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1. Introduction 
In this report the final version of the educational material developed during this project is presented. 

Especially for the youngest learners, we have taken an explicitly imaginative and narrative approach. 

For a more detailed description and the theoretical background of this approach, the reader is referred 

to D2.3. 

 

2. Deviations 
In general, the final version of the EPDM was prepared and tested in the expected times of the project. 

It should be noted that the COVID-19 pandemics has not allowed to complete the testing in classrooms, 

and has led to a 6 months extension of the project. Considering the new timeline, the preparation of 

the final version of the EPDM has been delivered in time. 

 

3. Development and Validation of the  
Educational Material 

Developing the teaching materials of the toolkit was a joint effort of FCHgo partners, teachers, didactic 

and FCH-tech experts. It started with co-creation workshops in March 2019, at which the stakeholders 

provided a first feedback to the interactive stories, plays and experimental kits envisaged for the FCHgo 

toolkit. For a detailed description of this co-creation phase, the reader is referred to D2.2. 

From September 2019 to February 2020, FCHgo implemented and tested the FCHgo toolkit in 75 

classrooms in project partner countries Denmark, Germany, Italy, Poland and Switzerland. About 1.500 

pupils participated in the FCHgo pilot lessons and learned about (hydrogen) energy with the toolkit’s 

games, experiments, worksheets and PowerPoint presentations. The materials developed being 

suitable for primary and secondary schools alike, different age groups were addressed through the 

FCHgo classroom activities. Italian, Swiss and German partners used the toolkit to introduce pupils 

from age 8 to 12 to the world of energy and hydrogen, whereas Polish and Danish partners worked 

with older pupils from age 13 on. Overall, 17 primary schools and 19 secondary schools hosted the 

FCHgo team. Prior to the classroom activities, teachers received a training by FCHgo partners. In each 

country of the FCHgo partnership, at least one training workshop took place. In total, 82 teachers 

participated and not only got to know the teacher guidelines and the toolkit materials for FCHgo 

lessons, but also learned about the project’s educational concept. Moreover, the feedback they 

provided from their classroom experiences helped FCHgo to review the materials. For a detailed 

description of this co-creation phase, the reader is referred to D3.4. 

Due to COVID-19 health emergency, many schools around Europe closed completely or prohibited us 

from working with teachers and students. Therefore, we founded the “FCHgo at Home” initiative. It 

intends to extend the participation in the FCHgo project also to those who are staying at home with 

their families, to those who are engaged in distance learning or those who are curious to learn about 

hydrogen. “FCHgo at Home” is addressed in particular to all schools that are engaged in distance 
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education with students aged 8 to 18 years, but also minor children (from the age of 8) which are 

supported by at least one adult family member. FCHgo proposes fun activities for everyone to explore 

the ‘energy of hydrogen’ at home. For teenagers even participation to the FCHgo Award from home is 

possible. 

3.1 EPDM Validation Meeting 

On January 12th a validation meeting with experts from didactics and industry was held online. 

Prof. Alberto Melloni (Head of the Department of Education and Humanities, UNIMORE) greeted all 

participants and introduced the meeting. 

Tiziana Altiero (UNIMORE, Project Coordinator) and Michele Cesari (UNIMORE, Project Manager) 

introduced the FCHgo project and coordination activities (WP1). Elisabeth Dumont (Zurich University 

of Applied Sciences) presented the results of WP2 (FCHgo Educational Program Delivery Model 

(EPDM)). Grzegorz Karwasz (Nicolaus Copernicus University in Toruń) presented WP3 (The FCHgo 

EPDM in action). Barbara Grazzini (InEuropa srl) presented WP4 (FCHgo European Award), and Leilah 

Maier (Steinbeis 2i GmbH) presented WP5 (FCHgo Communication and Dissemination). 

After this, the Scientific Advisory Board commented on the educational material. 

Andreas Willert (Deputy Head of department FraunhoferChemnitz) was very impressed both by the 

quantity and also by the quality of the educational material generated during this project. Also, he 

highlighted how we responded to the COVID-19 situation in schools with “FCHgo at Home”. He believes 

it is a good approach to hydrogen and FC-technology and believes the content of our webpage is worth 

to be distributed among teachers and pupils. He also thinks that our approach to interaction with 

schools and teachers is good. The only question he raised is how to lower the barrier for teachers, 

because he believes that teachers are not familiar with online tools and he doubts that teachers go to 

webpage. He suggests that we look into magazines for teachers to promote our educational material. 

Dr. Angus Dickinson (Lead scientist holding responsibility for numerous development programmes 

within Johnson Matthey Fuel Cells) was also impressed both by the quantity and by the quality of the 

educational material generated during this project. He also raised the question how to reach more 

people. In the UK FCH-technology is part of the curriculum. In Germany, one should try to reach the 

ministeries in the different Länder. 

Dr. Federico Giudiceandrea (President of Assoimprenditori Alto Adige, and President at Microtec 
Innovating Wood, Bressanone) was also impressed both by the quantity and by the quality of the 
educational material generated during this project. He believes such projects are of great importance 
to attract young people to STEM and in particular to hydrogen technology. In Italy, there is a great 
need for engineers and technicians. He believes that Europe should go its own way for energy storage 
with hydrogen, because it is clean. 

Prof. Paolo Davoli (in representation for Ing. Stefano Versari, Dirigente Ufficio Scolastico Regionale per 

l’Emilia-Romagna) likes the mix of technology and education in our project. In education, long-term 

issues such as renewable energy are very important. He thinks that our project not only focuses on 

technology, but also on opening students minds for the future. 

Rolando Pedicini (Researcher at CNR, Institute for Advanced Energy and Technologies (ITAE), Manager 

of the Research Module “Hydrogen storage: materials and applications” concerning the Project 
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“Polymeric Electrolyte Fuel Cells (PEFC) and Hydrogen Storage”) thinks that we should emphasise that 

hydrogen is not dangerous and compare it, for example, to methane. 

A panel discussion with our stakeholders took place. Stakeholders:  

 Alessandra Landini (School manager of IC Marconi, Reggio Emilia),  

 Daniela Bergamotti and Arturo Bertoldi (EDUIREN - Agency for education of the local 

provider for energy, Reggio Emilia),  

 Katia Ferrari (Clust-ER Greentech - Emilia Romagna, Cluster manager), 

 Joanna Poźniak, Kasia Wyborska, Malgorzata Kròl-Kasprak, Bartosz Dawidowicz, Leonardo 

Colletti and Chiara Facchetti (Teachers and/or FCHgo experts),  

 Giovanni Cinti (UNIPG, Principal Investigator of the projects: H2020 NET-Tools and Erasmus+ 

HySchools) 

 Massimo Santarelli (POLITO, Principal Investigator of the project H2020 TeacHy). 

Teachers and experts also reported about their experience with our material in their classrooms. For 

details, please see deliverable D3.4. 

A total of 32 attendees were present at the online meeting. 

