salts 

Phase change temperature 18 - 26 oC 

Operating temperature  0 - 60 oC 

Latent heat 216 kJ/kg 

Specific heat capacity 1785 J/(kg·K) 

Thermal conductivity (solid) 0.5 W/(m·K) 

Thermal conductivity (liquid) 0.25 W/(m·K) 

Density at (16-28 oC) 1300 kg/m3 

Total enthalpy at 16-28 oC (heating) 50 kWh/m3 

Total enthalpy at 16-28 oC (cooling) 58 kWh/m3 

Encapsulation material Aluminum composite membrane  

Flammable Nonflammable 

Toxicity Non-toxic 
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Table 4.7 Details of the movable PESS 

Parameters Values 

Parameters of phase change material tube 

Weight of one PCM tube 120 g 

Length of one PCM tube 175 mm 

Width of one PCM tube 35 mm 

Thickness of PCM tube 20 mm 

Total PCM tubes in PESS 1240 

  

Dimensions of PCMs energy storage system (PESS) 

Length of PESS 5500 mm 

Height of PESS 2700 mm 

Thickness of PESS 20 mm 

 

4.4 Conclusions 

 

Experimental setups for the two designs of applying PCMs to disaster-relief PTHs 

were established to facilitate carrying out all the experimental part of the programmed 

research work. The two MHs and full-scale experimental PTH were fully instrumented 

for measuring all the operating parameters. The availability of the experimental setups 

was expected to be essential in experimentally evaluating the thermal environment 
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inside PTHs, and in establishing and validating a numerical model for the full-scale 

PTH.  
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Chapter 5 

 

An experimental study on applying PCMs to disaster-relief PTHs for 

improving their internal thermal environments in summer 

 

5.1 Introduction 

 

With the availability of the experimental setups of the two designs of applying PCM 

to disaster-relief PTHs, as described in Chapter 4, an experimental study on applying 

PCMs to disaster-relief PTHs for improving their indoor thermal environments in 

summer has been carried out and the study results are presented in this Chapter. The 

experimental MHs shown in Fig. 4.1, the experimental full-scale PTH shown in Fig. 

4.3, and the movable PESS shown in Fig. 4.5 were used in the experimental study. In 

this Chapter, firstly, the experimental results for the two designs are reported. 

Secondly, discussions on the research approach, the energy sources for charging 

PCMs, a comparison between the two Designs, the amount of PCM used and a 

proposed practical design of a PESS for future PTHs are presented. Finally, a 

conclusion is given. 
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5.2 Experimental results 

 

5.2.1 Experimental results of Design 1 

 

Experiments using the two MHs in Design 1 were carried out in the summer for three 

days starting from 12 June and ending 14 June, 2014. During the three-day periods, 

the measured outdoor air temperature (To) varied from 17 oC to 30.5 oC, and the air 

temperatures inside the two MHs were continuously monitored. Also during the 

experiments, the PCM based MH was not provided with any measure to charge its 

PCM, so that the only source for charging the PCM was the outdoor air at a lower 

temperature at nighttime.  

 

In Fig. 5.1, the measured outdoor air temperature, the measured air temperatures inside 

the reference MH and the PCM based MH during the three days are profiled. As seen 

from Fig. 5.1, during the three days, the air temperature inside the reference MH (TR6) 

varied from 17.5 oC to 37.5 oC. Clearly, there was a synchronization in the variation 

patterns of the outdoor air temperature and the air temperature inside the reference 

MH. Actually, due to the greenhouse effect and no ventilation, the air temperature 

inside the reference MH could be much higher than outdoor air temperature. For 

example, when the highest outdoor air temperature was 30.5 oC on the sunny day of 

12 June, the indoor air temperature was at 37.5 oC due to greenhouse effect, much 
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higher than outdoor air temperature. Hence, indoor air temperature in the reference 

MH was intolerably high [Wang et al., 2016c] throughout most of the daytime on that 

day. However, on the cloudy day of 14 June, as solar radiation was weaker and outdoor 

air temperature lower, the highest indoor air temperature was also lower than that on 

Day 1, 12 June, but still higher than comfort air temperature, at 30.5 oC. Furthermore, 

the air temperature inside the reference MH at nighttime on the three days was only 

slightly higher than outdoor air temperature. 

 

However, as also seen in Fig. 5.1, the air temperature inside the PCM based MH (TP6) 

exhibited a variation profile which was significantly different from that inside the 

reference MH. Firstly, TP6 was always lower than TR6 at daytime, and even lower than 

To in the afternoon, during the three days. This was considered due to the effect of the 

discharged cooling energy from the PCM which was charged with cooling energy 

during nighttime. Secondly, TP6 was actually higher than both TR6 and To during 

nighttime over the three days. This suggested that while the PCM absorbed heat at 

daytime to achieve a lower indoor air temperature, the absorbed heat was discharged 

at nighttime, leading to a higher TP6. 
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Fig. 5.1 Measured outdoor air temperature, air temperatures inside the reference MH 

and the PCM based MH 

 

For evaluating the thermal conditions inside the two MHs, an index of TDia was used, 

which was defined as the temperature difference between the upper limit of tolerable 

air temperature inside a MH of 29 oC [Wang et al., 2016c] and the air temperature 

inside a MH. Hence TDia_r was for the temperature difference in the reference MH, 

and TDia_p that in the PCM based MH. A positive TDia suggested an acceptable indoor 

thermal environment, and vice versa. From Fig. 5.2, it can be seen that while TDia_p 

values remained positive throughout the three days, negative TDia_r values were 

present at 37% of the three days duration, mostly in the afternoons. This suggested 

that the use of PCM inside PTHs can help significantly improve the indoor thermal 

environment. 
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Fig. 5.2 The comparison between the TDia for the reference MH and that for the 

PCM based MH 

 

Furthermore, the temperatures of the internal surfaces of both MHs were also 

measured during the three days period and the selected measured results for the roof 

and west wall are shown in Fig. 5.3 and Fig. 5.4, respectively. Fig. 5.3 shows the 

measured internal surface temperatures of roofs for both the reference MH (TR5’) and 

the PCM based MH (TP5’). As seen, at the daytime of the three days, TP5’ was always 

lower than TR5’, and the largest difference between the two was in the afternoon during 

the three days. The highest TR5’ was at 41 oC, but the highest TP5’ was only at 31.5 

oC on 12, June. Nonetheless, similar to the air temperature inside both MHs, TP5’ was 

always higher than TR5’ at nighttime, as PCM discharged the heat absorbed at daytime. 

Furthermore, Fig. 5.4 shows the measured internal surface temperatures of west walls 
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for both the reference MH (TR3’) and the PCM based MH (TP3’). Similar to those 

shown in Fig. 5.3, as seen in Fig. 5.4, TP3’ was lower than TR3’ at daytime, and the 

difference between the two was increased in the afternoons of the three days. The 

highest of TR3’ was at 39.5 oC, but the highest of TP3’ was only at 29 oC on 12, June. 

However, at nighttime TP3’ was also always higher than TR3’. 

 

Therefore, from the results shown in Fig. 5.3 and Fig. 5.4, it can be seen that the use 

of PCMs in the PCM based MH can also help remarkably reduce its internal surface 

temperatures at daytime, which would consequently lead to a lower internal radiant 

temperature. A lower internal radiant temperature was certainly beneficial to 

achieving a more thermally comfortable environment [Wang et al., 2018]. Nonetheless, 

a higher internal surface temperature at nighttime was counter-productive to a better 

internal thermal environment. 
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Fig. 5.3 Measured internal surface temperatures of the roofs of the reference MH and 

the PCM based MH 

 

 

Fig. 5.4 Measured internal surface temperatures of the west walls of the reference 

MH and the PCM based MH 
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5.2.2 Experimental results of Design 2 

 

Experiments using the full-scale PTH in Design 2 were carried out in the summer time 

of August and September, 2016, with two stages. In Stage One, the movable PESS 

was not placed inside the full-scale PTH, and in Stage Two, the movable PESS was 

placed inside for experimental purpose. Also in Stage Two, a room air conditioner was 

added to the full-scale experimental PTH and turned on at nighttime from 20:00 on 

the day prior to experiments to 8:00 on the day of experiments, so as to charge the 

movable PESS for releasing the charged cooling energy at daytime for experimental 

purpose. During all experiments, doors and windows were closed with the windows 

further covered by sunshades, and there was no mechanical ventilation provided. 

 

The measured indoor and outdoor air temperatures on the selected days in the two 

stages are shown in Fig. 5.5 and Fig. 5.6, respectively. In Fig. 5.5, the measured 

outdoor air temperature and average indoor air temperature in Stage One, To and Ti, 

on a sunny day, and those in Stage Two, To’ and Ti’, on another sunny day, are shown. 

As seen, although on two different days, To and To’ had similar hourly variation trends, 

with the starting and ending temperatures at around 26 oC and 32 oC, and the lowest 

and the highest temperatures at around 25 oC and 38 oC, respectively. For both days, 

the daily average outdoor air temperatures were at around 31 oC. On the other hand, 

the air temperature inside the full-scale experimental PTH in Stage One, Ti, was 
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always higher than To, with the highest value of 42.5 oC at 13:00. However, in Stage 

Two, the air temperature inside the PTH from 0:00 to 8:00 was less than 20 oC due the 

operation of the air conditioner. As the air conditioner was turned off at 8:00, indoor 

air temperature, Ti, started to increase, and reached the highest at 38.1 oC, also at 

around 13:00. However, Ti’ was consistently lower than Ti, at daytime, mainly due to 

the discharged cooling energy from the movable PESS. In addition, the average air 

temperature inside the full-scale experimental PTH from 10:00 to 20:00 in Stage One 

was 3.2 oC higher than that in Stage Two. Furthermore, at 20:30, Ti’ started to over 

pass Ti, but the difference between Ti’ and Ti was not as large as that in Design 1, due 

possibly to the difference in the amount of the cooling energy stored. 

