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Abstract 

This research was conducted to investigate students‟ understanding of fundamental thermal 

concepts in everyday contexts. The 19 multiple-choice items in the questionnaire used in this 

study required written justifications for students‟ choice of responses. The items involving 

fundamental thermal concepts about heat, temperature, heat transfer and conduction were 

based on a previously developed questionnaire and from students‟ alternative conceptions 

derived from the research literature. The items which were entirely based on everyday 

contexts with scientific terminology avoided were administered to 80 Year 11 Singapore 

students.  Four or five students from each class were interviewed in order to obtain additional 

information about their conceptual understanding and to probe the reasons they gave. 

Analysis of students‟ responses revealed several alternative conceptions of thermal concepts. 

Also, even though they held several acceptable scientific conceptions, many students had 

difficulties in applying thermal concepts in everyday contexts. The findings imply that 

classroom teaching needs to provide opportunities for students to make connections between 

scientific concepts and everyday contexts and to develop teaching strategies to help students 

better understand the related science concepts.  
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Fundamental thermal concepts: An evaluation of Year 11 students’ 

conceptual understanding in everyday contexts 
 

Introduction 

 

Over the last three decades, studies have revealed and proposed reasons for the 

existence and resilience of children‟s and adolescents‟ naïve understandings about the 

physical world (Duit, 2009; Osborne & Freyberg, 1985). Despite the diversity of these naïve 

understandings and theories, different researchers have repeatedly reported similar results and 

patterns across age groups. It is also generally agreed that traditional instruction that does not 

take into account the existing beliefs of students is largely ineffective in changing their naïve 

ideas. Many students leave school (and even university) with their naive physics 

understandings unchanged or existing alongside more accepted scientific views (Meltzer, 

2004; Vosniadou, 1994; White & Gunstone, 1989). 

Previous studies involving learners enrolled in a university bridging program have 

indicated that students experienced difficulties in making connections between scientific 

concepts and their everyday life experiences (Chu, Treagust, & Chandrasegaran, 2008a).  

Also, students could not apply scientific concepts in different contexts even though the same 

scientific concepts were involved (Chu, Treagust, & Chandrasegaran, 2008b). It is important 

to elucidate what kinds of students‟ conceptual misunderstandings prevent them from 

applying the same scientific concepts in different everyday contexts.  This approach is 

considered relevant in view of the growing emphasis in several science curricula on the 

relevance of contextualized science in elementary and secondary school levels.  

The 26 multiple choice item Thermal Conceptual Evaluation (TCE) was developed (Yeo & 

Zadnik, 2001) and used by different researchers to assess the extent to which students have 

attained scientifically acceptable understandings about basic thermal concepts like heat, 
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temperature, heat conduction and phase changes. Mustafa (2006) used the TCE as a pre-test 

and post-test to investigate the effectiveness of a cognitive conflict-based physics instruction 

over traditionally designed physics instruction on primary school teachers‟ understanding of 

thermal physics. However, Chu et al. (2008) were unable to find out what kinds of detailed 

misconceptions and factors hinder students‟ conceptual understanding of thermal concepts 

because the TCE contains typical multiple choice items. So in this study, 17 of the TCE items 

were modified requiring students to provide reasons for their choice of responses and the 

instrument was renamed the Thermal Conceptual Questionnaire (TCQ). 

 

Purpose of the study 

 

This study was conducted to investigate (1) students‟ alternative conceptions about 

thermal concepts (2) the factors that hinder students‟ conceptual understanding and their 

ability to apply the same thermal physics concepts in different contexts.  

Methods 

Participants 

Eighty-six first year junior college students in Singapore participated in this research. 

They were studying physics and had previously achieved O-level physics scores ranging from 

A1 – B3.   Thermal physics concepts taught in first year junior college include heat capacity 

and the microscopic view of thermodynamics, as well as molecular motion caused by heat 

energy.  