 

4. The FCHgo Toolkit 
The following pages contain all documents created for the toolkit. All the documents have been 

translated into several languages and are available to the public on our webpage. 

Primary and lower secondary school: 

1) Introduction_to_FCH 

2) Deichmann’s interactive story of a bot running on hydrogen.  

3) Teacher's_Guide_G3-4 

4) Teacher's_Guide_G5-6 

5) Teacher's_Guide_G7-8 

6) Apple_Story 

7) Apple_Story_Analysis_for_Teachers 

8) Role_Play_Guide 

9) Teacher_Toy_Guide 

10) Toy_Work_Sheet 

11) Carrier_Card_Game 

12) Carrier_Card_Games_Teacher 

13) Project_Evaluation_Form 

14) Perpetuum_Mobile (video) 

15) 01_Lab_10_14_Teachers_Guide_ENGLISH 

16) 02_Lab_10_14_cards_forces_of_nature 

17) 03_Lab_10_14_poster_forces_of_nature 

18) 04_Lab_10_14_potato_battery_guide 

19) 05_Lab_10_14_potato_battery_worksheet 

20) 06_Lab_10_14_solar_cell_guide 
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21) 07_Lab_10_14_solar_cell_worksheet 

22) 08_Lab_10_14_Jahre_fuel_cell_guide 

23) 09_Lab_10_14_fuel_cell_worksheet 

24) FuchsDumontCorni_UNIMORE_2019 

Upper Secondary School 

1) Introduction_to_FCH 

2) Deichmann’s interactive story of a bot running on hydrogen.  

3) Teacher's_Guide_13_17 

4) Perpetuum_Mobile (video) 

5) Electrolysis_Experiment 

6) Volta's_Batteries_Experiment 

7) FCH_Model_Car_and_Energy_Carriers 

8) Climate_Change (ppt) 

9) Climate_Change_Lesson_Form 

10) Alternative_Energies (ppt) 

11) Alternative_Energy_Lesson_Form 

12) Volta's_Pile_and_Electrochemistry (ppt) 

13) Volta's_Pile_and_Electrochemistry_Lesson_Form 

14) Hydrogen_Fuel_Cells (ppt) 

15) Hydrogen_Fuel_Cells_Lesson_Form 

16) Energy 

17) FCH_Thesaurus_Exp 

18) Videos 

a. How fuel cells work  

b. Climate Change  

c. Alternative Energies  

d. Volta’s Pile  

e. Hydrogen Fuel Cells 
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Hydrogen and Fuel Cells — How, 
What for, and Why? 

Hans U. Fuchs, 2019 

 

 

Dear Reader, 

this is a fairly non-technical text for all of us who are not engineers or scientists. 

It outlines some background of hydrogen and fuel cell technology. Some more 

technical themes have been included, though, which have been moved into 

boxes marked by the label 

  T  

So, maybe, on a first reading, you might like to just follow the main lines of the 

description and explanation, leave out these boxes, and come back to them 

later, if at all… 

 

 

 

 

Hydrogen as a fuel, and fuel cells for empowering electricity through hydrogen, might one day 

replace our current fuels and ways of making energy available. At least three questions are 

raised by this prospect: How does such a system work, what would we use hydrogen and fuel 

cells for precisely, and why would we want to embark on a new technology if the old one has 

served us well, and might continue to serve us for a long time to come? 

 

Arguments in favor of FCH-Technology 

1. Hydrogen can be a renewable fuel. 

2. Burning hydrogen, or using it in fuel cells, only produces water. 

3. Hydrogen working in fuel cells is potentially highly efficient. 

 

There are at least three arguments in favor of Fuel Cell and Hydrogen Technology (FCH-T): 

1. The fuels currently used are mostly non-renewable. Coal, oil, and natural gas have 

been laid down in the Earth’s crust a very long time ago, and once used up, they won’t 

come back. 
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2. Burning the usual fuels creates substances that harm the environment in several ways. 

For example, they pollute the air we breathe and the water we drink. Most 

importantly, carbon dioxide produced by burning coal, oil, and natural gas is making 

our planet warmer at a rate that will not be acceptable to future generations—and 

should not be acceptable to us. 

3. From a physical and technical viewpoint, burning fuels is wasteful—producing heat is 

not what we should be doing. There are better ways, at least theoretically, from a basic 

scientific and engineering perspective, to use fuels. 

 

Hydrogen 

Physically, hydrogen is a simple substance, like water or air, just not so 

abundant on Earth; It happens to be the main “stuff” our Sun is made out of. 

On Earth, under typical environmental conditions, it appears as a gas, just like 

some other simple gases such as nitrogen, oxygen, and carbon dioxide, which 

are parts of the air. 

Chemically, hydrogen is an element, just like oxygen, or helium, or iron. 

Actually, as a gas on Earth, hydrogen is a compound: its molecules are made 

of two hydrogen atoms. In chemistry, we use the symbol H for the element we 

call hydrogen; therefore, the symbol for hydrogen is H2 (two H-atoms 

combined). 

It can serve as a fuel, meaning it can react in a chemical reaction with oxygen 

and so drive other processes such as heat, or electricity, or motion. In other 

words, it makes energy available to drive those processes. Put still differently, 

hydrogen can be a source of energy, it is an energy storage medium.  

We can also call hydrogen an energy carrier: when we receive hydrogen, it 

brings its energy with it. 

 

FCH-Technology, on the other hand, has the potential to answer to all these concerns. 

Hydrogen can be produced continuously with the help of the Sun. Burning hydrogen or, better 

still, using it in fuel cells, produces water as the “waste product;” there is no carbon involved 

that would lead to the production of carbon dioxide.  

Moreover, using a fuel in a fuel cell means that it is not burned: there is no fire; it is not used 

to produce heat—the energy made available by a fuel can be used to power the electric 

process of a fuel cell (a fuel cell basically works like a battery). 
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Fuel cells 

A fuel cell is a kind of machine. As such, it is not unlike an electric water pump, 

a dynamo, or the combustion engine of a car. Just like all these engines, it is 

made to couple two processes: the first drives a second desired process. In an 

electric water pump, for instance, we make use of the power of electricity to 

drive the flow of water from a lower to a higher place. In a fuel cell, a chemical 

process drives an electrical one. 

 

A fuel cell uses a fuel such as hydrogen or methane, lets it react in a chemical 

reaction, and so powers an electric process. In the most basic type, a fuel cell 

uses hydrogen that reacts with oxygen, which produces water and leads to an 

electric tension that allows electricity to be “pumped” through wires and 

appliances. This is very similar to what a battery does, with the difference that, 

in a fuel cell, the reacting substances are supplied, and the products of the 

reaction are removed continuously. 

 

To be sure, FCH-Technology, in its entirety, would still lead to the production of some harmful 

substances, and producing hydrogen and using it in fuel cells will never be 100% efficient 

despite apparent theoretical promises. However, the product of inefficiency of FCH-T is 

essentially some additional heat. This does not pose additional risks to our planet. 