 

Fig. 5.5 Comparisons of indoor and outdoor air temperatures in selected sunny days 
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In Fig. 5.6, the measured To and Ti in Stage One on a cloudy day, and the measured 

To’ and Ti’ in Stage Two, also on another cloudy day, are shown. As seen, although on 

two different days, To and To’ had similar hourly variation trends, with the starting and 

ending temperatures at around 26 oC and 29 oC, and the lowest and the highest 

temperatures at around 25 oC and 32 oC, respectively. The daily average outdoor air 

temperatures were at around 27.6 oC on both days. On the other hand, in Stage One, 

since there was no direct solar heat gain, the air temperature inside the full-scale 

experimental PTH, Ti, was not as high as that on a sunny day, but stayed higher than 

To from 24:00 onwards. In Stage Two, after the air conditioner was turned off at 8:00, 

indoor air temperature, Ti’, started to increase, but unlike that in Stage One, stayed 

consistently lower than Ti after 24:00 to the end of the day. This was because the 

experiment was carried out on a cloudy day and the cooling loads were smaller than 

those in Stage One. However, the cooling energy provided by the air conditioner to 

charge the PESS was the same on both days, so that there was an adequate amount of 

cooling energy to maintain a lower Ti’ to the end of the experimental day. In addition, 

the average air temperature inside the full-scale experimental PTH from 10:00 to 20:00 

in Stage One was 3.6 oC higher than that in Stage Two. 
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Fig. 5.6 Comparisons of indoor and outdoor air temperatures in selected cloudy days 

 

Therefore, as seen from Fig. 5.5 and Fig. 5.6, the use of the movable PESS helped 

lower the air temperatures inside the full-scale experimental PTH at daytime on both 

a sunny day and a cloudy day, thus providing an improved thermal environment inside 

the full-scale experimental PTH in summer. 
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Fig. 5.7 The comparison between the TDia for the full-scale experimental PTH with 

and without PESS in the selected sunny days 

 

 

Fig. 5.8 The comparison between the TDia for the full-scale experimental PTH with 

and without PESS in the selected cloudy days 
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For evaluating the thermal conditions inside the full-scale PTH, similar to those for 

the MH based experiments reported in Section 5.2.1, the index of TDia was also used. 

Hence TDia_f ’ was for the temperature difference in the full-scale PTH with the 

movable PESS, and TDia_f in the full-scale PTH without the movable PESS. Fig. 5.7 

and Fig. 5.8 show the TDia values for the full-scale PTH on the selected sunny days 

and cloudy days, respectively. From Fig. 5.7, it can be seen that the total area for the 

negative TDia_f values was larger than that for TDia_f ’ from 10:00 to 20:00 in sunny 

days. In Fig. 5.8, it also can be seen that the total area for the negative of TDia_f values 

was also larger than that for TDia_f ’ from 10:00 to 20:00 in cloudy days. These also 

suggested that the use of PCM helped improve the thermal environment inside the full-

scale PTH. 

 

5.3 Discussions 

 

In Section 5.2, the experimental results for the two Designs of applying PCMs to 

disaster-relief PTHs for improving their internal thermal environments in summer are 

reported. Although the results demonstrated that the use of PCM based thermal energy 

storage in PTHs can, to a certain extent, help improve the thermal environments inside 

both the PCM based MH and the full-scale PTH, a number of related issues should be 

carefully considered, as follows. 
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5.3.1 The research approach 

 

In this study, two different Designs for applying PCMs to PTHs were considered. In 

Design 1, two MHs were used, with 2.5 kg PCMs applying to one of the MHs. In 

Design 2, a full-scale PTH was used, using 148.8 kg PCMs. Although the sizes of the 

PTHs and the amounts of the PCMs used in the two Designs were different, the ratio 

of the amount of the PCMs used in Design 1 to that in Design 2 was the same as the 

ratio of the space volume in Design 1 to that in Design 2. Furthermore, the experiments 

with the two designs were not carried out at the same time, with that for Design 1 

undertaken first. The study results for Design 1 suggested that the use of PCMs could 

help improve the thermal comfort level in disaster-relief PTHs effectively at daytime. 

At nighttime, the experimental results, however, demonstrated that the air temperature 

inside the PCM based MH was 3 oC higher than that in the reference MH. Hence, the 

design of a movable PESS, or Design 2, was proposed and implemented. The 

experimental results for Design 2 demonstrated that the movable PESS may be 

effectively used to help eliminate the negative effect of the PCMs inside PTHs at 

nighttime and could also be practically applied to PTHs used for future disaster-relief 

reconstructions. 
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5.3.2 Energy sources for charging PCMs 

 

In the current experiments with the full-scale PTH in Design 2, an air conditioner was 

used to provide cooling energy to charge the PCM at nighttime. The air conditioner 

was turned on from 20:00 on the day prior to experiments for 12 hours. Such an 

arrangement was purely for the purpose of the current experimental work. However, 

in Design 1, there were no additional measures of providing cooling source for 

charging the PCM. Hence, it became essential that a suitable source of cooling energy 

for charging the PCM should be made available. One of potential energy sources was 

due to the diurnal change in outdoor air temperature. For instance, in Qinghai Province, 

Tibet Autonomous Region and Xinjiang Uygur Autonomous Region of western China, 

in summer, the outdoor air temperature difference between day and night is on average 

at 12 oC. For certain locations such as Yinchuan and Kashi, the days whose nighttime 

temperature of lower than 16 oC and daytime temperature of greater than 29 oC account 

for 87% of the total number of days in summer [22]. In the current study, when 

carrying out experiments with the MHs in Design 1, there were no additional measures 

for providing cooling sources for charging the PCM. However, the diurnal changes in 

outdoor air temperature in June in Chengdu city were large, with the lowest outdoor 

air temperature at 17 oC, so that certain cooling energy from outdoor air at nighttime 

was available for charging the PCM. 
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It may be however argued that in certain places with a large outdoor air temperature 

difference between daytime and nighttime, the use of nighttime ventilation may help 

improve the thermal comfort inside PTHs during nighttime and provide cooling energy 

to charge those permanently installed PCMs. However, the use of nighttime ventilation 

may actually have the following disadvantages: a) additional fan energy consumption 

is required; b) with PCM placed indoor, the amount of cooling energy charged can be 

less than placed outdoor since indoor air temperature and the temperatures of internal 

surfaces of a PTH may be higher; c) it is not possible to use the additional cooling 

energy due to sky radiation at nighttime to charge PCMs if placed indoor with 

nighttime ventilation. Furthermore, if outdoor air temperature is very low, while 

directly using nighttime ventilation may effectively charge the PCMs placed indoor, it 

may also cause thermal discomfort for PTHs’ occupants at nighttime. 

 

5.3.3 Comparison between the two Designs 

 

In this experimental study, two different designs of applying PCMs were 

experimentally evaluated. In Design 1, a PCM layer of 20 mm thick was fixed to the 

internal surfaces of the PCM based MH. Since the PCM layer was at a fixed place, 

while it can be charged with cooling energy at nighttime, it can also be charged with 

heat energy at daytime, in particular in the afternoons, so that the resulted air 

temperatures and internal surface temperature inside the PCM based MH at nighttime 
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during the experimental period (except the indoor air temperature on the first night) 

were both higher than those in the reference MH. Since PCM was fixed indoor, at a 

higher indoor air temperature at nighttime, it can only absorb less cooling energy to 

be discharged at daytime for lowering down indoor air temperature. This may hence 

be seen as an inadequacy in Design 1. However, in Design 2, the PESS was designed 

as being movable. Therefore, it can be moved from indoor to outdoor, so that the PCM 

after absorbing the heat in the afternoons can release heat to colder outdoor air at 

nighttime. Consequently, both a lower indoor air temperature may be resulted in and 

more cooling energy can be charged to the PCM at a lower outdoor air temperature. 

Hence, a movable PESS should be preferred when applying PCMs to disaster-relief 

PTHs for improving their indoor thermal environments in summer. 

 

5.3.4 The amount of PCM used 

 

It is obvious that the more PCM is used, the greater improvement in indoor thermal 

environment can be expected. In the current experiments using the full-scale PTH in 

Design 2, a total of 148.8 kg PCM was used and helped reduce averaged daytime 

indoor air temperature from 10:00 to 20:00 from 39.3 oC in Stage One to 36.1 oC in 

Stage Two on sunny days, and from 33.7 oC to 30.1 oC on cloudy days. In order to 

achieve an improvement in the thermal environments inside PTHs, proper sizing of 

the movable PESS should be carefully carried out, taking into account a number of 
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factors such as locations and climates, thermal loads in PTHs, thermal properties of 

PCM, etc. 

 

On the other hand, the amount of PCM used would affect the cost of applying PESS 

to PTHs. In the current experiments using the full-scale PTH, the total cost of the 

movable PESS with 148.8 kg PCMs was at RMB 1200, which was 11.6 % of the cost 

for a full-scale PTH. However, the cost of the actual application can be remarkably 

lower if PESSs were massively produced. Furthermore, the cost of a PESS appeared 

comparable to that of an electrical driven basic room air conditioner. However, using 

room air conditioners was not possible for disaster-relief PTHs, as usually there would 

only be limited essential power supply for disaster relief over a long period of time. 

 

5.3.5 A proposed practical design of a PESS for future PTHs 

 

From the experimental results presented in this Chapter, it was clear that the use of the 

movable PESS could improve the thermal environment inside the PTHs. However, the 

practical design of a movable PESS in a future disaster-relief temporary house will be 

certainly a key issue for its future wide application. One of the practical designs can 

be that PCMs may be attached to the envelopes of a PTH during its prefabrication. 

The envelopes with PCMs attached may be divided into several pieces and each piece 

can be rotated along its axis, thus providing a convenient way to move PCMs from 
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indoor to outdoor, as shown schematically in Fig. 5.9. Such a movable PESS can be 

massively produced and conveniently used. 