Questionnaire 

Thermal Conceptual Questionnaire (TCQ) 

The 19 multiple choice items in the questionnaire used in this study required written 

justifications for the students‟ choice of responses. Seventeen of the items were based on a 
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previously developed questionnaire by Yeo and Zadnik (2001) and two items were based on 

concept cartoons developed by Naylor and Keogh (2002). The items were based on everyday 

contexts and avoided the use of scientific terminology. Figure 1 shows an example of one of 

these items. 

The items were categorised into four conceptual groups namely, (1) heat transfer and 

temperature changes, (2) boiling, (3) heat conductivity and equilibrium, and (4) melting (see 

Table 1). The Cronbach‟s alpha reliability for the multiple choice items was 0.70. When both 

students‟ correct multiple choice responses and justifications were taken into account, the 

reliability increased to 0.80.  

12. Jan announces that she does not like sitting on the metal chairs in the room because “They 
are colder than the plastic ones.”   
 

a) Jim agrees and says: “They are colder because the temperature of the metal is lower than 
that of plastic.” 

b) Kip says: “They are not colder, they are at the same temperature.” 

c) Lou says: “They are not colder; the metal ones just feel colder because they are heavier.”  

d) Mai says: “They are colder because metal has less heat to lose than plastic.” 

 
      Who do you think is right? 

 

      The reason for my answer is:  

 
 

 

 

Figure1. An example of Thermal Conceptual Questionnaire (TCQ) 

 

Data analysis 

First level of analysis:  students’ correct responses  

Students‟ correct and incorrect responses were coded 1 and 0, respectively for the 

multiple choice items as well as when their justifications were taken into account. This 

analysis will provide percentages of students‟ correct responses to each of the 19 items 

separately, as well as in the four conceptual groups.  
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Second level of analysis: Identifying students’ alternative conceptions 

Students‟ justifications for the choice of correct responses have been identified based 

on prior research findings (see Table 2). These categories enabled us to identify the 

alternative conceptions that were held by students who were involved in this study.     

Table 1. Description of items in the four conceptual groups 
No. Conceptual 

group 

 Item 

no. 

 Item description 

 

1 Heat transfer 

and temperature 

changes  

 

 10  Comparing the temperature of a cold can of 

coke with the temperature of the bench top 

beneath the can 

13  Comparing magnitude of „coldness‟ resulting 

from a temperature decrease announced in a 

weather forecast 

14  Comparing  the temperature of  our skin and 

the sweat lying on our skin    

15  Predicting room temperature based on cooling 

effect of bottles wrapped with wet and dry 

washcloths 

16  Finding the direction of heat energy transfer 

18  Wearing a coat in cold weather 

2 Boiling  

 

 1  Predicting the initial temperature of boiling 

water 

2  Predicting the temperature of continuously 

boiling water 

3  Predicting the temperature of steam in contact 

with boiling water 

 6  Preparing tea at high altitude 

 7  Cooking of soup in a pressure cooker 

3 Heat 

conductivity 

and equilibrium 

 9  Comparing  the temperature of a plastic coke 

bottle with the temperature of the drink in the 

plastic bottle  

12  Comparing the „warmness‟ and coldness‟ of  

plastic and metal  

11  Comparing temperatures of the wooden and ice 

parts of an icy-pole 

19  Measuring  the temperature of dolls wrapped in 

blankets 

4 Melting and 

freezing 

 1  Predicting the temperature of ice water when 

ice cubes have stopped melting 

2  Predicting the temperature of ice water when 

ice cubes have stopped melting 
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Table 2. Previous studies on thermal concepts related to this study 
Identified alternative 

conceptions 

Students‟ age Research method Authors 

Heat 
There are two types of heat; 

hot heat and cold heat 

Heat is a material substance 

like a wave that rises from the 

road 

 

Heat and temperature are the 

same thing 

Heat is not energy 

 

 

12 year-olds 

 

 

 

 

16-19 year-

olds 

 

 

Informal 

interviews 

followed by in-

depth interviews 

 

 

Multiple-choice 

questionnaire 

 

 

Erickson 

(1979) 

 

 

 

 

Yeo and 

Zadnik (2001) 