In the following, we want to discuss the questions posed in the title and describe aspects 

associated with them in some more detail. The second of these (FCH-T: What for) is answered 

quite easily: It is used mostly for the technologies where we use fuels today to make energy 

available. The third question (FCH-T: Why) will take more time to answer. By considering it, 

we will be rewarded with some knowledge of physical and chemical processes and, most 

importantly, with a better understanding of the potential of FCH-T for a sustainable energy 

future. But before we begin answering these questions, we start with the first. 
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FCH-Technology: How? 

A system that gives us hydrogen and uses hydrogen for some purpose, might look as follows 

(see Fig. 1). First, hydrogen needs to be generated. A direct way of doing this is from water. 

Through a chemical reaction, water is transformed into two gases, hydrogen and oxygen; this 

can be achieved with the help of electricity.  

 

Using the Sun’s light for… 

1. driving electricity directly in solar cells; 

2. generating the winds that power wind turbines for electricity; 

3. driving the hydrological cycle giving us hydroelectric power. 

 

If we want the Sun to power electric processes, we can build a photovoltaic solar plant. We 

can also use winds or water flowing at the surface of our planet to drive wind or water turbines 

which then drive electric generators. Since, on Earth, wind and water flows are caused by 

sunlight, the energy of wind and water lastly comes from the Sun as well. 

When we let electricity flow through lightly salted water, the water undergoes a chemical 

reaction that produces hydrogen and oxygen. The process is called electrolysis. Oxygen can be 

let into the atmosphere; hydrogen is collected and stored for any length of time desired. 

When hydrogen is needed, it can be fed into a fuel cell where the chemical reaction that 

produced it in the first place is reversed—water is produced from hydrogen and oxygen which 

might be taken from the air. As a result, the fuel cell can power some device, very much like 

we can operate an electric motor with a battery. 

The device might be a heat pump in a home. Operating the heat pump leads to heat being 

pumped from a place that is relatively cold—such as the ground outside the home—to a 

warmer place—such as water in a hot water tank, or the air inside the home. 
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Figure 1: A fuel-cell-hydrogen system powered by the Sun and used for heating a home. Note the 
hydrogen tanks in the middle of the chain of processes. 

Fig.1 shows just one concrete case of an energy system at the beginning of which stands the 

Sun, and at the end of which we have some phenomena for which we use energy. The 

electricity provided to us by hydrogen used in fuel cells can drive engines in trucks, cars, trains, 

and even ships, light cities, or run refrigerators. 

We can continuously produce hydrogen as long as the Sun shines, store the fuel and move it 

to where it will be needed, and feed it into fuel cells that give us the equivalent of an electric 

generator. In other words, indirectly, the Sun and hydrogen can be used to power most if not 

all of the devices and machines we use in our daily lives. 

 

FCH-Technology: What for? 

Fuel-cell-hydrogen technology (FCH-T) combines two elements that do not necessarily need 

to be combined: use of hydrogen as a fuel and using fuels in fuel cells for powering an electric 

process. However, joining the forces of hydrogen and fuel cells has some important 

advantages. 

 

Hydrogen 

Hydrogen is not just a fuel; it plays an important role as a chemical for producing other 

chemicals and pharmaceuticals as well. But here we are concerned with its role as a fuel. 

Where today we use our traditional fuels such as coal, oil, or natural gas, we can use hydrogen 

in the future. 
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Important large-scale uses of fuels 

4. Heating of buildings and process heat. 

5. Electric power from large-scale power plants. 

6. Transportation (land, water, air). 

 

Fuels are used for quite a number of applications. Three of these stand out: burning fuels for 

heating and process heat in industry; burning fuels in electric power plants; and burning fuels 

in engines for transportation (such as car engines, or diesel engines and gas turbines used in 

trains and ships). In the first case, we make use of heat, in the second we want electricity, in 

the third we produce motion.  

In all three cases, fuels are burned. So, actually, the first thing that happens is that heat is 

produced. For heating purposes, this might be considered to be fine, but even in this 

application, there are better ways of using fuels. In the second and third, we may wonder why 

we have to go through heat in order to arrive at electricity or motion.  

 

Fuel cells 

This is where fuel cells come in. Rather than burning a fuel, a fuel cell uses a fuel to directly 

power an electric process, just like a battery does. Where electricity can be used to power 

other desired processes—especially motion—fuel cells can replace existing technology. Fuel 

cells can be used for transportation, and they can basically replace electric power plants—

because they are themselves power plants. We even could use them for heating by producing 

heat electrically. But that does not only sound like a waste, like running in circles, it is a waste—

we can use electricity to drive heat pumps and get much more heat for a unit of energy than 

if we burned a fuel such as hydrogen or produced heat in an electric heater (by letting 

electricity flow through thin wires that heat up). 

FCH-technology could potentially replace our current use of fuels for heating, electric power, 

and transportation with renewable, cleaner, and more efficient processes. Why this 

technology leads to cleaner and more efficient processes, will now be explored. 

 

FCH-Technology: Why? 

At the very beginning, we gave three main reasons for why we might want to move aspects of 

our use of fuels in the direction of FCH-technology: hydrogen can be produced in renewable 

processes; used as a fuel, it only creates water as a residue; and used in fuel cells, it has the 

potential of creating a more energy efficient infrastructure. 
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This leaves the important question of how FCH-technology is supposed to achieve all these 

goals. Can we understand why hydrogen would be a renewable fuel, why it is potentially clean, 

and why it can be used in a potentially efficient manner?  

In order to answer these questions, we have to delve into some science and engineering. 

Importantly, learning about these aspects does not have to be intimidating—there are ways 

of creating narrative descriptions and explanations that appeal to our every-day experience 

and understanding of the world around us. These narratives use natural language and images 

that need not be formal or otherwise inaccessible to the majority of us. 

 

The chemistry of burning fuels 

Let us start with chemical aspects of the use of fuels. For simplicity, and for concreteness sake, 

let us just consider two fuels: hydrogen and methane. Hydrogen is normally a gas whose 

molecules are composed of two hydrogen atoms. Methane is composed of carbon and 

hydrogen atoms. It is the primary component of natural gas, and it is produced in many 

biological processes (cows “fart” methane!). Methane is also a powerful greenhouse gas; too 

much of it in the atmosphere has a strong warming effect for the planet. 

When a gas such as hydrogen gas or methane is burned, it combines with oxygen normally 

taken from the air. Burning hydrogen gas leads to water. Burning methane yields water and 

carbon dioxide. So, at least potentially, burning hydrogen is “clean” whereas burning methane 

is not. (Note, however, that if we get methane from biogas production, burning it and 

producing carbon dioxide is not a problem: the carbon dioxide was originally from the air taken 

by plants. So, bio-methane is basically carbon-dioxide-neutral.) 