 

 

Fig. 5.9 A proposed practical design of a movable PESS for future PTHs 

 

5.4 Conclusions 

 

This Chapter reports an experimental study on applying PCMs to disaster-relief PTHs 

for improving their internal thermal environments in summer. Two different designs 

of applying PCMs to PTHs were examined. In Design 1, PCM was fixed to the internal 

surfaces of the PCM based MH, but a movable PESS was used in Design 2. The 

experimental results for Design 1 demonstrated that in summer, the use of PCM helped 

reduce not only indoor air temperature, but also internal surface temperature at 
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daytime when solar radiation was present. In Design 2, the use of the movable PESS 

with a total charge of 148.8 kg PCM helped reduce average daytime indoor air 

temperature from 10:00 to 20:00 by 3.2 oC on sunny experimental days and by 3.6 oC 

on cloudy experimental days. The experimental results from both Designs 

demonstrated that the use of PCM can help improve the thermal environment inside 

PTHs at daytime in summer. However, the comparison between the two Designs 

suggested that, since outdoor air at a lower temperature at nighttime may be the only 

cooling energy source available for charging the PCM, using the movable PESS was 

preferred. This was because a movable system can be moved to outdoor at nighttime 

to absorb more cooling energy from outdoor air at a lower temperature, but at the same 

time not to lead to a relatively higher indoor air temperature. 

 

Furthermore, the use of PCM in PTH was subject to the availability of cooling energy 

source for charging the PCM. Given the nature of disaster relief, it was not practical 

to use electrical-based means to charge the PCM. However, as demonstrated by the 

results of the comparison between the two Designs, due to the diurnal change in 

outdoor air temperature, outdoor air at a lower temperature at nighttime may 

potentially be used for charging the PCM. Furthermore, to achieve a suitable balance 

between the cost of a PESS and the level of thermal environment improvement inside 

a disaster-relief PTH, the PESS must be properly sized. Finally, a practical design of 
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applying the movable PCMs to future disaster-relief PTHs was also proposed for the 

future wider application of the PCMs to disaster-relief PTHs. 

 

The results of the experimental study presented in this Chapter demonstrated that 

applying PCMs to disaster-relief PTHs can help effectively improve their internal 

thermal environments in summer. However, the experimental study was based on a 

fixed design of applying PCMs to PTHs and fixed outdoor climates. Therefore, it was 

considered necessary to follow up the experimental study by carrying out numerical 

studies on optimizing designs and on applications to PTHs installed in locations with 

different climates. These numerical studies will be reported in Chapter 6 and 7, 

respectively. 
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Chapter 6 

 

A numerical study on optimizing the designs of applying PCMs to a 

disaster-relief PTH to improve its summer daytime indoor thermal 

environment 

 

6.1 Introduction 

 

The experimental results reported in Chapter 5 demonstrated that the use of PCMs 

could help improve the thermal comfort in disaster-relief PTHs effectively at daytime 

in summer. Two different designs of applying PCMs to disaster relief PTHs for 

improving their internal thermal environments at daytime in summer were 

experimentally compared and a movable PESS was preferred due to its flexibility of 

utilizing cooling energy of both cold outdoor air and sky radiation at nighttime for 

discharging the stored heat absorbed from indoor air at daytime, when the PESS was 

moved to outdoors. However, as limited by the nature of an experimental study, only 

one fixed design for applying a PESS to PTHs with a fixed amount of PCM was 

experimentally examined. Hence, aiming at improving the thermal environment inside 

PTHs at daytime in summer using PCMs, it becomes highly necessary to optimize the 

designs of applying PCMs to disaster-relief PTHs. 

 



92 

To this end, as a follow-up to the previously reported experimental study reported in 

Chapter 5, a numerical study on optimizing the designs of applying PCMs to a full-

scale PTH has been carried out and the study results are reported in this Chapter. In 

this Chapter, firstly, the development and experimental validation for a numerical 

model for a full-scale PTH using the well-known building energy simulation platform, 

EnergyPlus, are reported. Secondly, two parts of the numerical study, i.e., evaluating 

different designs of applying PCMs to the PTH and examining the effects of different 

amounts of PCM to be used, were carried out by using the validated model and the 

numerical study results from the two parts are presented. Finally, a conclusion is given. 

 

6.2 Model development and validation 

 

6.2.1 Model establishment 

 

A simulation model for a full-scale PTH was established using the famous building 

thermal load and energy analysis simulation platform, EnergyPlus [Zhang et al., 2017b; 

Costanzo et al., 2016; Morakinyo et al., 2017; Karachaliou et al., 2016; Foustalieraki 

et al., 2017; Silva et al., 2016b; Zeng et al., 2017], which has been extensively used in 

indoor thermal environmental analysis and building energy efficiency evaluation. 

EnergyPlus could be used to evaluate the thermal loads and energy consumption of a 

building based on its physical configurations and details of HVAC installations, and 
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can be applied to both conditioned and unconditioned buildings. In the current 

numerical study, the algorithm of CondFD in EnergyPlus was selected to simulate the 

heat transfer of PCM in the full-scale PTH. The temperature of PCM at each time 

interval could be calculated iteratively according to the first-order full implicit 

differential heat transfer method. 

 

The model developed in this Chapter was based on the full-scale experimental PTH 

used in the experimental study reported in Chapter 5, as shown in Fig. 4.3. A movable 

PESS was placed near the west wall inside the full-scale experimental PTH, as shown 

in Fig. 4.6. In addition, since the PESS was movable, experiments can be carried out 

with and without the PESS placed inside the full-scale PTH for comparison purposes. 

The details of envelope materials, the physical and thermal properties of these 

envelope materials and the physical and thermo-physical parameters of the PCM used 

in the experimental study are given in Tables 4.4 - 4.6, respectively. 

 

6.2.2 Model validation 

 

The indoor air temperature and internal surface temperatures of four walls, roof and 

floor of the experimental PTH were measured for the purpose of model validation. As 

previously shown in Fig. 4.4, eight thermocouples were placed inside the experimental 

PTH. These eight thermocouples were located at the center of the full-scale PTH, with 
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a distance of 300mm between any two of them. The indoor air temperature of the 

experimental PTH ( Ti ) was obtained by averaging the readings from the eight 

thermocouples. On the other hand, T-type thermocouples with an accuracy of ± 0.5 oC 

used to measure the internal surface temperatures of envelopes were located at the 

center of the internal surface of each envelope component. 

 

In addition, the following weather parameters were recorded by a meteorological and 

weather station nearby: dry bulb air temperature, air dew point temperature, air relative 

humidity, atmospheric pressure, extra-terrestrial horizontal radiation, extra-terrestrial 

direct normal radiation, horizontal infrared radiation intensity from sky, global 

horizontal radiation, direct normal radiation, diffuse horizontal radiation, global 

horizontal illuminance, direct normal illuminance, diffuse horizontal illuminance, 

zenith luminance, wind direction, wind speed, total sky cover and opaque sky cover. 

 

All the measuring instruments were calibrated before they were used in the 

experiments, and were connected to data loggers where all the measured parameters 

were recorded at an interval of 5 minutes. The measurements were taken in the summer 

months from June to September, 2016, to collect data for model validation. 

 

The simulation model used in this numerical study was validated by the collected 

experimental data. As shown in Fig. 6.1 and Fig. 6.2, the simulated parameters of 
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indoor air temperature, internal surface temperatures of the west wall, roof and floor 

of the experimental PTH, with and without the movable PESS placed inside the PTH, 

were compared with the measured ones. 

 

Fig. 6.1 shows the comparisons between the measured and simulated indoor air 

temperatures, internal surface temperatures of west wall, roof and floor of the 

experimental PTH without the PESS placed inside during three selected days of the 

entire measurement period. As seen, both the measured and simulated indoor air 

temperatures, internal surface temperatures were increased at daytime, and decreased 

at nighttime. Good agreements between the measured and simulated temperatures 

were achieved. 
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Fig. 6.1 Comparisons between the measured and simulated a) indoor air 

temperatures; b) internal surface temperatures of west wall; c) internal surface 

temperatures of roof; d) internal surface temperatures of floor inside the PTH, 

without the PESS placed inside 

 

Fig. 6.2 shows the comparisons between the measured and simulated indoor air 

temperatures, internal surface temperatures for west wall, roof and floor of the 

experimental PTH with the movable PESS placed inside during another three days. 

The movable PESS were placed near the west wall inside the experimental PTH 

throughout the three days. As seen, both the measured and simulated indoor air 

temperatures, internal surface temperatures for west wall, roof and floor were also 

increased at daytime, and decreased at nighttime. Again, good agreements between 

the measured and simulated temperatures were also achieved. 



98 
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Fig. 6.2 Comparisons between the measured and simulated a) indoor air 

temperatures; b) internal surface temperatures of west wall; c) internal surface 

temperatures of roof; d) internal surface temperatures of floor inside the PTH, with 

the PESS placed inside 
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In addition, all the simulated and measured maximum and minimum indoor air and 

internal surface temperatures of the PTH’s envelopes and their variation ranges are 

listed in Table 6.1 without, and Table 6.2 with the PESS placed inside the PTH, 

respectively. 

 

Table 6.1 Simulated and measured maximum and minimum indoor air and internal 

surface temperatures and their variation ranges without the PESS placed 

inside the PTH 

Measured Ti TE TW TS TN TR TF 

Maximum 42.17 42.73 42.75 43.52 43.23 44.45 38.65 

Minimum 25.16 25.42 25.28 25.64 25.02 25.09 25.61 

Variation range 17.01 17.31 17.47 17.88 18.21 19.35 13.04 

Simulated Ti TE TW TS TN TR TF 

Maximum 43.51 43.12 43.01 43.16 43.92 45.08 39.57 

Minimum 25.02 25.04 25.00 25.19 24.87 24.85 25.62 

Variation range 18.49 18.08 18.01 17.97 19.05 20.23 13.95 
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Table 6.2 Simulated and measured maximum and minimum indoor air and internal 

surface temperatures and their variation ranges with the PESS placed inside 

the PTH 

Measured Ti TE TW TS TN TR TF 

Maximum 36.17 36.12 36.05 36.63 36.28 38.13 33.88 

Minimum 21.08 20.83 20.90 21.16 21.02 21.35 21.64 

Variation 15.08 15.29 15.15 15.47 15.26 16.78 12.23 

Simulated Ti TE TW TS TN TR TF 

Maximum 36.90 36.49 36.23 36.49 36.43 38.93 34.81 

Minimum 20.77 20.85 20.75 20.44 20.51 20.83 21.17 

Variation 16.13 15.64 15.48 16.05 15.92 18.10 13.64 

 

As seen from Table 6.1 and Table 6.2, except for south wall, the simulated maximum 

internal surfaces temperatures for other envelops were all slightly higher than the 

measured values, and the simulated variation ranges were also all slightly higher than 

the measured ones. However, the differences between the simulated and measured 

were small. 

