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Abstract 

Our work deals with the difficulties which arise at university level in the analysis of the 
operation of simple direct current circuits which includes the concepts of energy and electrical 
current. The final aim of this study is to identify students’ difficulties in learning the concept 
of electromotive force in the context of direct current circuits, which could provide a set of 
guidelines for designing teaching sequences. In order to investigate students’ difficulties in 
understanding, a questionnaire based on an analysis of the theoretical and epistemological 
framework of physics was used. It was administered to first year engineering students from 
Spain, Colombia and Belgium. The results of the study show that students’ difficulties seem 
to be strongly linked to the absence of an analysis of the work carried out on the circuit and its 
energetic balance.  Most university students do not clearly understand the usefulness of 
concepts of potential difference and emf. This leads to the necessity to design tasks and 
problems which provide opportunities to understand an energetic model which involves the 
concepts of potential difference and electromotive force. 

 

1. Introduction 

 Our work deals with the difficulties which arise at university level in the analysis of the 
operation of simple direct current circuits which includes the concepts of energy and electrical 
current. Mulhall et al. (2001) conclude that teachers have problems describing energy 
transformations in a circuit within a coherent framework and admit that they do not have a 
qualitative idea of the concept of potential difference and tend to avoid it in their 
explanations. The final aim of this study is to provide a set of guidelines for designing 
teaching sequences to serve as guidance in teaching the interpretation of energy and proof of 
the movement of charges between two points in a circuit and throughout all the circuit. 

 A set of interrelated reasons has converged in the choice of the topic of electromotive 
force (emf) in the context of Electricity, about the teaching-learning of which there is little 
research (Guisasola et al. 2005). Firstly, this notion is included in Secondary School 
programmes (age 16-18) and first-year engineering and science university courses. Secondly, 
it is a basic prerequisite for explaining the functioning of a direct current circuit and its 
technological applications.  

 There are several studies on students’ understanding of concepts such as potential 
difference and current intensity in electric circuits. Many are based on the experience of 
instructors who have pointed out problems with how this material is typically taught 
(Stocklmayer & Treagust, 1994). Psillos (1998) points out that “In our case, we decided to 
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extend the experimental field to include not only steady states but evolutionary situations as 
well; to commence conceptual modeling by voltage and energy, introducing these concepts as 
primary and not relational ones; to present a hierarchy of models capable of answering 
progressively sophisticated questions”. There have been also some empirical investigations on 
the students’ difficulties on understanding interpretative models of electrical circuits. Those 
developed at university level have principally focused on students’ understanding of the role 
played by potential difference and current intensity (McDermott, 1993). 

 Several textbooks point that to move charges between to points of a conducting wire a 
potential difference must exist between the two points of the wire. One way to generate a 
potential difference is to separate charges of different polarity within a spatial area. In   direct 
current circuits, this is realised by the battery. In this context of simple electrical circuits, the 
emf  is a property that quantifies the energy delivered to the charge unit by the electrical 
generator. A series of  “non-conservative actions” takes place in the battery, through which 
energy is delivered to the charge unit and this energy is quantified by means of the property 
'electromotive force' (Chabay & Sherwood 2002). Therefore, it is the “work done” to produce 
and maintain the electrical current which determines its relevance to the analysis of the 
movement of charges in  a simple continuous current circuit. Whereas the potential difference 
measures the work ‘used up’ by the charges when moving from one point to another in a 
circuit (work carried out by conservative forces), the emf  measures the work carried out by 
the generator to generate a potential difference by separating charges (work carried out by 
non-conservative forces) (Guisasola & Montero 2010) . We incorporated the results of these 
previous studies into our questions for studying students’ difficulties on understanding emf. 