Temperature 
Temperature is an extensive 

quantity 

 

 

 

 

Temperature of boiling water 

can exceed 100
o
C during 

boiling 

 

Temperature is a measure of 

heat 

 

12 year-olds 

 

 

4-11 year-

olds 

 

12-15 year-

olds 

 

 

15-16 year-

olds 

 

Informal 

interviews 

followed by in-

depth interviews 

Interviews 

 

Interviews 

 

 

 

Clinical 

interviews 

 

Erickson 

(1979) 

 

 

Paik, Cho and 

Go (2007) 

Andersson 

(1980) 

 

 

Kesidou and 

Duit  (1993) 

Boiling 
The matter inside  bubbles of 

boiling water is water, water 

vapour, heat, air, smoke, 

oxygen or carbon dioxide 

 

6-12 year-

olds 

 

Open-ended oral 

individual tests 

Open-ended 

written tests 

Multiple-choice 

tests 

 

Bar and Travis 

(1991) 

Thermal Insulation 
Metals attract, hold or store 

heat and cold 

Wool warms things up 

 

12-14 year-

olds 

Adults(19-45 

years) 

Scientists 

 

Interviews 

 

Lewis and 

Linn (1994) 

Thermal Equilibrium 
The temperature of different 

objects is different even 

though they have been placed 

in the same environment over 

an extended period of time 

 

15 year-olds 

 

17 year-olds 

 

12-14 year-

olds 

Adults (19-

45 years) 

Scientists 

 

4-11 year-

olds 

 

Interview about 

tasks 

 

Inquiry method 

 

Clinical 

interviews 

 

 

 

 

Interviews 

 

Clough and 

Driver (1986) 

Harrison et al. 

(1999) 

Lewis and 

Linn (1994) 

 

 

 

Seoung et at. 

(2007) 
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Results 

 

Item analysis - First level of analysis:  students’ correct answers 

  As previously mentioned, students‟ correct and incorrect responses were coded 1 and 

0, respectively for the multiple choice items as well as when their justifications were taken 

into account. Table 3 shows the percentage of students‟ correct responses to the multiple 

choice items as well as when their justifications were taken into account in the four 

conceptual categories.  

 

Table 3.  Percentage of students correct responses to the multiple choice items as well as 

when their justifications were taken into account in the four conceptual groups (N=86) 

Conceptual group Multiple choice 

items 

Multiple choice and 

open-ended 

justification 

1.Heat 

transfer  

-Temperature change           26-92 14-84 

-Cooling process and 

temperature changes 

14-48 8-37 

2.Boiling -Boiling water 38-62 2-27 

-Boiling under high/low 

pressures  

47-78 44-50 

3.Heat conductivity and equilibrium  48-74 37-64 

4.Melting  48-69 36-63 

 

 In most instances the percentage of students‟ correct responses to the multiple choice 

items were higher than when their correct justifications were considered. In particular, the 

boiling concept group showed the biggest differences between the percentages of correct 

answers for the two sub-categories, boiling water and boiling under high/low pressures. For 

example, Item 1 solicited the temperature of boiling water in a kettle. While 38% of students 

chose 98°C, only 2% of students provided the correct justification that the boiling point of 

Page 504



                                                     AN EVAUATION OF STUDENTS’ CONCEPTUAL UNDERSATNDING 

 

water was 100
o
C only at sea level and any location above the sea level will have a lower 

pressure.  

The heat transfer conceptual group consisted of two sub-categories, temperature 

changes, and the cooling process and temperature changes. Over 80% of students provided 

the correct response for the temperature change sub-category to both the multiple choice and 

when taking into account the open-ended justification in Items 10, 13 and 16. Only Item 18 

that involved whether or not the snowman wearing a coat would melt showed low correct 

response in the temperature change sub-category (26% for the multiple choice item and 14% 

only 8% when the justification was taken into account). The percentage of students who 

provided correct responses about this cooling process (Item 14) was very low (14% for the 

multiple choice item and only 8% when the justification was taken into account). Students‟ 

correct responses when their justifications were taken into account are summarised in Table 4. 