 

In order to ensure the validation accuracy, two metrics: Root Mean Square Deviation 

(RMSD) and Coefficient of Variation (CV(RMSD)), were employed. While RMSD 

measured the average spread of errors which provided a measure for model’s 
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dispersion [Inman et al., 2013], CV(RMSD) was the coefficient of variation in RMSD, 

as expressed by Eq. (6.1) and (6.2), respectively, as follows: 

2

1

1
( )

N

Mt St

t

RMSD T T
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       (6.1) 

( )RMSD

RMSD
CV

y
       (6.2) 

Where 𝑇𝑀𝑡 and 𝑇𝑆𝑡 are the respective measured and simulated temperatures at each 

hour ‘t’, oC, N the total number of hours, and �̅� the average measured temperature 

during the entire measurement period, oC. 

 

The RMSD and CV(RMSD) for indoor air temperature, and internal surface temperatures 

for all envelopes of the PTH, with and without the PESS placed inside were calculated 

and the calculated results are shown in Table 6.3. As seen, the highest RMSD value 

of 1.89 oC and CV(RMSD) value of 5.9% were for the air temperature inside the 

experimental PTH. The CV(RMSD) values were all less than 6%, suggesting that the 

model developed can be used to predict the thermal environment in terms of indoor 

air temperature and internal surface temperatures inside the PTH well, with an 

acceptable accuracy. Therefore, the model can be considered validated and may be 

used in the numerical study for both optimizing the designs of applying PCMs to a 

PTH and examining the amount of PCM to be used to improve its indoor daytime 

thermal environment in summer. 
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Table 6.3 Summary of RMSD and CV(RMSD), both with and without the movable PESS 

placed inside the PTH 

Without the PESS placed inside the PTH 

Parameters Ti TE TW TS TN TR TF 

RMSD 1.89 0.99 1.07 1.12 1.25 1.10 0.90 

CV(RMSD) 5.9% 3.1% 3.4% 3.6% 4.0% 3.4% 2.9% 

With the PESS placed inside the PTH 

Parameters Ti TE TW TS TN TR TF 

RMSD 1.04 0.91 0.91 0.97 1.03 1.17 0.92 

CV(RMSD) 3.7% 3.3% 3.2% 3.4% 3.5% 4.0% 3.3% 

 

6.3 The numerical study 

 

Using the validated model reported in Section 6.2, a numerical study on optimizing 

the designs of applying PCMs to, and examining the amount of PCM to be used in, a 

PTH located in Chengdu city, Sichuan Province, China, for improving its internal 

thermal environment at daytime in summer, has been carried out and the study results 

are presented in this Section. 
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6.3.1 Assumptions used in the numerical study 

 

The period of simulation was from June to September, which is the representative 

period of summer in Chengdu, China, using the weather data of Chengdu City from 

the files for International Weather for Energy Calculation (IWEC) [ASHRAE, 2001]. 

Furthermore, the numerical study was carried out under the following assumptions: 

 

• The PTH was occupied by 3 average adults (of 1.73 m tall, 70 kg, DuBois area = 1.8 

m2) [ASHRAE, 2013a]; 

• The activity level of the occupants was at 60 W/m2 (1.0 met) [ASHRAE, 2013b]; 

• The thermos-physical properties of the PCM used were the same as those shown in 

Table 4.6; 

• The PCM of 20 mm thickness was sandwiched by two 0.5 mm steel sheets as a PCM 

panel; 

• The hourly internal heat gains from lighting and electric appliance remained constant 

at 100 W; 

• The windows and door of the PTH remained closed throughout the simulation period. 

 

The numerical study included two parts: 1) optimizing the designs of applying PCM 

to the PTH, and 2) examining the amount of PCM to be used. The study results for the 

two parts are presented in Sections 6.3.2 and 6.3.3, respectively. 
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6.3.2 Optimizing the designs of applying PCM to the PTH 

 

In the experimental study reported in Chapter 5, only one fixed design for the PCM 

located near the indoor side of the PTH’s west wall was examined. However, whether 

this design was the best remained to be examined when locating the PCM at different 

positions inside or outside the PTH. Hence, optimizing the designs of applying PCM 

at different positions inside and outside the PTH was numerically studied. 

 

Therefore, various designs of locating the PCM in different positions relative to the 

PTH’s envelopes were firstly defined. As shown, PCM was located on the outdoor 

side and the indoor side of the roof, as Position ①, ② and ③ in Fig. 6.3a, 6.3b and 

6.3c, respectively. Furthermore, PCM was located on the outdoor side and the indoor 

side of a wall, as Position ④, ⑤ and ⑥, as shown in Fig. 6.4a, 6.4b and 6.4c, 

respectively. Consequently, a total of sixteen different designs for locating the PCM 

at different positions, i.e., D1 to D16, were hence defined, as detailed in Table 6.4. 
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Fig. 6.3 Different positions of the PCM relative to the roof of the PTH 
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Fig. 6.4 Different positions of the PCM relative to a wall of the PTH 
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Table 6.4 Details of the sixteen different designs 

Design Details 

1 Without PCM- Baseline design 

2 PCM always at ① for Roof 

3 PCM always at ② for Roof 

4 
PCM at ③ for Roof at daytime, but moved to outside the PTH at 

nighttime 

5 PCM always at ④ for East Wall 

6 PCM always at ⑤ for East Wall 

7 
PCM at ⑥ for East Wall at daytime, but moved to outside the PTH at 

nighttime 

8 PCM always at ④ for West Wall 

9 PCM always at ⑤ for West Wall 

10 
PCM at ⑥ for West Wall at daytime, but moved to outside the PTH at 

nighttime 

11 PCM always at ④ for South Wall 

12 PCM always at ⑤ for South Wall 

13 
PCM at ⑥ for South Wall at daytime, but moved to outside the PTH at 

nighttime 

14 PCM always at ④ for North Wall 

15 PCM always at ⑤ for North Wall 

16 
PCM at ⑥ for North Wall at daytime, but moved to outside the PTH at 

nighttime 
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As examples, the simulated air temperatures inside the PTH in D1, D11-13, together 

with outdoor air temperature over a total of four selected days within the period of 

simulation, are shown in Fig. 6.5 and Fig. 6.6, respectively. In Fig. 6.5, the outdoor air 

temperature and the simulated indoor air temperature in D1, To and Ti (D1), are shown. 

As seen, during the four days, the indoor air temperature inside the PTH in D1, Ti (D1), 

varied from 18.87 oC to 41.77 oC, and Ti (D1) was always higher than To at daytime. 

Clearly, there was a similar trend in the variation patterns for both outdoor air 

temperature and the simulated indoor air temperature. However, due to the greenhouse 

effect and without ventilation at daytime, indoor air temperature in D1 could be much 

higher than outdoor air temperature. For example, when the highest outdoor air 

temperature was 31.1 oC on the second day, indoor air temperature was at 41.77 oC 

due to the greenhouse effect, and without ventilation. Hence, the air temperature inside 

the PTH was intolerably high [Wang et al., 2016c] throughout most of the daytime on 

that day. Furthermore, indoor air temperature at nighttime on the four simulation days 

was only just slightly higher than outdoor air temperature. 
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Fig. 6.5 The outdoor air temperature and simulated indoor air temperature over the 

four selected days in D1 

 

In Fig. 6.6, the simulated indoor air temperatures in D11-13, Ti (D11), Ti (D12) and Ti (D13), 

are shown. In D11, PCM was located outside the south wall of the PTH, 200 mm away 

from its external surface. In D12, PCM was placed outside the PTH close to the outside 

surface of south wall. In D13, PCM was located close to the indoor side of south wall 

and was moved to outside of the PTH from 20:00 to 8:00 on the following day, for 

releasing the absorbed heat to low temperature outdoor air at nighttime. As seen, over 

the four days, the simulated indoor air temperature in D13, Ti (D13), varied from 18.91 

oC to 37.76 oC, the lowest at both daytime and nighttime among the three designs. This 

suggested that the use of PCM on a movable base, which was placed on the indoor 
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side of the south wall at daytime, could help improve the thermal environment inside 

the PTH most effectively when compared with the use of PCM in both D11 and D12 

at daytime. At nighttime, the simulated results demonstrated that Ti (D13) exhibited 

similar variation profile with Ti (D11) because PCM was moved to outside of the PTH 

at nighttime, and Ti (D12) was higher than Ti (D11) and Ti (D13) at nighttime because heat 

was released from the PCM on the external surface of the south wall and transferred 

into indoor via conduction through the wall. 

 

 

Fig. 6.6 The simulated indoor air temperatures in D11-13 

 

Similar to the results shown in Fig. 6.6 for the south wall, locating the PCM on the 

indoor side of the other walls and moving it to outside the PTH could also improve the 
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thermal environment in the PTH more than the use of PCM on the outdoor side of the 

walls at daytime. 

 

The simulated results for D2-16 suggested that locating the PCM on the indoor side 

of roof and the four walls, i.e., in D4, D7, D10, D13 and D16, could help improve the 

thermal environment in the PTH more than the use of PCMs on the outdoor side of 

roof and the four walls at daytime. In addition, in these designs, as the PCM may be 

moved to outside the PTH at nighttime, the use of PCM at daytime would not, 

therefore, impair the thermal environment inside PTH at nighttime. Hence, the design 

of a movable PESS like that used in the experimental study reported in Chapter 5 

should be preferred. The simulated results clearly demonstrated that a movable PESS 

may be used to help eliminate the negative effect of placing PCM inside the PTH at 

nighttime, while it can effectively improve the thermal environment in the PTH at 

daytime. 