 The present study adds to prior research by examining students’ understanding of the 
concept of emf in Electricity at introductory physics courses for science and engineering 
degrees. Students’ levels of understanding of electromotive force in Electricity are 
investigated. Levels of understanding are described here for two particular phenomena, 
involving transitory movement of charges such as the transitory state before the current 
becomes the same in the whole circuit and stationary state of movement of charges in an 
electrical circuit. We considered simple situations of circuits, because these situations are not 
mathematically complex, which might mask conceptual difficulties. The focus in this study is 
on the description of undergraduate students’ understanding as data on which teachers can 
base their decisions about intervention to coach students learning. The data also indicate ways 
to design teaching sequences and to measure the development of conceptual understanding. 

  
 3. Context of the research and methodology 
 
  To find out what undergraduate students have understood about the concept of emf in 
Electricity, engineering and physics students from Spain, Colombia and Belgium, were given 
a questionnaire after they had studied the subject in class. The research was carried out at the 
University of the Basque Country, at the Pedagogic National University and at the Katholieke 
Universiteit Leuven over the last two years. All first-year students had done, at least, two 
years of physics at high school and they passed the national standard exams in Spain and 
Colombia to come to the University for studying science or engineering. First year Spanish 
students received 3.5 hours of lectures and 2 hours in the laboratory per week for 14 weeks 
(second semester) for electromagnetism. Electrostatic and electrical circuits are taught for 5 or 
6 weeks of this course. In Colombia, there were 3 hours of lectures and 3 hours in the 
laboratory per week for 15 weeks (third semester) for electromagnetism I. Electrostatic and 
electrical circuits are taught for 8 or 9 weeks of this course. In Belgium, students had 4 hours 
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of lecture a week, and 2 hours of recitation (10 weeks).  Lectures were given by experienced 
teachers of the Physics Department.  
 
 The students’ answers of the questions were subjected to rigorous analysis. One 
member of the research team derived a draft set of categories of description for each question, 
based on reading the students’ answers. That researcher then reread the students’ answers and 
made tentative allocations of each answer to one of the draft categories. The other researches 
carried out the latter task indepently. Once the answers were classified, the allocations of 
answers were compared. The original categories were redefined until a consensus was 
reached. When there were disagreements about category description or allocations of answers, 
these were resolved with reference to the answers as the only evidence of students’ 
understanding. The focus was on the students’ understanding, taking the students’ answer as a 
whole, rather than on the occurrence of particular statements corresponding to a specific 
category description. An iterative process was used to produce final descriptions of categories 
that reflected the similarity in understanding among the answers allocated to each category 
and the differences among the categories. 
 
 
4. Experimental design 
 
 We designed four questions to assess the students’ understanding on emf. The first two 
questions dealt with transitory movement of charges in an electric circuit context. These 
questions required students to recognize that the work done by mechanical forces is measured 
by the quantity of electromotive force. The other two questions involved the analysis of direct 
current electric circuits. 

 The questions were given to first-year engineering students at the University of the 
Basque Country (N=64) and at the Katholieke Universiteit Leuven (N=87), and to first-year 
physics students at the Pedagogical National University (N=50). All questions are presented.    

 Q1 & Q2: These questions deal with examples of the use of emf in a context different 
from the electrical circuit (piezoelectric effect - Van de Graaff generator).  Students were 
asked whether the concept of emf is useful in these contexts and to explain what the use is. 
The aim of both questions was to investigate student understanding of the concepts of 
potential difference and emf within a context not explicitly connected to the normal teaching 
of electrical circuits. 

 

 
   

 

 

 

 

 

Q1. If a force is applied on two opposing sides of a quartz crystal, charges are redistributed leading to a 
potential difference. The working of kitchen lighters, producing electrical sparks to start gas combustion, is 
based on this phenomenon. 

   

We want to use this effect as a source of emf. However, a student argues: ‘This effect cannot be considered 
as a source of emf, because the charge separation and potential difference are caused by a mechanical force.’ 

Is the argument valid? If so, explain carefully why. If not, explain the error(s) carefully and correct them. 
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In order to answer correctly, students should know that the mechanical work done on the 
glass sides produces a separation of charges and a potential difference, and this work is 
measured by the electromotive force quantity.  