 

 T    Burning hydrogen and methane 

Hydrogen gas is composed of two hydrogen atoms. The symbol H is used for 

hydrogen (atoms), so hydrogen gas is denoted by H2 in chemistry. Oxygen gas 

in air is composed of two Oxygen atoms (O), so it carries the symbol O2. 

Burning hydrogen gas means getting it into a chemical reaction with oxygen 

gas which produces water. Since water is composed of two parts of hydrogen 

and one part of oxygen (H2O), we need to let two units of hydrogen gas react 

with one unit of oxygen gas to produce two units of water: 

2 H2 + 1 O2 —> 2 H2O 

On the other hand, burning methane (CH4, where the symbol C stands for 

carbon) creates water and carbon dioxide (CO2): 

1 CH4 + 2 O2 —> 2 H2O + 1 CO2 
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Here we see the origin of our problem of producing the greenhouse gas carbon 

dioxide: it is an unavoidable by-product of burning hydrocarbon fuels such as 

oil and natural gas. It is produced by burning coal as well. 

 

Things are not that simple, though. When we burn hydrogen in air, we get other by-products 

because air contains not just oxygen (which, together with hydrogen, makes water). 

Specifically, at high temperatures, nitrogen gas in the air combines with oxygen to produce 

nitrogen oxides (such as NO2 and N2O) which pollute the air we breathe. Reacting with the 

light of the Sun, NO2 (nitrogen dioxide) produces ozone (O3) which is an irritant for our lungs 

and for animals and plants. Nitrous oxide (N2O) and ozone are also greenhouse gases. 

These are some of the reasons why we should not simply burn hydrogen; let us call these the 

chemical reasons. Later we shall learn that there is another very important physical reason for 

not burning hydrogen: burning fuels creates heat, and creating heat is never a good solution 

to challenges in energy engineering. Rather, we should use fuels in fuel cells, especially if we 

desire electricity for further applications.  

 

Energy carriers and their tensions 

On our journey to learning about FCH-technology, an important prerequisite for 

understanding aspects of energy engineering is the following: we need to learn and accept 

that what we call light, heat, electricity, or motion are not energy; rather, they are energy 

carriers.  

Actually, it makes sense to use words such as light, heat, electricity, or motion for phenomena 

that encompass a number of aspects—energy is only one of them. Together with fluids (such 

as water and air) and the myriad chemical substances we make use of, light, heat, electricity, 

or motion can be best understood as forces of nature—phenomena endowed with power (see 

the document Forces of Nature and Energy). 

Apart from being associated with energy—through their aspect of being powerful—forces of 

nature are mainly characterized by two more aspects: phenomena can be more or less intense, 

and they can be bigger or smaller—there can be more or less of them (see Fig.2). There are 

intensities of light, heat, electricity, and motion; intensities are visualized as levels, they are 

high or low. Note that differences of intensity produce what we experience as tensions. And 

then there are quantities of light, heat, electricity, and motion. 
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Figure 2: Fluidlike quantities—quantities of fluid, electricity, heat, light, motion, etc.—are visualized 
as the red “stuff” in containers. Their intensities are indicated by the levels of the “stuff” in 

containers. The same quantity can be associated with different levels (left) or twice the same 
quantity can be associated with the same level (right). 

The fact that we see quantities behind physical and chemical phenomena—quantities of fluid, 

of heat or electricity, of motion or substance—can be captured by the image of fluidlike 

quantities (Fig.2). Quantities of electricity, light, fluids, heat, motion, or substance are 

contained in storage elements (heat in a hot stone, motion in a moving stone, electricity in a 

capacitor, water in a jar, etc.), and they can flow into and out of these elements and from 

element to element (Fig.3). 

 

Figure 3: Fluidlike quantities—quantities of fluid, electricity, heat, light, motion, etc.—can be stored 
and they can flow into and out of storage elements or from storage element to element. 

When we study water, this is clear. There can be more or less water, water can be at high or 

low pressure (and pressure differences constitute a tension associated with water flowing or 

being stored). And water can be more powerful or less powerful: we might say that water is 

endowed with more energy or less energy. Actually, as far as energy is concerned, it makes 

sense to see water as an energy carrier; it certainly is not energy. 

It is important to see light, heat, electricity, and motion the same way. They are characterized 

by intensities: brightness, temperature, electric potential, and speed, respectively; and they 

are associated with tensions: differences of brightness, temperature differences, electric 

tension, and differences of speed, respectively. Quantity of light, quantity of heat (caloric), 
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quantity of electricity (charge), and quantity of motion, on the other hand, should be imagined 

as energy carriers (see Fig.4).  

Naturally, substances are energy carriers too; therefore, hydrogen is an energy carrier as well! 

 

Figure 4: Electric heating: Electricity (electric charge) flows in a circle (red closed loop). It carries 
energy it received in the generator (G) to an electric heater (EH) which is simply a long, thin wire. 

There it “unloads” the energy it received. Energy is symbolized as a green “stuff.” When electricity 
receives energy in the generator, a tension is set up. 

Energy: Making it available and using it 

When water flows down a mountain, it can be used to power other processes (see Fig.5). 

Typically, we use it to drive a water turbine which powers an electric generator, which drives 

some electrical device, maybe an electric motor, and so on.  

 

Figure 5: Water falling down in a waterfall can drive a water wheel. We say that, in doing so, water 
powers rotational motion (spin is the technical name for quantity of rotational motion). Water is 

going from a high to a low level. What we do not see that spin is actually going from low intensity to 
high intensity (fast spinning). 

Note what is happening here: there are chains of processes with forces of nature interacting. 

The falling water interacts with the rotational motion of the turbine (see Fig.6), and the force 

of rotational motion interacts with the force of electricity, which interacts with rotational 

motion of the electric motor. The first interaction takes place in the turbine, the second in the 
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generator, and the third in the electric motor. The physical objects—turbine, generator, and 

motor—are called couplers. They couple forces of nature.  

 

Figure 6: Abstract rendering of the interaction of water (as a force of nature) with rotational motion 
(as a different force of nature). The quantity of fluid enters the box (symbolizing a coupler) at high 
level and leaves it at low level. Spin is then “pumped” from low (zero) to high (high spinning speed) 

level. The image is similar to how we have depicted the operation of a fuel cell on page 3. 

In coupling of two processes, the first force is the causal agent whereas the second is caused 

by the first. A good example of this is what happens in an electrically powered water pump. 

Actually, if we used a handpump where we turn a crank, the abstract image of the coupling 

would be simply the reverse of what we have in Fig.6: spin goes from high to low spin-level 

and so drives water uphill (water now goes from a low to a higher level). 

When we think about it, the causing phenomenon is characterized by the quantity of the force 

falling from a higher to a lower level (in the turbine, this is amount of water flowing from high 

to low; in an electric water pump, quantity of electricity, i.e., charge, falls from a high electric 

level to a lower one). The caused or forced phenomenon, on the other hand, is characterized 

by the quantity of the force being pumped from a lower to a higher level (in the turbine, this 

is amount of rotational motion going from low to high rotational speed; in the electric water 

pump, water is pumped). 