 

The simulated maximum and minimum To and Ti in D1-16 are shown in Table 6.5. As 

seen, as compared to those for D1, all the maximum values of Ti in D2-16 were lower, 

suggesting the effect of using PCM for improving indoor thermal environment at 

daytime in summer. However, there was a large variation in the 16 maximum Ti values, 

from 36.61 oC in D10 to 41.77 oC in D1, i.e., the baseline design. On the other hand, 

in D2-16, their minimum values of Ti stayed relative stable with a small variation range 
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from 18.87 oC in D10 to 19.88 oC in D3. Furthermore, the average Ti in D10 was the 

lowest at 26.9 oC. These further suggested that, again, the use of PCM on the indoor 

side of roof and four walls was more effective for improving the thermal environment 

at daytime inside the PTH than on the outdoor side of roof and four walls. In addition, 

the designs with PCM to be moved to outdoor were more effective for improving the 

thermal environment inside the PTH than placing PCM near outdoor side of four walls 

at both daytime and nighttime. This was because while the use of a design with 

movable PCM could help not only reduce the air temperature inside the PTH at 

daytime, but also eliminate the negative effect of placing the PCM inside the PTH at 

nighttime. Hence a movable PESS such as that used in the experimental study reported 

in Chapter 5 provided a convenient way to move PCM from indoor to outdoor at 

nighttime, so as to eliminate the heat release from the PCM to indoor and re-charge 

the PCM with cooling energy from both the sky radiation and a low temperature 

outdoor air at nighttime.
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Table 6.5 Simulated maximum and minimum To and Ti for D1-16 

 To Ti (D1) Ti (D2) Ti (D3) Ti (D4) Ti (D5) 

Maximum 31.60 41.77 40.80 37.92 37.84 41.50 

Minimum 19.90 18.87 18.96 19.88 19.01 18.91 

Average 24.84 27.76 27.69 27.57 27.13 27.76 

 Ti (D6) Ti (D7) Ti (D8) Ti (D9) Ti (D10) Ti (D11) 

Maximum 39.03 37.45 41.64 39.05 36.61 41.33 

Minimum 19.74 18.92 18.92 19.73 18.93 18.90 

Average 27.70 26.93 27.77 27.69 26.90 27.76 

 Ti (D12) Ti (D13) Ti (D14) Ti (D15) Ti (D16)  

Maximum 39.62 37.76 41.71 39.85 37.73  

Minimum 19.51 18.91 18.90 19.52 18.92  

Average 27.70 27.08 27.76 27.71 27.04  

 

The simulated resultant thermally acceptable hours inside the PTH for all the designs 

are shown in Fig. 6.7. A thermally acceptable hour was defined as an hour during 

which indoor air temperature inside a PTH was below the occupants’ thermal ultimate 

temperature in temporary shelters after natural disasters at 34 oC [Wang et al., 2016c]. 

As seen, compared with the baseline design, the number of acceptable hours for D10 

was at 90 h during the four days, the highest among all designs. This was consistent 

with the earlier simulation results that D10 would lead to the lowest averaged indoor 

air temperature at 26.9 oC, among all designs. 
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Fig. 6.7 Simulated thermally acceptable hours inside the PTH for D1-16 

 

6.3.3 The amount of PCM to be used 

 

It was obvious that the more PCM was used, the greater improvement in indoor 

thermal environment can be expected. However, the amount of PCM used would have 

a financial impact on applying PCMs to PTHs. Hence, the numerical study reported in 

this Chapter also covered an analysis on the impacts of the amount of PCM used on 

the thermal environment inside a PTH in summer, which is reported in this Section. 

To simplify the analysis, the amount of PCM to be used was indirectly represented by 

its thickness. 
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From the simulated results shown in Section 6.3.2, it can be seen that D10 was the 

most effective design on improving the PTH’s indoor thermal environment at daytime 

in summer among the 16 designs, and hence selected to exam the relationship between 

the amount of the PCM used and the improvements in the thermal environment inside 

a PTH. Seven different levels of PCM thickness at 0 mm, 5 mm, 10 mm, 20 mm, 30 

mm, 40 mm and 50 mm, were used in the analysis, with 0 mm thickness representing  

baseline design. 

 

Table 6.6 shows the analysis results. As seen, the maximum indoor air temperatures, 

average indoor air temperatures and daytime average indoor air temperatures (from 

8:00 to 20:00) inside the PTH were decreased with an increase in PCM’s thickness. 

On the other hand, the rates of the decreases in these temperatures at different levels 

of thickness are shown in Fig. 6.8. As illustrated, the changes in these temperatures at 

0 - 20 mm PCM thickness were greater than those at 20 - 50 mm PCM thickness. More 

remarkably, the rates of decrease in these temperatures at 20 - 50 mm PCM thickness 

were fairly small and almost stayed unchanged at 30 - 50 mm PCM thickness. 

Therefore, increasing PCM’s thickness 1) from 0 mm to 20 mm, would have an 

obvious impact on regulating PTH’s indoor thermal environment, and 2) to beyond 20 

mm thickness, would have negligible impacts on further improving PTH’s indoor 
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thermal environment. Hence, the PCM thickness of 20 mm may be taken as a reference 

design value for future practical applications. 

 

Table 6.6 Simulated maximum and average Ti in D10 at different thickness PCM 

PCM’s 

thickness 
0 5 mm 10 mm 20 mm 30 mm 40 mm 50 mm 

Maximum 41.77 39.80 38.39 36.61 36.21 36.13 36.05 

Average 27.76 27.43 27.12 26.90 26.24 26.18 26.14 

AVEday 33.63 31.64 30.29 28.93 28.28 27.86 27.53 

 

 

Fig. 6.8 Simulated rates of decrease in indoor air temperatures at different levels of 

PCM thickness 

 



118 

With the identified reference design PCM thickness of 20 mm, D10 was further 

revised to D17 by placing PCM of 20 mm thickness on the indoor sides of roof and all 

four walls of the PTH at daytime, with the PCM to be moved to outside the PTH at 

nighttime. As shown in Table 6.7, the simulated maximum Ti was reduced from 36.61 

oC in D10 to 32.30 oC in D17, and the daytime average temperature from 28.93 oC in 

D10 to 26.82 oC in D17. Hence, these results suggested that it would be more effective 

to distribute a fixed amount of PCM to all envelope surfaces, rather than simply 

increasing the amount of PCM for just one particular envelope element. 

 

Table 6.7 Simulated maximum and average Ti in D10 and D17 

Indoor air temperature (oC) D10 (Shown also in Table 6.6) D17 

Maximum 36.61 31.30 

Average 26.90 25.39 

AVEday 28.93 26.82 

 

6.4 Conclusions 

 

This Chapter reports a numerical study on optimizing the designs of applying PCM to 

a full-scale disaster-relief PTH in order to improve its indoor thermal environment in 

summer. The numerical study included two parts: 1) optimizing designs of applying 

PCMs at different positions relative to PTH’s envelopes for improved indoor thermal 
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environment at daytime in summer and 2) an analysis on the impacts of the amount of 

PCM used on the thermal environment inside the PTH. 

 

In the first part, in order to find the best design of applying PCM to a PTH, a total of 

16 designs to place PCM at different positions relative to the PTH’s envelopes were 

defined and simulation studies with the 16 designs carried out. The study results 

demonstrated that in summer, D4, D7, D10, D13 and D16, among the 16 designs, can 

lead to a better thermal environment inside the PTH, than all the other designs, because 

in D4, D7, D10, D13 and D16, PCM was placed on the indoor side of all envelope 

components and may be moved to outside the PTH for charging the PCM with cooling 

energy from both the sky radiation and low temperature outdoor air at nighttime. Based 

on the simulation results, D10 was identified as the most effective design among all 

the 16 designs, and could result in the highest number of acceptable hours at 90 hours. 

 

In the second part, the simulation results based on D10 demonstrated that increasing 

PCM’s thickness from 0 mm to 20 mm would have noticeable improvements in the 

thermal environment inside the PTH, but to beyond 20 mm, would be negligible on 

further improving indoor thermal environment. Hence, the thickness of 20 mm for 

PCM was recommended as a reference design value for future practical applications. 
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Chapter 7 

 

A further numerical study on applying the movable PESS to disaster-

relief PTHs used in different climate regions to improve their indoor 

thermal environments in summer 

 

7.1 Introduction 

 

The experimental and numerical studies presented in Chapter 5 and Chapter 6, 

respectively, were carried out to investigate applying PCMs to disaster-relief PTHs 

installed in Chengdu, China. The study results of the previous experimental [Wang et 

al., 2018] and numerical [Wang et al., 2019b] studies demonstrated that in Chengdu 

in summer, applying PCMs to disaster-relief PTHs can help improve their internal 

thermal environments and the application of the movable PESS to PTHs was effective 

in transferring heat between indoor at daytime and outdoor at nighttime. However, 

natural disasters may also occur in other places globally. Given that the success of 

applying the movable PESS to PTHs for improving indoor thermal environments also 

depended on outdoor climates, but Chengdu only represented the “warm temperate-

fully humid-hot summer” climate, it was therefore necessary to study the effectiveness 

of applying the movable PESS to PTHs installed in other climate regions globally. 
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To this end, as a follow-up to the previously reported experimental and numerical 

studies, respectively, a further numerical study on applying the movable PESS to 

disaster-relief PTHs installed in different climate regions around the world to improve 

their indoor thermal environments in the summer month of July has been carried out 

and the study results are reported in this Chapter. Firstly, the selection of the 

representative cities in different climate regions is reported. The mathematical model 

for a full-scale PTH with the movable PESS used in the numerical study reported in 

Chapter 6 was used in this further numerical study reported in this Chapter. Secondly, 

results of this further numerical study and the related analysis are presented. Finally, 

a conclusion is given. 