  

 Students should use the definition of electromotive force to analyse the question. The 
mechanical work done by the Van der Graaff generator for separating charges and producing 
a potential difference is measured by the emf. So it is useful and correct to apply this concept 
for measuring the transference of energy produced in the phenomenon.  

Q3: The third question was connected to the energy balance of an electrical circuit made 
up of a battery, cables and bulbs or resistances.  

 

 

 

 

 

 

 

The correct answer may be explained by using the second Kirchhoff law (conservation of 
energy in the circuit) which is expressed mathematically by the equation ε = ∆V + I r. As there 
is no internal resistance in the battery, ε = ∆V = IR, the equations a) and b) obtain the same 
value, but from this result it cannot be inferred that ε and ∆V are the same concept. In the 
contraire, the electromotive force concept and the potential different concept measure two 
different effects. The electromotive force concept measures the work per unit charge, done by 
non-Coulomb forces in the battery for separating charges and supplying energy to all circuit, 
whereas the potential difference potential concept is related to the work per unit charge done 
by Coulom forces in the external part of the circuit. So the correct answer is the answer b). 

Q3. A resistor R is connected to the terminals of a battery with negligible internal resistance r. Explain 
which of the three options given below describes the circuit's energy balance: a) ∆V = I R; b) ε = I R; c) 
both. 

 

Q2. As you already know, the Van der Graaf generator is a device that, by means of rubbing a rubber belt (in 
zone B), separates charges into two zones of the generator. It accumulates negative charge in the metal sphere 
(zone A) and positive charge in zone B (see diagram).  

When a conducting wire is fitted between zone A and zone B, there is electrical current.  

Is right to apply the electromotive force concept in this phenomenon? Justify your answer.   
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Q4: This question was connected to the energy balance of a circuit made up of a battery, 
cables and bulbs or resistances. The aim of the question is to differentiate between the emf 
and the potential difference in a simple dc circuit.  

 

  In order to explain the electromotive force correctly, students should recognize that the 
potential difference measures the work used up by the charges when moving from one point 
to another in a circuit (work carried out by electrical conservative forces), while the emf 
measures the work carried out by the generator to create a potential difference by separating 
charges (work carried out by non-conservative forces). So, the emf concept is a characteristic 
of the battery and it remains constant if the battery is the same. 

 

5. Results and discussion 
 
 The results obtained in the three samples for the four questions will be presented. In 
the discussion, we will identify some conceptual difficulties which seem common to many 
students. This description of the students’ ideas will concentrate on some persistent specific 
difficulties and the interpretation thereof.   

 The results of the students’ answers to the four questions are shown as percentages in 
table 1. 
 

Q4. If the same battery is connected to different circuits, which quantity remains constant: the potential 
difference between its terminals or the battery’s electromotive force? Explain. 
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CATEGORIES 

Q1 Q2 Q3 Q4 

UPN 
(N=50) 

EHU 
(N=64) 

LESEC 
(N=87) 

UPN 
(N=50) 

EHU 
(N=64) 

LESEC 
(N=87) 

UPN 
(N=50) 

EHU 
(N=64) 

LESEC 
(N=87) 

UPN 
(N=50) 

EHU 
(N=64) 

 

LESEC 
(N=87) 

A. Correct understanding of the meaning 
of emf 
 

6%  6,5% 2% 8% 8% 13% 10% 9,5% 5% 20%  15% 37% 

B. alternative conceptions: 
 
B.1. emf as “force” which works for 
moving charges  
 
B.2. Confusion between emf and 
potential difference  
 
-   Reasoning based on the formula 
- Emf is the same as potential difference 
 
B.3. Oms’ law represents the energy 
balance of entire circuit 
 

 
 

50%  
 
 
 

4%  
 
 
 
 

 

 
 

47% 
 
 
 

15,5% 
 
 
 
 

 

 

8% 
 
 
 

34% 
 
 
 
 
 

 
 

20%  
 
 
 

6% 
 
 
 
 

 

 
 

17%  
 
 
 