 

 T     Interaction of forces of nature in couplers: Process diagrams 

In an ideal electrically powered water pump, two forces of nature interact: 

water and electricity. Electricity is the driving agent, water is driven (it is 

“suffering”). The pump is the coupler. 

When electricity drives another agent in a coupling process, it does so because 

it flows from a high electric level to a lower one. Water, on the other hand, is 



D2.2 – First Version of the Educational Material 
 

Version 2.0 

 

19 
© FCHgo consortium    

Public document 

driven, i.e., pumped, from a lower level (pressure) to a higher one. We can 

depict this little story of interaction in the following process diagram: 

 

Process diagrams are an abstract rendering of our imagery of how forces of 

nature work. We have boxes for couplers, (red) arrows going in and out for 

flows of fluidlike quantities, and (blue) vertical arrows denoting levels or 

intensities. 

If we want to quantify the interaction (coupling) of two forces of nature, we need to think of 

a new quantity. This is energy. We say that the driving or causing process makes energy 

available; the caused or driven process uses energy. The strength of coupling is described by 

how much energy is exchanged from causal agent to caused force every second. This quantity 

is called the power of the process. 

So far, in Figs.2 and 6, we have used a silly symbol, kind of like what we see in comics when 

the artist wants to indicate that “something violent” is happening: a colorful star as a 

metaphor for an “explosion.” In Fig.7, we now use a somewhat more “scientific” symbol, green 

arrows pointing down or up for making energy available (at a certain rate) or for using it, 

respectively. 

 

Figure 7: Abstract rendering of the interaction of water (as a force of nature) with rotational motion 
(as a different force of nature), as in Fig.5. Here, we have replaced the colorful star in the center by 
green arrows denoting rates at which energy is made available and used. In this form, the figure is 
what we call a process diagram of interactions of forces of nature. Such diagrams can be joined to 
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represent chains of processes. Since energy is exchanged in a coupler, we can call couplers energy 
exchangers. 

There are a few noteworthy aspects of depicting the interaction of forces of nature in this 

manner. First, the example we have used here—the interaction of water and rotational 

motion—is assumed to have occurred ideally. This means that all the energy made available 

by falling water has been used by spin going from a low to a high spin-level. We know that this 

is not how things work in nature. We shall come back to this important point—to the 

imperfection of coupling—later on. 

Second, we could represent a system consisting of falling water, spinning turbine, and rotating 

electric generator and “package” it in a single box or coupler as in Fig.6. In this case, we would 

not see the turbine represented any longer. There would be falling water directly powering 

electricity. We are perfectly permitted to do this—science is often the art of choosing how to 

look at reality. If it suits the purpose of making an explanation shorter, this “packaging” is what 

we will do. 

 T     Making energy available and using it: Power of a process 

The actions of making energy available or using available energy can be 

depicted easily in process diagrams. 

 

Vertical fat arrows are used to denote the rate at which energy is made 

available or used. IQ and IV are the symbols for flows of quantity of electricity 

or fluid, respectively; j and p symbolize electric level and pressure, 

respectively. 

 

Energy carriers and chains of processes 

We are not in a position to create descriptions of entire chains of processes—as they occur in 

nature and in engineered system—and so learn the role of energy and energy carriers from 

still another viewpoint. Let us revisit the discussion of “packaging” a system consisting of a 

chain of falling water, spinning turbine, and rotating electric generator. When “packaged” into 
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a single coupler/exchanger, it looks as if water were driving electricity directly. Let us now 

“unpack” this system to show what is going on inside. 

We now have two couplers/exchangers: the water turbine and the generator. The turbine 

couples the flow of water to the transport of spin, and the generator couples the flow of spin 

to the flow of electric charge. 

The description of the turbine takes the form visualized in Fig.6. Water goes from high to low 

level and makes its energy available to drive spin (quantity of rotational motion) from low 

rotational speed (actually from zero, from the ground where the turbine is attached) to high 

rotational speed (of the shaft of the turbine). Obviously, the energy made available must have 

been brought to the turbine by the water: this is the role of water as an energy carrier. 

Spin has “picked up” energy in the coupler. It makes sense to assume that it carries the energy 

from the water turbine to the electric generator attached to it via the shaft. This means that 

we see spin as the energy carrier of rotational motion. Spin and energy will enter the generator 

where the energy is “offloaded,” i.e., made available for the coupling of rotation to electricity. 

In the generator, electric charge goes from low to high electric level. It uses the energy made 

available by the rotational process, and it carries it along on its way to a place where it will 

drive a device, maybe a motor, lights, or an electric heater. In other words, just like water or 

spin, electric charge is an energy carrier. We can depict this idea as in Fig.4. 

 

 T     Energy carriers and energy flows in process diagrams 

When we let a number of devices—natural or technical—work in a chain of 

processes, energy is carried from device to device. Here’s an example of a 

chain going from turbine to electric generator to some electric machine. 

 

Energy does not flow by itself—it must be carried. Carriers can be quantity of 

fluid (water), amount of rotational motion (spin), quantity of electricity (electric 

charge), etc. Most carriers are invisible (quantity of electricity, quantity of heat 

(caloric), spin, quantity of motion…).  
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The energy carriers flow from higher to lower levels or are pumped from lower 

to higher levels inside the devices, then flow at constant levels into or out of 

the devices. All of this is visible in process diagrams like the one above. 

 

From everything we have said about energy carriers and energy, it probably makes sense to 

assume that a carrier carries the more energy the higher its level or intensity. If water flows 

at a higher level toward a water mill, it will carry more energy. If electric charge flows toward 

an electric device at higher electric level (electric tension), it will bring with it more energy. 

 

Hydrogen as energy carrier and agent in chemical reactions 

As we have said before, hydrogen is an energy carrier too. And it is a chemical agent. It can 

carry energy to and from places, it can make energy available when it reacts with oxygen, and 

it can use or pick up energy when it is produced with the help of electricity in the process 

called electrolysis (see page 26). 

Together with oxygen, hydrogen is in tension with water—that’s how hydrogen is powerful, 

and that’s why water is produced when hydrogen and oxygen react. In the reaction, energy is 

made available. The energy made available can be used for producing caloric (quantity of heat) 

when it is burned, or for pumping the electric energy carrier (electric charge)—this happens 

in fuel cells. 

 

 T     Using hydrogen in a fuel cell 

The reaction of hydrogen with oxygen that produces water makes energy 

available. In a fuel cell, the energy made available is used for pumping electric 

charge from a lower to a higher electric level, setting up an electric tension. 
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When hydrogen gas reacts with oxygen gas, the two gases disappear. In their 

place, water appears. As a result of the reaction, charge is pumped. 