 

Table 4. Students‟ correct responses to the multiple choice items as well as when their 

justifications were taken into account in the four conceptual groups (N=86) 

 
Conceptual group Item 

no. 

Correct responses Percentage 

of correct 

responses 

1. Heat transfer and temperature 

changes conceptual group 

- Temperature changes 

 

10 

 

 

 

 

When two bodies at different temperatures 

are in contact, heat energy flows from a 

region of higher temperature to a region of 

lower temperature. 

85 

 16 The direction of heat energy transfer is 

always in one direction: from hot to cold 

and never from cold to hot. Coldness then 

cannot be transferred. 

85 

 13 Hotness and coldness are subjective 

quantities. The degree Celsius scale is not 

an absolute temperature scale. 

44 

 18 An insulator delays the rate of heat energy 

transfer from a region of higher temperature 

to a region of lower temperature. So, the 

coat delays the melting process of the 

snowman as heat energy from the 

surroundings takes a longer time to reach 

the snowman 

 

17 
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- Cooling process and 

temperature changes 

14 When sweat evaporates, the sweat needs 

energy to convert it from a liquid state to a 

vapour state. This energy is drawn from the 

skin. Since the skin loses heat energy, the 

skin feels cold. 

77 

 15 The room would have to be quite dry. 

Water evaporates and cools down one 

bottle; the other bottle, it tends towards 

thermal equilibrium, which occurs 26°C. 

37 

2.Boiling conceptual group 

- Boiling water 

1 The most likely temperature of water 

boiling in a kettle is 98
o
C. The boiling point 

of water is 100
o
C only at sea level. Any 

location above the sea level will have a 

lower pressure. 

4 

 2 The boiling point of water remains constant 

during boiling as there is no change in 

pressure. If water is boiling at 98
o
C, then its 

boiling point will remain the same five 

minutes later. 

35 

 3 The temperature of steam is the same as the 

boiling point of water; so the temperature of 

the steam is 98
o
C, at the atmospheric 

pressure of the location. 

19 

- Boiling under high/low 

pressure 

4 Up on the mountain, the pressure is lower 

than at sea level. Since the pressure is lower 

the boiling point is lower as well.   

The lower the pressure, the lower is the 

boiling point. 

The boiling point of water is dependent on 

pressure. 

51 

 5 The greater the pressure, the higher is the 

boiling point. 

The boiling point of water is dependent on 

pressure. 

52 

3. Conductivity and thermal 

equilibrium 

9  Different objects are made from different 

materials and will eventually acquire the 

same temperature if these objects are placed 

in the same environment for an extended 

period of time.  Thermal equilibrium has 

been achieved. 

50 

 11 Different objects made from different 

materials feel different because the rate of 

heat energy transfer is different for different 

materials, although their temperatures are 

the same. 

 

65 

 12 Different objects made from different 

materials feel different because the rate of 

heat energy transfer is different for different 

52 
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materials, although their temperatures are 

the same. 

 

 19 If placed long enough in a certain 

environment, all materials will acquire  the 

same temperature which is the temperature 

of that environment. 

 

41 

4.Melting 6  Ice melts at 0
o
C. During the melting 

process, solid ice and liquid water are 

present at the same time and the 

temperature is constant at 0
o
C during the 

whole melting process.  

 

37 

 7 Since ice is still present in a mixture of ice 

and water, the temperature of the water 

should be the same (thermal equilibrium) as 

the temperature of ice which is at 0
o
C. 

64 

 

 

Second level of analysis: Categorisation of students’ alternative conceptions  

To identify students‟ alternative conceptions in thermal concepts, responses from two  

classes of students (N=41) were analysed. 

 

Heat transfer and temperature changes conceptual group 

Table 5 shows categories that were drawn from students‟ incorrect open-ended 

responses in heat transfer and temperature changes conceptual group. The alternative 

conceptions “heat and cold as the each end of continuum” keep appearing all items in Heat 

Transfer and conceptual group. Also, 70% of students understood heat energy can be 

transferred from one object to the other object easily because of the properties of materials.  