26,5%  
 
 
 
 

 

 
 

8%  
 
 
 

11%  
 
 
 
 

 

 
 

8%  
 

 
 

54%  
 

22% 
20% 

 
12% 

 

 
 

2%  
 

 
 

53%  
 

33% 
5% 

 
15%  

 

 
 

12,5%  
 

 
 

57,5%  
 

15,5% 
17% 

 
25%  

 

 
 

14%  
 
 
 

22%  
 
 
 
 
 

 
 

17%  
 
 
 

40% 

 
 

1%  
 
 
 

16% 

C. Incorrect reasoning base on poorly 
assimilated knowledge they have 
remembered  
 
C’. It is not used the concept of emf 
 
C’’ If there is current, there is emf 
 

18% 
 
 

 
 
 

6% 

12,5% 
 
 

 
 
 

4,5% 

31% 
 
 
 
 
 

3% 

20% 
 
 
 

16%  
 

10% 

18,5%  
 
 
 

8%  
 

11%  

12%  
 
 
 

45%  
 
-  

20% 
 
 
 
 
 

16%  11%  26%  14% 20% 

D. No answer/ incoherent 
 

16% 14% 22% 20% 11%  10%  8%  24% 9,5% 18%  14% 26% 

Table 1. Results obtained in the questionnaire in the three universities 





 
 

 7  

 The detailed categories of description are described in what follows. In the category 
“Correct understanding of emf”, the focus is on the role played by the emf as a magnitude 
which measures the work done for reorganising the charges and producing a potential 
difference. Frequently, the electromotive force quantifies non electrical energy, put into play 
to separate charges and give a difference in voltage or non electrical energy which would 
produce variations in a magnetic field. 
 
 In the category B.1 “emf as “force” which works for moving charges”, emf is considered   
as a mechanical force. There is a focus in force concept and students give it the capability to 
do "work" to move charges 
 
 In category B.2 “Confusion between emf and potential difference” the emf is given the 
same properties as the potential difference, which leads to not distinguishing between the role 
played by emf and by potential difference in the context of electrical circuits.  In this way, 
some students state that Ohms’ law describes the energy balance of the entire circuit. 
Sometimes, when there is no electrical circuit, it is considered that there is no emf.  
 
 In the category “incorrect analysis of emf” the focus is on not mentioning the role played 
by emf or using badly memorised definitions. 
 
 As situations are presented in different contexts, it is to be expected that arriving at the 
correct answer becomes more or less complicated for the students depending on the context.  
The description of the categories reflects these differences in the complexity of the 
assignment.  For each question, there are at least three different categories of answers that 
include some type of consideration for the concept of emf and what is shown in table 1. There 
is a category in each question that includes all of the elements that correspond to an expert 
understanding of the concept of emf (category A).  
 
 A minority of students recognizes that emf is the quantity that measures work done by 
the device or the battery to supply electric energy (category A). The major difference between 
the correct answers depends upon the situation presented. In situations involving transitory 
movement of charges (Q1 and Q2) the percentage does not reach ten, while it increases up to 
15-18% in situations involving electric circuits with a continuous flow. This, however, is a 
much lower percentage than what would be expected from students in their first science and 
engineering course after being instructed on the topic. 
 

• Electromotive force as a force that does work or as energy 
 
 Questions Q1 and Q2 were designed to test the students’ thinking on the concept of 
emf in  contexts different from that of the electric circuit with a battery. They were asked 
about the adequacy of analyzing the situation using the concept of emf. A significant number 
of responses associate electromotive force with a force that does work (category B.1). There 
is a minority associating emf with energy or the transformation of energy through the device 
or the battery. The percentage in this category of explanations shrinks to around 10% when 
the context is an electric circuit with a continuous current (questions Q3 and Q4). 
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• Tendency to confuse the electromotive force with potential difference  
 