 

Note that something is different between processes involving water, electricity, or spin and 

those involving reacting chemicals. In the former case, the energy carriers flow into and out 

of the couplers. The same quantities go in and out. If we look at a fuel cell, we see what 

happens in the latter case: there are different substances flowing in and out. Hydrogen and 

oxygen flow in (Fig.2) and water flows out. In other words, in this particular reaction, hydrogen 

and oxygen disappear and water appears. Hydrogen and oxygen are destroyed, and water is 

produced. 

The tension between the combination of hydrogen and oxygen on the one hand, and water 

on the other hand, is so high that the reverse does not happen spontaneously—water does 

not spontaneously decay into hydrogen and oxygen. In order to get this done, we can let the 

force of electricity help by supplying energy. 

 

Caloric (quantity of heat) as energy carrier and thermal agent 

Heat—or rather, quantity of heat, which used to be called caloric when the science of heat 

was first being developed more than 200 years ago—is an energy carrier. When caloric flows 

from one object to another, it takes energy with it.  

 

 T     Caloric as energy carrier 

When caloric (quantity of heat, the energy carrier in thermal phenomena) 

produced by burning a fuel is used to heat a room, it flows from the burner to 

the room and is stored in the room.  
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Caloric carries the energy that was used to produce it with it into the room; 

there, the energy is stored as well. 

 

We need to distinguish quantity of heat from its intensity. The intensity or level of the carrier 

is temperature; temperature difference is the thermal tension. In Fig.2, caloric would be this 

“red stuff” inside the containers, and temperature, as the intensity of heat, would be the level 

of caloric inside a body where it is stored. 

Another important aspect of thermal processes is the meaning of temperature difference. 

Indeed, we are well equipped to associate bodily experiences with temperature differences: 

they are what we would call thermal tensions. Thermal tensions have a role analogous to 

hydraulic tensions (pressure differences), electric tensions (differences of electric potentials), 

differences of brightness of light, or differences of speed in moving objects. 

 

Temperature 

Temperature simply measures how warm something is. Metaphorically 

speaking, temperature is the thermal level—it is high or low—and 

temperature differences are level differences or tensions. Thermal tensions 

drive thermal processes or are established by thermal processes. 

 

Like all energy carriers, caloric can flow and it can be stored. When it is inside materials, it 

makes them warm or lets them expand (such as air) or melts or evaporates them (when ice 

turns to water and water to steam). 

Like all energy carriers, caloric can make energy available (for other things to happen) when it 

flows from high to low, from a warm place to a cold place. Like all energy carriers, it can be 

pumped from low to high (cold to warm) when energy is available—this happens in heat 

pumps.  

The former phenomenon explains how heat engines work. Sadi Carnot likened the operation 

of a steam engine to that of a waterfall driving a water wheel (1824; see Fig.8). This analogy is 

apt and useful. As Carnot put it: 

According to established principles at the present time, we can compare 

with sufficient accuracy the motive power of heat to that of a fall of water 

… . The motive power of a fall of water depends on its height and on the 

quantity of the liquid; the motive power of heat depends also on the 

quantity of caloric used, and on what may be termed, on what in fact we 
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will call, the height of its fall, that is to say, the difference of temperature of 

the bodies between which the exchange of caloric is made. In the fall of 

water the motive power is exactly proportional to the difference of level 

between the higher and lower reservoirs. In the fall of caloric the motive 

power undoubtedly increases with the difference of temperature between 

the warm and the cold bodies; but we do not know whether it is 

proportional to this difference. 

 

Figure 8: Sadi Carnot’s waterfall image of the operation of a heat engine. Caloric is produced in a 
furnace, appearing at high temperature. With the help of steam, it is then transported to a cold 

place—the cooler—where the caloric is emitted into the environment. In the fall of caloric through a 
thermal tension, energy is made available.  

 

 T     Caloric drives engines and can be pumped 

When caloric falls from a hot to a cold place, it makes energy available that is 

used to drive or power another process. This is the basic principle of heat 

engines. We get an ideal heat engine if all the energy made available is used 

for driving the desired process (typically mechanical or electric). 

Caloric
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T
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Alternatively, if energy has been made available, caloric can be pumped. This 

happens in heat pumps and refrigerators: caloric is moved from a cold place to 

a warm place. Heat pumps are used to heat materials, refrigerators are built 

to create a cold space in a warm environment. 

 

 T     Temperature and absolute temperatures 

If we want to understand what is said about heat engines (steam engines, gas 

turbines, combustion engines in cars) or heat pumps, we need to know about 

how to specify temperatures. Temperatures should always be considered in 

the absolute Kelvin scale. There is a point below which temperatures cannot 

go: it lies at – 273°C and is given a value of 0 K (zero Kelvin). 

The freezing point of water is 273 K, room temperature is roughly 300 K, water 

boils at roughly 370 K, copper melts at 1360 K, steel at 1780 K, and our Sun’s 

surface temperature is about 6000 K. A typical nuclear power plant runs 

between temperatures of 600 K in the reactor and 300 K in the environment. 

How heat is related to energy depends upon the absolute temperature at 

which a phenomenon takes place. That is why we need to know the Kelvin 

scale when considering thermal processes for energy engineering. 

 

Why we cannot use all energy when we burn a fuel 

Unlike most energy carriers, but like chemicals, caloric can be produced. When we rub hands, 

when electricity flows through a wire, when water or oil flow through pipes, when tires rub 

on asphalt, when fuels burn, and when sunlight is absorbed by materials, caloric is produced.  

Very importantly, producing caloric always takes energy: a prior process must have made 

energy available. This is the answer to the question why we cannot use all the energy for 
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driving engines when we burn a fuel. So, let us take a closer look at what it means when we 

produce caloric. 

We have already spoken of a case where caloric is produced—burning of hydrogen. To 

understand better what this means, consider an electric heater. This is a simple device where 

electric charge is let flow through wires that get hot and emit heat to a room or to water to 

be heated.  

When electric charge flows through a conduit, it flows from a high electric level to a lower 

level. Before it can do so, it must have been pumped to a higher level by a generator, solar 

cells, a battery, or a fuel cell, all of which establish electric tensions. As a consequence of 

“pumping,” electric charge picks up energy. This energy will be made available again when 

charge flows through a wire, driven by the electric tension along the conduit (see Fig.4). 

Processes that produce caloric 

1. Burning fuels. 

2. Letting electric charge flow through wires. 

3. Rubbing; all mechanical processes where friction occurs. 

4. Absorbing sunlight. 

5. Fluids flowing through pipes. 

6. Mixing materials; mixing fluids at different temperatures. 

7. Conducting caloric through materials in heat transfer. 

 

The energy made available can often be used for some very useful purpose such as powering 

motion. When charge flows through a wire, though, all that happens is that the available 

energy powers a process of producing caloric. 