 

Boiling conceptual group 

Table 6 shows the categories that were drawn from students‟ incorrect open-ended 

justifications in boiling conceptual group. Most students believed the boiling point of water is 

always stable (100°C) under standard conditions even though 26% of students showed this 

alternative conceptions in the context of the high mountain. Except two students, student 
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Table 5. Percentage of incorrect students‟ open-ended justifications in categories of the heat 

transfer and temperature changes conceptual group (N=41)                                                        

Categories 
Examples of students‟  

open-ended justifications 

Item number in HT & TC 

 

Item numbers 

In HT during 

Item 

10 

Item 

13 

Item 

16 

Item 

18 

Item 

14 

Item 

15 

Properties of 

material 

-Coat traps heat or air 

-Coat is  a good insulation 

-Wet cloth is a good conductor 

   51  19 

Temperature 

movement 

-Temperature moves from higher 

region to lower legion 

  2 2  7 

Considering 

heat and cold at 

the ends of a 

continuum 

-Cold is transferred 

-Ice cream absorbs & gives out 

heat at the same time 

-Heat energy absorbed from skin 

7 2 2 24 27 53 

Everyday 

observation 

-In the movies, there was no  

difference 

-I saw it in my physics text book 

   2 2  

Evaporation 

cause cooling 

-The evaporation caused   

molecules with less kinetic energy 

to remain 

    12  

Not in 

categories 

-Repeating the multiple choice  

options  

-The answer cannot be understood 

10 10 12 12      12  

Total 17 12 16 91 53 79 

Item number in HT & TC: Item numbers in Heat Transfer and Temperature Changes sub-conceptual group 

Item numbers in HT during CP: Heat Transfer during Cooling Process sub-conceptual group 

 

 

 

could not make connection between the boiling point of water in everyday context and water 

boiling point under atmospheric pressure. Students had more difficulties applying the 

scientific concept in the high pressure context in item 5 (88%) than in the low pressure 

context in Item 4 (50%). 
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Table 6. Percentage of incorrect students‟ open-ended justifications in the categories of 

boiling conceptual group                                                                                                            

(N=41) 

Categories 
Examples of students‟  

open-ended justifications 

Item number in BW 

 

Item numbers 

In B at DP 

Item 

1 

Item 

2 

Item 

3 

Item 

4 

Item 

5 

Always stable Boiling 

point  

-Boiling point is always 100°C 

-Boiling point cannot exceed 100 °C 

-Water does not boil when the pressure is 

lowered  

67 9 15 26  

Presence of impurities -In the water there are impurities 

-The tap water is not pure water  

27 24    

Energy loss - Kinetic energy is decreasing 

- (Thermal) energy loss to  surroundings  

 10 30   

Continuous boiling 

increases/decrease /has 

the same temperature 

-Steam increases temperature 

-Temperature of steam is more than 

boiling point of water 

- Temperature of steam has the same 

temperature of boiling water 

-Cooling effect of evaporation 

 19 18   

 Pressure influenced 

temperature/ boiling point 

-Higher pressure caused higher 

temperature 

-Pressure is lower therefore boiling point 

increase 

-Constant pressure in the pressure cooker 

  

   9 57 

Pressure influenced heat -Pressure affects heat 

-Pressure affects rate of heat 

    16 

Not in categories -Repeating the multiple choice  

options  

-The answer cannot be understood 

2 5 19 15 15 

Total 96 67 82 50 88 

Item numbers in BW: Item numbers in Boiling Water conceptual group 

Item numbers in B at DP: Item numbers in Boiling at Different Pressure 

 

 

Heat conductivity and equilibrium conceptual group 

 

Table 7 shows categories that were drawn from students‟ incorrect open-ended 

justifications in the heat conductivity and equilibrium conceptual group. Students‟ alternative 

conception that “we feel some objects colder than other objects at the same temperature 

because of the properties of materials” kept recurring in items 9, 11, 12 and 19.  In item 17 

about comparing metal and plastic chairs, 70% of students showed these alternative 

conceptions. 
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Table 7. Percentage of incorrect students‟ open-ended justifications in the categories of heat 

conductivity and equilibrium conceptual group                                                       (N=41) 