 Two situations were designed (questions Q3 and Q4) that use a continuous current 
circuit to look into the students’ justification for calculating the energy balance in the circuit.  
The questions cannot be answered without using the concept of emf. In this context, the 
tendency of the majority (category B.2) is to attribute the same characteristics of the concept 
of emf to the concept of potential difference, such that in the context of an electric circuit with 
a continuous current they provide no meaningful distinction between one concept and the 
other. For example, in question Q4 one student affirms, “in this case, talking about potential 
difference or emf is the same, since the reference is to energy it takes to move the electrons through the circuit”.  
In response to the same question another student affirms “If we measure the extremes of the battery 
with a voltmeter we obtain its potential difference, yet at the same time that potential difference is the voltage of 
the battery, as in its electromotive force, since the electromotive force is a potential difference. Therefore, the 
two remain constant (they are same)”. Some students attribute emf properties to potential difference 
and vice versa.  For example “Potential difference remains the same because it is the same with all circuits, 
whereas the emf within the battery must increase in order to take all the circuits to the same potential difference; 
this is reflected in the increase in current that travels through each circuit”.  
 
In every question posed, the confusion between the properties of the concept of emf and those 
of potential difference (see category B.2 from table 1) shows up, although, in order to justify 
both concepts having the same physical meaning, the students use different strategic 
justification:  
 
a) Justification based on the formula that attributes the same physical meaning to two 
different magnitudes that have the same value within a determined situation. The students 
trust more in the quantitative results of the equation than in the logical arguments based on 
facts. For example: “to conserve energy the energy balance of the circuit is determined by ε - I r – IR =0. As 
there is no internal resistance  ε = IR = ∆V. Then the potential difference and the emf are the same to measure 
the energy from the circuit. So the correct option is c)”  
 
b) Overgeneralization between situations with electric circuits and any other situation. Some 
students have the tendency to associate the concept of emf with situations involving an 
electric circuit with a battery and believe that it can only be defined under these conditions. 
For example: “the concept of electromotive force can only be applied in circuits with batteries or electric 
motors”  
 
c) Functional fixation with Ohm’s law. This leads the students to exclude a qualitative 
analysis to a problem that justifies the algorithm selected in the resolution. Some students 
considered Ohm’s law to be something applicable not only to the parts with resistance, but to 
the entire circuit, and evaluate the energy balance of the entire circuit.  For example, “Ohm’s 
law represents the energy balance for the circuit. The correct option is c)”. 
 

• The belief that potential difference produces electromotive force 
 
Throughout the entire questioning there is a growing tendency that when dealing with circuits 
with a continuous current, it is assumed that the battery or the Van der Graaff produces a 
potential difference and that this produces the electromotive force. This type of reasoning has 
been included in category C in table 1. Some students incorrectly assert that the battery 
produces a potential difference and that there is consequently an emf. For example, in 
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question Q4 a student explains that “the battery produces potential difference and this stays constant 
because if the circuit varies, the electromotive force varies since this is what does the work of delivering 
charges”.  
 
 Students’ difficulties seem to be strongly linked to the absence of an analysis of the 
work carried out on the circuit and its energetic balance. In this regard, most students still do 
not clearly understand the usefulness of concepts of potential difference and emf, not in 
situations involving transitory movement of charges and not in continuous movement.  In all 
cases, we found evidence of a principal difficulty: the mistake of associating the concept of 
electromotive force with the quantity that measures the work done to supply energy to the 
entire circuit, both the exterior and the interior of the battery. 
 
 Those difficulties identified have direct implications for  teaching.  For example, much 
of the students’ difficulties in analyzing the role of emf is because they see it as a ‘force’ or an 
‘energy’ that drives charges through the conductor cable. Lack of an adequate meaning for the 
concept of emf drives many students to confuse it with the concept of electric potential. Often 
the students attribute properties from the concept of potential difference to the concept of 
electromotive force and vice versa. Similarly, in situations with electric circuits with a 
continuous flow, to calculate the balance of energy in the entire circuit the students make a 
overgeneralization applying Ohm’s law to parts of the circuit with resistance.    
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