The caloric produced in the wire makes the wire hot which leads to the caloric to be emitted 

to the environment. On its way, it takes the energy used for producing it along to the 

environment. This means that if we produce caloric, the caloric must always end up in the 

environment, at least in the end, and then it takes a certain amount of energy with it. This 

amount of energy is said to be lost. 

 

 T     Producing caloric 

Caloric can be produced if energy has been made available. Often, this 

happens as an unwanted by-product of desired processes (as in a real pump). 
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So, what happens when we burn a fuel? Basically, from the viewpoint of caloric, it is all the 

same as when electricity flows through a wire. The energy made available by the reaction is 

used almost exclusively for producing caloric (some will be used to expand the air in the 

flame). If so desired, and designed, the caloric can drive motion in a heat engine. 

Again, even if we make use of the caloric that was produced for heating of a room, in the end 

the caloric must flow into the environment, taking with it its energy that will be lost to further 

use. Remember, we had to pay for the production of caloric with energy that might have been 

used more wisely. 

The meaning of loss becomes even clearer if we consider the case where we burn a fuel in 

order to drive a heat engine. We produce caloric at a more or less high temperature. The 

caloric is then used to power motion or electricity. This means that the caloric coming from 

the burner at this more or less high temperature falls through the engine to a lower 

temperature which we can assume to be the temperature of the environment. The caloric is 

then emitted to the environment at this lower temperature. 

The caloric coming from the burner brings some energy with it. When it falls to the lower 

temperature, some of the energy is made available for driving the engine. The energy made 

available is then used by the desired process powered by the engine.  

 

 T     Burning hydrogen to produce water and caloric (quantity of heat) 

The reaction of hydrogen with oxygen that produces water can happen 

through burning. If this is the case, heat is produced with the help of the energy 

made available by the reaction. 
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When hydrogen gas reacts with oxygen gas, the two gases disappear. In their 

place, water appears. Moreover, quantity of heat (called caloric) appears—it 

is produced just like water is produced. It then leaves the burner together with 

energy. 

What we are interested in is why this is only “some” of the energy that came from the burner 

in the first place. Remember that the caloric needs to leave the engine and flow into the 

environment through the cooler. Since the temperature of the environment is not absolute 

zero—actually, it is about 300 standard units (300 Kelvin) of temperature above absolute 

zero—caloric flowing into the environment takes energy with which is then lost for further 

use. Caloric flowing at a certain level—at a certain temperature—always takes energy with it; 

the higher the temperature, the more energy is carried.  

So, an answer to why we cannot use all the energy coming from burning fuel has to do with 

the fact that there is an absolute lowest level for temperature—called absolute zero 

temperature—and our environment is well above this level. This means that whenever we, or 

our engines, produce a certain amount of caloric, it will take a certain amount of energy with 

it into the environment after everything is done.  

This loss has nothing to do with the engine not being ideal. Indeed, we have assumed in the 

description that the engine itself works ideally: the energy made available by the fall of caloric 

in the engine is all used by the process that is powered by the engine.  

 

 T     Power and energy flows for an ideal heat engine 

Caloric from a burner enters a heat engine at high temperature T1, falls to T2, 

and then leaves the engine. In the fall, it makes energy available at a rate Pth. 
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The energy made available is all used, so we have Pel = Pth. However, since the 

caloric leaving the engine takes energy with it, the energy carried away by the 

carrier driven by caloric is only the difference of energy carried into and out of 

the engine by caloric: IE3 = IE1 – IE2. 

 

The situation is not unlike what we have with a hydroelectric powerplant in the mountains 

(Fig.9). Imagine water coming to the turbines from the mountains at 1500 m above sea level. 

The power station is at 750 m above sea level. Therefore, the energy made available by the 

water falling from 1500 m to 750 m is proportional to the difference of heights, i.e., to 750 m. 

 

Figure 9: If we count heights in mountains and valleys with respect to sea level, only a part of the 
energy that can be made available by water flowing down the mountains all the way to the sea is 

made available at a power station in a valley halfway to the sea.  

The water leaving the powerplant will eventually end up in the sea. Theoretically, at least, we 

could make use of the fall of water from 750 m to sea level which would make again as much 

energy available as before. If we cannot make use of these circumstances, fifty percent of the 

energy of the water is lost. Again, this loss has nothing to do with whether or not the 
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powerplant is ideal. After all, the plant makes use of one hundred percent of the energy made 

available in the fall of water from the mountains to the valley. 

Finally, we can describe the difference between using hydrogen in an ideal fuel cell and 

burning it and then using it in an ideal heat engine. To make it simple, assume that the ideal 

heat engine drives an ideal electric generator, so the output is electricity just like in the case 

of the ideal fuel cell. 

Take an amount of hydrogen that makes one unit of energy available when reacting with 

water—it does not matter if this happens in a fuel cell or by direct burning. One unit of energy 

is made available in both cases. 

Now, if the hydrogen is used in an ideal fuel cell, one hundred percent of the energy made 

available will be used for pumping electricity—so, the quantity of electricity flowing carries 

with it one hundred percent of the energy of the fuel. 

However, if we first burn the quantity of hydrogen that gives us one unit of energy, and if the 

burning takes place at twice the absolute temperature of the environment (about 600 Kelvin), 

only half of the energy will be made available; the other half will end up in the environment 

along with the caloric produced. In other words, the electricity powered by the ideal heat 

engine plus ideal generator receives only fifty percent of the energy made available by 

hydrogen. 

 

A Fuel-Cell-Hydrogen system 

Let us now discuss a possible FCH system, such as the one sketched in Fig.1, in some detail. 

We know about energy carriers, levels (intensities) and tensions, and energy made available, 

used, and transported by the carriers. For our discussion, the important carriers are light, 

water, electricity, heat, hydrogen, and motion. 

A solar-electric powerplant. A regenerative energy system for FCH-Technology typically starts 

with our Sun. If we desire electricity for producing hydrogen, a direct avenue is 

photovoltaics—solar cells exposed to sunlight, establishing an electric tension that powers the 

following processes. 

 

 T     Solar cells 

Sunlight carries energy that is made available for powering an electric process 

and the production of caloric in solar cells (PV cells). 
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The mechanism of solar cells involving light, electricity, and heat as carriers and agents works 

as follows. Sunlight carries a lot of energy that is made available when the light falls upon, and 

is absorbed by, solar cells (photovoltaic cells or PV cells). The light actually disappears like a 

chemical in reaction, but it leaves its energy behind. The energy made available is used to 

separate positive and negative electricity in the cells and so set up an electric tension. If 

allowed, charge will flow through a circuit such as one that connects an electrolytic cell—

where hydrogen is produced from water—to our PV powerplant. 

This story has left out an important aspect: solar cells are not ideal devices. They only use a 

part of the energy made available by the light that was absorbed by them. The fraction used 

for powering electricity is around twenty percent. The rest of the available energy powers a 

process we would rather not have but cannot keep from happening: production of caloric. 

Usually, the caloric is let directly into the environment where it also dumps the energy it takes 

away with it. 