 

7.2 Selection of the representative cities in different climate regions 

 

The global climate classification by Köppen distribution method [Kottek et al., 2006] 

divided the world climatic regions into 31 types, as shown in Fig. 7.1 The division was 

based on three factors: temperature, main climates and precipitation. 

 

Given the majority of both the lands and populations on the Earth is in the northern 

hemisphere, in this study, all the cities selected were therefore in the northern 

hemisphere. For locations in the southern hemisphere, reference may however be 

made to the locations of similar climate types in the northern hemisphere.  
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Fig. 7.1 The global climatic region distribution (Köppen distribution method) [Kottek et al., 2006] 
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The selection of the representative cities in the northern hemisphere in this further numerical study 

was based on a comprehensive consideration of a number of factors. Given the purpose of this 

further numerical study, the first consideration was the types of natural disasters. Secondly, the 

climatic characteristics of the selected cities should have regional representativeness. Thirdly, the 

population of the selected cities should be relatively large. Finally, the climate data of the selected 

cities can be accurately available from official sources and freely used. As a result, a total of twelve 

cities, with four in the tropical region, four in the temperate region and the last four in the cold 

temperate region, were selected, and their summer climate conditions are summarized in Table 7.1. 
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Table 7.1 Summary of the summer climatic data in the 12 selected cities 

* Universal Time Coordinated. 
# BL=blizzard; CO=collapse; DE=debris flow; DR=drought; EA=earthquake; FL=flood; FR=frost disaster; HA=hail; HU=hurricane; 

LA=landslide; RO=road frost heave; SA=sandstorm; SE=severe convective weather; ST=storm surge; TH=thunderstorm weather; 

TS=tsunami; TY=typhoon; WI=wind disaster.

 Unit 

Tropical region Temperate region Cold temperate region 

01 

Singapore 

02 

Miami 

03 

Bangkok 

04 

Abu 

Dhabi 

05 

Tokyo 

06 

Chengdu 

07 

Damasc

us 

08 

Hanoi 

09 

Incheon 

10 

Toronto 

11 

Hohhot 

12 

Urumqi 

Climate type  Af Aw Am BWh Cfa Cfa Csa Cwa Dwa Dfb BSk BWk 

Time zone  UTC*+8 UTC+4 UTC+7 UTC+4 UTC+9 UTC+1 UTC+2 UTC+7 UTC+9 UTC-5 UTC+8 UTC+10 

Elevation m 58.00 30.00 2.00 150.00 37.00 33.00 690.00 16.00 45.00 76.00 1040.00 1748.00 

Maximum 

daytime 

temperature 

oC 33.00 33.38 37.98 46.53 34.00 30.00 40.00 43.00 32.65 32.34 34.39 36.09 

Average 

temperature 
oC 27.88 27.17 29.05 33.09 20.64 17.20 27.50 28.85 21.15 17.07 19.03 20.37 

Daily 

maximum 

temperature 

difference 

oC 9.48 11.68 11.14 20.05 16.05 16.42 21.44 18.91 13.03 21.42 20.19 17.36 

Average 

moisture 

content 

g/kg 19.60 16.90 18.80 16.70 13.40 8.70 7.10 19.40 12.70 8.80 8.80 6.70 

Solar 

radiation 
W/m2 406.58 414.64 417.86 416.87 344.50 339.92 415.50 406.18 335.66 304.91 331.13 330.24 

Types of 

natural 

disasters# 

 

ST, TH 
FL, 

HU, 

CO, EA, 

FL, TS 
DR, SA 

EA, 

SE,TY, 

DE, EA, 

FL, LA 

EA, 

HU, TS, 

DR, FL, 

LA, TY, 
FL, TY 

BL, EA, 

HU, 

DR, FL, 

FR, 

HA,WI,  

DE, DR, 

EA, RO, 

WI 
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7.3 Numerical studies results 

 

The validated mathematical model for a disaster-relief PTH incorporating the movable PESS, as 

detailed in Section 6.2 of Chapter 6, was used to study, numerically, the effectiveness of applying 

PCMs to disaster-relief PTHs located in the 12 selected cities in the different climate regions in 

the northern hemisphere to improve their indoor thermal environments in the summer month of 

July and the study results are reported in this Section. 

 

7.3.1 The evaluating criteria for the thermal environment inside a PTH 

 

As emergency shelters during a post-disaster transition period, the thermal environment inside 

disaster-relief PTHs was expected to be poorer than that in ordinary buildings. Hence, the criteria 

for evaluating thermal environment in ordinary buildings was not applicable to PTHs. In fact, the 

evaluation of the thermal environments inside disaster-relief PTHs should take into account the 

post-disaster nature. In order to quantitatively describe the degree of improvement in the thermal 

environment inside PTHs after implementing certain passive thermal regulation measures such as 

applying PCMs, an evaluating index of Unacceptable Degree Hour (UDH), defined by Eq. (7.1) 

was proposed, 

 ,

1

1 hour
n

in j top

j

UDH T T
 

       (7.1) 

Where UDH is unacceptable degree hours inside a PTH, oC·h; Ttop the upper limit of tolerable air 

temperature inside the PTH, oC; Tin,j the hourly average air temperature at jth hour inside the PTH, 
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oC, and n the total number of hours in the summer month of July. The subscript on the bracket, 

plus sign, indicates that only positive values are to be counted. 

 

Based on the results from a previous related study [Wang, 2020] of surveying indoor thermal 

environment in disaster-relief PTHs using questionnaire survey approach, Ttop can be set at 29 oC. 

As a matter of fact, the questionnaire survey results showed that the upper limit of tolerable air 

temperature inside a PTH during a post-disaster transition period was higher than the upper limit 

of normal human comfort temperature range. This further confirmed that the thermal environment 

inside disaster-relief PTHs deviated far from the comfortable range for ordinary buildings. Hence, 

UDH was more suitable for the evaluation of the thermal environment inside disaster-relief PTHs. 

 

From Eq. (7.1), it can be seen that given a fixed Ttop at 29 oC, when Tin was higher or the number 

of hours when 
,in j topT T  > 0 was larger, UDH was greater. Hence, a greater UDH value directly 

reflected a poorer thermal environment inside a PTH. 

 

After the movable PESS was incorporated into the PTH, it can be expected that because of the 

cooling effect from the movable PESS, Tin can be lower at daytime from 8:00 to 20:00 and the 

number of hours when 
,in j topT T  >0 reduced, resulting in a reduced UDH value. In this connection, 

UDH ’, unacceptable degree hours inside a PTH after incorporating the movable PESS, defined 

by Eq. (7.2), was further proposed, 

 ,

1

1 hour
n

in j top

j

UDH T T
 

  ’ ’     (7.2) 
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Where T ’in,j is the hourly average air temperature at jth hour inside a PTH after incorporating the 

movable PESS, oC. 

 

With the above definitions of UDH and UDH ’, the impacts of applying the movable PESS to 

disaster-relief PTHs used in the 12 selected cities in different climate regions in the northern 

hemisphere to improve their indoor thermal environments in the summer month of July may be 

evaluated by the absolute difference between UDH and UDH ’, as follows: 

= UDH UDH  ’     (7.3) 

Where the unit of   is oC·h. 

 

In addition, a relative difference between UDH and UDH ’ was also defined as ’: 

=
UDH UDH

UDH




’
’      (7.4) 

Where the unit of ’ is %. 

 

Eq. (7.3) reflects the absolute degree of improvements, and Eq. (7.4) the relative degree of 

improvements, in the thermal environment inside PTHs before and after incorporating the movable 

PESS. 

 

7.3.2 Results of the further numerical study for PTHs located in the 12 selected cities 

 

Using the validated mathematical model for the disaster-relief PTH incorporating the movable 

PESS detailed in Section 6.2 and the official meteorological data in the typical weather year of 
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1989 for the 12 selected cities, a further numerical study on applying the movable PESS to the 

PTHs located in the 12 selected cities to improve their indoor thermal environments in July was 

carried out. UDH, UDH ’,  and ’defined in Section 7.3.1 were used to evaluate the degree of 

improvements in the thermal environment inside the PTH after incorporating the movable PESS. 

For each of the 12 cities, the outputs from the further numerical study would include the daytime 

hourly average air temperature inside the disaster-relief PTH without incorporating the movable 

PESS, Tin, and the daytime hourly average air temperature inside the disaster-relief PTH after 

incorporating the movable PESS, Tin’. Using these output parameters, and the daytime hourly 

average ambient temperature, To, UDH, UDH ’,  and ’ were, respectively, obtained for the 

PTHs located in the 12 selected cities.  

 

In this Section, firstly as an example, the further numerical study results for the PTH located in 

one of the 12 selected cities, Bangkok, are explained in detail. The study results for the PTHs 

located in the remaining 11 cities are then summarized in Table 7.2 and Table 7.3, respectively. 