Categories 
Examples of students‟  

open-ended justifications 

Item 

9 

Item 

11 

Item 

12 

Item 

19 

Heat gained/lost from 

surroundings 

-Heat gained from surroundings  

-Heat lost from surroundings 

7    

Properties of material -Metal is a good conductor 

-Plastic is a good insulator 

-Insulating properties of blanket  

-Heat transferring properties of blanket 

24 18 70 43 

Specific heat capacity -Specific heat capacity of metal is less than 

specific heat capacity of plastic 

5    

Different amounts/volumes -Different amounts of coke results in 

different heat capacity 

2    

Not in categories -Repeating the multiple choice  

options  

-The answer cannot be understood 

2 13   

Total  40 31 70 43 

   

                                                                                     

Melting Conceptual group 

 

Table 8 shows the categories that were drawn from students‟ incorrect open-ended 

justifications in the melting conceptual group. Seventy-four percent of students in Item 8 

suggested that ice melts at higher than 0°C as well as during a phase change (ice to water), 

the temperature can be increased. Items 6 and 7 have context differences in only size of ice, 

but most students‟ could not answer Item 7correctly. 

 

Conclusion and implications 

 

The purpose of this research was to investigate first year junior college students‟ 

understanding of thermal concepts relating to their everyday life experiences and to identify 

alternative conceptions that were held by the students based on a questionnaire (the TCQ) 

that was developed by Yeo and Zadnik (2001) and related research conducted by Chu et al. 

(2008).   
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Table 8. Percentage of incorrect students‟ open-ended responses in the categories of melting 

conceptual group                                                                                                             (N=41) 

 

Categories 
Examples of students‟  

open-ended justifications 

Item 

6 

Item 

7 

Thermal equilibrium  -Ice and water are not in thermal equilibrium 

-Ice and water are in thermal equilibrium at 5°C 

because water cannot be at 0°C 

7  

The temperature when ice stops  

melting  

-When ice stops melting, the temperature must be 

less than 0°C 

-When ice stops melting, the temperature must be 

higher than 0 °C 

-Temperature increases while ice cubes have 

melted  

9 74 

Heat lost to/gained from  

surroundings 

-Heat lost to surroundings 

-Heat gained from surroundings 

9 7 

Heat transfer -Heat has transferred from the water to ice, 

causing minor drop in temperature. They are still 

at around 10°C 

5  

Not in categories -Repeating the multiple choice  

options  

-The answer cannot be understood 

20 10 

Total  50 91 

 

 

However, a different approach was used in the design of the questionnaire and the 

data analysis in this study; initially students‟ open-ended justifications for their responses to 

19 multiple choice items were categorized in four conceptual groups. Alternative conceptions 

from the open-ended justifications were next identified to determine the factors that hindered 

students‟ conceptual understanding and their ability to apply the same thermal physics 

concepts in different contexts.  

Most students had alternative conceptions in basic thermal concepts such as boiling 

concept, heat transfer during cooling process, and melting concept. Students mentioned 

scientific concepts with theoretical definitions in their open-ended justifications but they 

could not make connections with the everyday contexts of the items. For example, students 

knew that evaporation resulted in a cooling process but they could not explain the heat energy 

transfer from the skin to the sweat. Also, students knew that the boiling point of water is 
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measured under standard conditions (1 atmosphere pressure at sea level), but students were 

unable to use this scientific concept in an everyday context. 

The findings of this study have several implications for classroom instruction as well 

as for future research. Opportunities for students to make connections between their 

knowledge have to be provided.  Also, the metacognitive process to make students to think 

about what they know, what they don‟t know and why they don‟t know should be provided 

through these kinds of everyday based test items. This is ongoing research. There will be 

further data analysis of alternative conceptions considering the combination of multiple 

choice options and categories of justifications. 
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