 

Fig. 7.2 shows the variations in the three temperatures, To, Tin and Tin’, for the PTH installed in 

Bangkok in July. As seen, in July, the variation range in To was from 24.00 oC to 35.22 oC with a 

monthly average of 30.08 oC, but that in Tin was from 25.31 oC to 35.38 oC with a monthly average 

of 31.65 oC. At daytime, Tin was always higher than To. However, for Tin’, its variation range was 

from 25.03 oC to 31.89 oC with a monthly average of 29.39 oC. These results suggested that, after 

incorporating the movable PESS, the monthly average daytime air temperature inside the PTH was 

reduced by 1.76 oC. In addition, the maximum temperature inside the PTH after incorporating the 

movable PESS could also be lowered by 3.49 oC from 35.38 oC to 31.89 oC.   
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(a) Variations in hourly ambient air temperature in July in Bangkok  

 
(b) Variations in the simulated hourly indoor air temperature without incorporating the 

movable PESS 

 
(c) Variations in the simulated hourly indoor air temperature after incorporating the movable 

PESS 

Fig. 7.2 Hourly ambient air temperature and the simulated hourly air temperatures inside a 

disaster-relief PTH installed in Bangkok in July   
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Fig. 7.3 shows the variations in the three temperatures, To, Tin and Tin’ for the PTH installed in 

Bangkok on the hottest day in July. As seen, on that day, the variation range in To was from 27.25 

oC to 35.22 oC, but that in Tin from 27.31 oC to 35.36 oC. At daytime, Tin was always higher than 

To. However, for Tin’, its variation range was from 27.50 oC to 31.66 oC. These results suggested 

that, on the hottest day in July, after incorporating the movable PESS, the daytime average hourly 

air temperature inside the PTH was reduced by 1.66 oC, and the maximum hourly air temperature 

inside the PTH reduced by 3.90 oC, respectively. 
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(a) Variations in hourly ambient temperature on the hottest day in July in Bangkok 

 
(b) Variations in the simulated hourly indoor air temperature without incorporating the movable 

PESS on the hottest day in July in Bangkok 

 
(c) Variations in the simulated hourly indoor air temperature after incorporating the movable 

PESS on the hottest day in July in Bangkok 

Fig. 7.3 Hourly ambient air temperature and the simulated hourly air temperatures inside a 

disaster-relief PTH on the hottest day in July in Bangkok   
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Table 7.2 summarizes the variation ranges and the monthly averaged values in To, Tin and Tin’ for 

PTHs located in the 12 selected cities in July. As seen, except for Abu Dhabi, in all other locations, 

the monthly averaged Tin values were all greater than the monthly averaged To values. This 

reflected the deteriorated thermal environments inside PTHs, which was consistent with the study 

results for the PTH located in Chengdu [Wang et al., 2019c]. Furthermore, in all the 12 selected 

cities in July, the highest values in the monthly variation ranges for Tin were always greater than 

those for Tin’, and all the monthly averaged Tin’ values were smaller than all the monthly averaged 

Tin values. These results suggested that the introduction of movable PESS to PTHs located in all 

the 12 selected cities was functional. 
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Table 7.2 The variation ranges and the monthly average values in To, Tin and Tin’ for the PTHs located in the 12 selected cities in July 

(°C) 

 

 

Region City 
Variation 

range in To 

Monthly 

average To 

Variation 

range in Tin 

Monthly 

average Tin 

Variation 

range in Tin’ 

Monthly 

average Tin’ 

Tropic region 

Singapore 22.00 - 32.14 27.77 24.44 - 34.47 28.75 24.54 - 31.10 28.20 

Miami 23.20 - 32.20 27.96 24.66 - 33.81 28.99 24.47 - 31.01 28.24 

Bangkok 24.00 - 35.22 30.08 25.31 - 35.38 31.65 25.03 - 31.89 29.39 

Abu Dhabi 26.14 - 46.53 34.45 26.27 - 41.90 32.91 27.11 - 38.92 32.79 

Temperate 

region 

Tokyo 15.00 - 34.00 22.59 18.72 - 34.89 25.30 18.72 - 29.65 24.19 

Chengdu 20.30 - 34.64 25.81 22.53 - 35.43 27.52 21.89 - 31.34 26.76 

Damascus 13.69 - 39.00 26.34 19.32 - 37.29 28.08 19.41 - 32.57 26.83 

Hanoi 24.15 - 36.19 29.44 25.71 - 35.62 30.02 25.47 - 32.63 29.51 

Cold 

temperate 

region 

Incheon 17.81 - 32.65 23.58 21.58 - 32.87 25.97 20.04 - 29.43 24.87 

Toronto 8.78 - 31.81 20.81 15.87 - 33.48 24.81 17.20 - 29.54 23.58 

Hohhot 13.44 - 32.74 22.24 19.13 - 33.34 25.57 19.13 - 29.77 24.61 

Urumqi 13.11 - 36.09 23.97 18.63 - 36.07 26.81 19.96 - 33.74 25.73 
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Table 7.3 summarizes the variation ranges in, and the daily average values of To, Tin and Tin’ for 

the PTHs located in the 12 selected cities on the hottest day in July. As seen, except for Abu Dhabi, 

Damascus and Urumqi, in the other nine cities, on the hottest day in July, the daily averaged Tin 

values were greater than the daily averaged To values, reflecting the deteriorated thermal 

environments inside PTHs without the use of PCMs. However, with the introduction of the 

movable PESS to PTHs, in all the 12 selected cities, both the daily peak and the daily averaged 

Tin’ values were smaller than both the daily peak and the daily averaged Tin values, reflecting the 

effectiveness of applying movable PESS to PTHs to bring down their indoor air temperatures. 
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Table 7.3 The variation ranges and the daily average values of To, Tin and Tin’ for the PTHs located in the12 selected cities on the 

hottest day in July (°C) 

 

 

Region City 
Variation 

range in To 

Daily average 

To 

Variation 

range in Tin 

Daily average 

Tin 

Variation 

range in Tin’ 

Daily average 

Tin’ 

Tropic region 

Singapore 26.75 - 32.14 30.26 26.46 - 34.26 31.64 27.56 - 31.02 30.11 

Miami 26.10 - 32.20 30.83 26.34 - 33.13 31.82 26.73 - 31.01 30.13 

Bangkok 27.25 - 35.22 31.85 27.31 - 35.36 32.35 27.50 - 31.66 30.39 

Abu Dhabi 26.48 - 46.53 39.88 26.57 - 41.33 37.31 27.55 - 37.38 35.33 

Temperate 

region 

Tokyo 23.00 - 34.00 30.15 24.81 - 34.89 31.63 23.96 - 29.55 28.21 

Chengdu 24.05 - 34.64 30.43 25.34 - 34.95 31.48 25.42 - 31.34 29.31 

Damascus 13.69 - 39.00 33.56 19.32 - 37.29 33.38 20.23 - 32.57 29.95 

Hanoi 27.45 - 36.19 32.84 26.95 - 34.77 33.60 28.02 - 32.63 30.85 

Cold 

temperate 

region 

Incheon 23.70 - 32.65 30.49 25.09 - 32.87 31.16 24.56 - 29.31 28.32 

Toronto 21.34 - 31.81 29.42 23.46 - 33.48 31.56 23.07 - 29.54 28.47 

Hohhot 15.79 - 32.74 29.60 20.41 - 33.34 30.65 20.78 - 28.80 27.09 

Urumqi 29.45 - 36.09 33.86 29.78 - 36.07 33.70 29.58 - 33.74 31.99 
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7.3.3 UDH, UDH ’,   and ’ values for PTHs located in the 12 selected cities 

 

It is shown in Section 7.3.2 that applying the movable PESS to disaster-relief PTHs in 

all the 12 selected cities was functional. However, the levels of effectiveness in 

improving the indoor thermal environment for PTHs located in different cities may be 

different and are therefore evaluated in this Section. 

 

Based on the output hourly average values of Tin and Tin’ from this further numerical 

study, together with the hourly ambient air temperature values of To, UDH, UDH ’,   

and ’ values for the PTHs located in the 12 selected cities in July were evaluated and 

are summarized in Table 7.4. 

 

It can be seen from Table 7.4 that the differences in UDH values for the 12 selected 

cities were relatively large, with the maximum UDH value of 3085 oC·h for Abu Dhabi 

and the minimum UDH value of 151 oC·h in Incheon. The UDH values in Bangkok, 

Abu Dhabi, Damascus and Hanoi were higher than 1000 oC·h, those in Singapore, 

Miami and Urumqi between 500 oC·h and 1000 oC·h and those in Tokyo, Chengdu, 

Incheon, Toronto and Hohhot less than 500 oC·h. Without the introduction of the 

movable PESS to PTHs, there were 7 cities where the UDH values were higher than 

500 oC·h. However, after introducing the movable PESS to PTHs, there were only 2 

cities where the UDH ’ values were higher than 500 oC·h. Furthermore, it can also be 
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seen from Table 7.4 that for the 12 selected cities, UDH ’ values were all smaller than 

UDH values, although there were large variations in the differences between the two 

values. These further suggested that incorporating the movable PCM to PTHs was an 

effective way to improve thermal environments inside PTHs in all the 12 selected 

cities. 

 

Table 7.4 also shows the   values and ’ values for the 12 selected cities. As seen, 

the differences in   values for the 12 selected cities were also relatively large, with 

the maximum of 869 oC·h for Damascus and the minimum of 147 oC·h for Incheon. 

The   values in Damascus (869 °C·h), Bangkok (568 °C·h), Hanoi (563 °C·h), 

Miami (561 °C·h) and Singapore (513 °C·h) were higher than 500 oC·h, those in 

Urumqi (415 °C·h) and Chengdu (382 °C·h) between 300 oC·h and 500 oC·h and those 

in Hohhot (229 °C·h), Toronto (229 °C·h), Tokyo (224 °C·h), Abu Dhabi (221 °C·h) 

and Incheon (147 °C·h) less than 300 oC·h. For Damascus, its   value of 869 °C·h 

was the highest among the 12 selected cities. There can be three reasons for this. Firstly, 

its UDH value of 1260 °C·h was relatively on the high side among all cities; Secondly, 

the variation range in hourly ambient air temperature in Damascus in July of 13.69 oC 

~ 39.00 oC was the largest among the 12 selected cities; Thirdly, after incorporating 

the movable PESS in the PTHs, the difference in the peak values of Tin and Tin’ at 4.72 

oC was also on the high side among all cities. On the other hand, for Incheon, its   

value of 147 °C·h was the lowest among the 12 selected cities, because the UDH value 

in Incheon at 151 °C·h was the lowest. Furthermore, with respect to different climate 
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regions, there were 3 cities in the tropic region, 2 cities in the temperate region but 0 

city, respectively, in the cold temperate region where their   values were higher than 

500 oC·h. However, there was 1 city in the tropic region, 1 in the temperate region and 

3 in the cold temperate region, respectively, where their   values were less than 300 

oC·h. These suggested that incorporating the movable PESS to PTHs located in both 

tropic region and temperate region would lead to better indoor thermal environmental 

comfort than those located in cold temperate region. 

 

Furthermore, the ’ values in the 12 selected cities are also shown in Table 7.4. As 

seen, except for Abu Dhabi with a ’ value of 7.17%, for all other cities, their ’ 

values were not less than 46%. There were 4 cities, Tokyo, Incheon, Toronto and 

Hohhot, where their’ values were all over 97%. However, since their UDH values 

were all on the low side at not greater than 234 °C·h, applying movable PESS to PTHs 

in these cities may not be too attractive. In addition, for Abu Dhabi, although its UDH 

value was the highest, its ’ value was only at 7.17%, suggesting the insignificant 

effect of applying PCM to the PTHs located there. Finally, for the remaining seven 

cities, i.e., Singapore, Miami, Bangkok, Chengdu, Damascus, Hanoi and Urumqi, their 

UDH values were all relatively higher at ＞ 487 °C·h, their   values not less than 

382 °C·h, and their ’ values greater than 46%, suggesting that the application of the 

movable PESS to the disaster-relief PTHs located in the seven cities can help 

remarkably improve their indoor thermal environment inside in the summer month of 

July. It should be further mentioned that six out of the seven cities were actually 
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located in both the tropic and temperate regions. This was consistent with the earlier 

results when analyzing    values, that the application of the movable PESS to the 

disaster-relief PTHs located in both tropic and temperate regions would result in better 

indoor thermal environmental control in July, than those located in the cold temperate 

region. 

 

Table 7.4 UDH, UDH ’,   and ’ values for PTHs located in 12 selected cities 

 

Region City 
UDH 

(°C·h) 

UDH ’ 

(°C·h) 
  (°C·h) ’ (%) 

Tropic 

region 

Singapore 738  226  513  69.45 

Miami 794  234  561  70.58 

Bangkok 1056  488  568  53.77 

Abu Dhabi 3085  2864  221  7.17 

Temperate 

region 

Tokyo 229  4  224  98.04 

Chengdu 487  105  382  78.37 

Damascus 1260  391  869  68.95 

Hanoi 1219  655  563  46.23 

Cold 

temperate 

region 

Incheon 151  4  147  97.55 

Toronto 227  3  225  98.87 

Hohhot 234  5  229  97.88 

Urumqi 513  99  415  80.77 
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7.4 Conclusions 

 

This Chapter reports a further numerical study on applying the movable PESS to full-

scale disaster-relief PTHs located in different climate regions in the northern 

hemisphere to improve their indoor thermal environment in July. 12 cities in the 

northern hemisphere were selected based on a comprehensive consideration of several 

factors. The previously developed and experimentally validated EnergyPlus based 

simulation model for a PTH incorporating the movable PESS used in Chapter 6 was 

deployed in this further numerical study.  

 

Based on the official meteorological data for July in the typical weather year of 1989, 

this further numerical study results demonstrated that for the PTHs located in all the 

12 selected cities in July, all the highest values in the monthly variation ranges in Tin 

were greater than those for Tin’, and all the monthly averaged Tin’ values were smaller 

than all the monthly averaged Tin values. It was further demonstrated that on the hottest 

day in July, in all the 12 cities, both the daily peak and daily averaged Tin’ values were 

smaller than both the daily peak and daily averaged Tin values. These results 

demonstrated that applying the movable PESS to disaster-relief PTHs located in the 

12 cities in July was functional in bringing down the air temperatures inside PTHs. 

 

However, based on the evaluated values of UDH, UDH ’,   and ’ for the PTHs 

located in the 12 selected cities in July, it was further shown that although UDH ’ 
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values in the 12 selected cities were all smaller than UDH values, there were 

significant variations in   and ’ values. Following a comprehensive examination of 

UDH, UDH ’,   and ’ values, it was suggested that although applying the movable 

PESS to disaster-relief PTHs in July was functional, for all 12 cities, it was more 

effective for the following seven cities of Singapore, Miami, Bangkok, Chengdu, 

Damascus, Hanoi and Urumqi, with six of the seven cities located in both tropic and 

temperate climate regions. 
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Chapter 8 

 

Conclusions and future work 

 

8.1 Conclusions 

 

A programmed research work on firstly experimentally studying the application of 

PCMs to disaster-relief PTHs in summer, secondly developing and validating a 

numerical model for the full-scale disaster-relief PTH and numerically optimizing 

designs of applying PCMs at different positions relative to PTH’s envelopes and 

analysing the impacts of the amount of PCM used on the thermal environment inside 

the PTH, and thirdly further numerically studying the application of the movable PESS 

to full-scale disaster-relief PTHs located in different climate regions in the northern 

hemisphere in July, has been successfully carried out and is reported in this Thesis. 

The conclusions of the Thesis are: 

 

An experimental study on applying PCMs to disaster-relief PTHs for improving their 

internal thermal environments in summer has been carried out and the study results 

are reported in Chapter 5. Two different designs of applying PCMs to PTHs were 

examined. In Design 1, PCM was fixed to the internal surfaces of the PCM based MH, 

but a movable PESS was used in Design 2. The experimental results from both Designs 

demonstrated that the use of PCM can help improve the thermal environment inside 
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PTHs at daytime in summer. However, the comparison between the two Designs 

suggested that, since outdoor air at a lower temperature at nighttime may be the only 

cooling energy source available for charging the PCM, using the movable PESS shall 

therefore be preferred. Furthermore, to achieve a suitable balance between the cost of 

a PESS and the level of thermal environment improvement inside a disaster-relief PTH, 

the PESS must be properly sized. Finally, a practical design of applying the movable 

PCMs to future disaster-relief PTHs was also proposed to enable the future wider 

application of the PCMs to disaster-relief PTHs. 

 

A numerical study on optimizing the designs of applying PCM to a full-scale disaster-

relief PTH in order to improve its indoor thermal environment in summer is reported 

in Chapter 6. The numerical study included two parts: 1) optimizing designs of 

applying PCMs at different positions relative to PTH’s envelopes for improved indoor 

thermal environment at daytime in summer, and 2) an analysis on the impacts of the 

amount of PCM used on the thermal environment inside the PTH. The study results 

for the first part demonstrated that in summer, D4, D7, D10, D13 and D16, among the 

16 designs, can lead to a better thermal environment inside the PTH, than all the other 

designs, because in D4, D7, D10, D13 and D16, the PCM was placed on the indoor 

side of all envelope components and may be moved to outside the PTH for charging 

the PCM with cooling energy from both the sky radiation and low temperature outdoor 

air at nighttime. Based on the simulation results, D10 was identified as the most 

effective design among all the 16 designs, and could result in the highest number of 
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acceptable hours at 90 hours. In the second part, the simulation results based on D10 

demonstrated that increasing PCM’s thickness from 0 mm to 20 mm would have 

noticeable improvements in the thermal environment inside the PTH, but to beyond 

20 mm, would be negligible on further improving indoor thermal environment. Hence, 

the thickness of 20 mm for PCM was recommended as a reference design value for 

future practical applications. 

 

A further numerical study on applying the movable PESS to full-scale disaster-relief 

PTHs located in different climate regions in the northern hemisphere to improve their 

indoor thermal environments in July is reported in Chapter 7. 12 cities in the northern 

hemisphere were selected based on a comprehensive consideration of several factors.  

This further numerical study results demonstrated that for the PTHs located in all the 

12 selected cities in July, all the highest values in the monthly variation ranges in Tin 

were greater than those for Tin’, and all the monthly averaged Tin’ values were smaller 

than all the monthly averaged Tin values. It was further demonstrated that on the hottest 

day in July, in all the 12 cities, both the daily peak and daily averaged Tin’ values were 

smaller than both the daily peak and daily averaged Tin values. These results 

demonstrated that applying the movable PESS to disaster-relief PTHs located in the 

12 cities in July was functional in bringing down the air temperatures inside PTHs. 

Furthermore, following a comprehensive examination of UDH, UDH ’,   and ’ 

values, it was suggested that although applying the movable PESS to disaster-relief 

PTHs in July was functional, for all 12 cities, it was more effective for the following 
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seven cities of Singapore, Miami, Bangkok, Chengdu, Damascus, Hanoi and Urumqi, 

with six of the seven cities located in both tropic and temperate climate regions. 

 

The outcomes of the programmed research work reported in this Thesis have made 

significant contributions to studying the application of PCMs to disaster-relief PTHs 

for improving their indoor thermal environments in summer time. This would help 

provide the occupants living in disaster-relief PTHs where PCMs have been applied 

with more acceptable thermal environments in summer time by using a low-cost and 

effective passive method. The outcomes of the study reported in this thesis may be 

used to guide the future applications of PCM to disaster-relief temporary houses of 

various configurations, and located in different climates. The long-term significance 

for the programmed research work is its contribution to providing thermally 

acceptable temporary houses for disaster victims during a disaster-relief process. 

  



146 

8.2 Proposed further work 

 

A number of future studies, following on the successful completion of the 

programmed research work reported in this Thesis, are proposed as follows: 

 

 Experimental and numerical studies on applying PCMs to disaster-relief PTHs 

for improving their indoor thermal environments in summer time have been 

carried out. The thermal environments inside the disaster-relief PTHs can 

however also be very poor in winter. Therefore, it is suggested that the 

application of PCMs to disaster-relief PTHs for improving their indoor thermal 

environments in winter should be further examined; 

 In the studies reported in this Thesis, only one passive method, i.e., applying 

PCM, was applied to disaster-relief PTHs for improving their indoor thermal 

environments. Other passive methods such as shading and ventilation can also 

influence the thermal environments inside disaster-relief PTHs. Therefore, it 

may become more effective by combining various passive methods; 

 In the studies reported in this Thesis, only air temperature and internal surface 

temperatures of PTHs’ envelopes were considered. Other parameters such as 

air humidity and indoor air quality can also influence the comfort level of 

occupants inside PTHs. Therefore, these parameters should be considered in 

further studies. 
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 In the further numerical studies reported in Chapter 7, only the applications of 

the movable PESS to full-scale disaster-relief PTHs located in different climate 

regions in the northern hemisphere were considered. Therefore, other cities in 

different climate regions in the southern hemisphere should be considered in 

further studies. 
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