Hydrogen from water. Now that we have a solar-electric powerplant, we can consider the 

next step on the way of powering some useful process in our homes, in industry, or in 

transportation. We need hydrogen which can be produced from water.  

In order to get hydrogen from water, we need to run the spontaneous reaction that creates 

water from hydrogen and oxygen in the opposite direction—for this we need energy made 

available by electricity. The process that does this is called electrolysis. 

Electrolysis can be demonstrated quite easily in the kitchen. We need a battery, wires, two 

pencil lead electrodes (simply two leads from pencils), wires, a glass of water, salt, and some 

means of fastening wires and lead electrodes. If we place the electrodes in lightly salted water 

and connect them to the two terminals of the battery, we will soon see bubbles rising from 

both electrodes (Fig.10). It turns out that one of the gases appearing is hydrogen, the other 

one is oxygen. We can collect the hydrogen and store it for later use. Naturally, for real-life 

applications we need a large-scale electrolysis plant where this is done professionally and 

there are means of transporting hydrogen to customers. 
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Figure 10: Hydrogen can be produced in the kitchen with the help of a battery, two leads from 
pencils for electrodes, and some salt water.  

Hydrogen in fuel cells—electricity from water. At the place where energy is needed, be it for 

heating, transportation, or other means, we can make use of the power of hydrogen. We now 

know that burning the fuel is not the way to go, not even if we want heat for heating. 

 

 T     Real hydrogen fuel cells 

A real (hydrogen) fuel cell is fed with hydrogen and oxygen. Their reaction 

drives an electric and a thermal process in parallel. 

 

 

In a real fuel cell, like in all real processes, caloric is produced even if we do not necessarily 

want this to happen. If we introduce hydrogen and oxygen to the cell, the substances react 

and make energy available. In a real fuel cell, the available energy is split and powers two 

processes in parallel: electric charge is pumped and caloric is produced. In a home, we could 

make use of both electricity and heat to power typical devices such as lighting and heating. 

Electrically powering a heat pump for heating a home. Assume that, in a home, all we want 

at a certain time is heating. From everything we have discussed so far, it has become clear 
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that we should not burn hydrogen—we should use it in a fuel cell and let the electricity drive 

a heat pump. 

A real heat pump works like a real water pump. Electricity makes energy available. Part of it 

will be used to take caloric from a colder place outside the home to be heated, typically from 

the air outside or from the ground, and pumps it to the desired temperature which might be 

the temperature of the water used for heating the rooms. 

Depending upon the quality of the heat pump and the outside temperature, we might pump 

three to five times as much caloric than we would get by generating it electrically. If we add 

to this the caloric produced by the fuel cell, we might get two to three times as much caloric 

than if we had just burned the hydrogen in a furnace. 

 

 T     Heat pumps 

A real heat pump uses an electric process to pump caloric from a cold to a 

warm place. At the same time, caloric is produced. In this manner we get 

several times as much caloric than if we had produced it electrically or by 

burning a fuel. 

 

 

Why FCH? Why not use the Sun directly? 

The FCH system described here in some detail is quite interesting and, fundamentally, it works. 

But is it the best way to go? The first part of the chain of processes depicted in Fig.1—solar 

photovoltaics to hydrogen—is not very efficient. If PV were about 15 percent efficient, and 

electrolysis of water a little more than 60 percent, the overall efficiency of this part would be 

about 10 percent. If we add the second step and use the hydrogen for electrical purposes, we 

might get an efficiency of only 5 percent, sun to electric outlet in a home. 

If we were to use PV directly for electrical purposes at home, we should achieve an efficiency 

of 10 to 20 percent—much better than the FCH-electrical system. And for heating, it looks 
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even worse. If we want hot water for the household, the efficiency of a thermal hot water 

solar system will easily top 40 percent! 

The point is that efficiency is not all. We need to be able to provide energy for doing what we 

need to do at the right rate, which might mean high power, and at the right time such as at 

night or in Winter in countries that are too far from the equator. Fuels are still unsurpassed 

for delivering energy at high rate and at times when the Sun does not shine strongly enough. 

So, in Summer in a country that can be pretty cold in Winter, we do not need solar-PV-

hydrogen-fuel-cell technology in order to get hot water for a household, and we do not need 

it for getting electricity. However, if we think of other applications such as transportation, and 

of other times where heating requirements are high and the Sun is shy, FCH-technology might 

just be one of the better solutions available to us in the future. 



D2.2 – First Version of the Educational Material 
 

Version 2.0 

 

36 
© FCHgo consortium    

Public document 

 

FCHGO EPDM TRIALS 

TEACHER GUIDE—GENERAL ASPECTS OF A DIDACTIC PATH 
FOR GRADES THREE AND FOUR (PRIMARY SCHOOL) 

 
FCHgo EPDM Team, October – December 2019 
 
 
This is a brief outline of the teaching/learning sequence for a narrative approach to the 
technology of hydrogen fuels and fuel cells for teachers and students of primary and middle 
(lower secondary) school. In its present form, the Teacher Guide is most suitable for Grades 3 
and 4 (there are two more versions of the Teacher Guide, one for Grades 5-6 and one for 
Grades 7-8).  

This document, Teacher Guide – General Aspects, is supplemented by a number of additional 
documents that describe parts of the path in more detail.  

The path outlined in this Teacher Guide is used in our research—it is designed to help produce 
a research-based EPDM. It deals centrally with the role of energy in natural and technical 
systems (see the document 1_Introduction_to_FCH). It starts with the reading of a story and 
continues through working with toys, play-acting of forces of nature, and the production of 
narratives describing FCH systems. 

Additional documents referred to in this guide 

The following documents are guides to particular materials and activities used as part of the 
implementation of the teaching sequence described here. Here are the names of the 
documents referred to: 

1. Introduction_to_FCH (Hydrogen and Fuel Cells—How, 
What for, and Why?) 

2. Apple_Story_Analysis for Teachers 
3. Role_Play_Guide 
4. Teacher_Toy_Guide 
5. Project_Evaluation_Form 

Materials supplied for classroom activities 

Materials for pupils 

1. The Apple Story: A story of sunlight, water, and air producing apples 
2. Toy: Solar hydrogen car 

 

Materials for teachers 

1. Introduction to FCH technology: a document, aimed at teachers, describing the role of 
energy in natural and technical systems 

2. The Apple story – Analysis for Teachers: a document describing how to find metaphors 
and analogies in the Apple Story 

3. Teacher’s Toy Guide: Guide/manual for using and analyzing the structure and the 
function of the solar hydrogen car 
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FCHGO EPDM TRIALS 

TEACHER GUIDE—GENERAL ASPECTS OF A DIDACTIC PATH 
FOR GRADES FIVE AND SIX (PRIMARY TO MIDDLE SCHOOL) 

 
FCHgo EPDM Team, October – December 2019 
 
 
This is a brief outline of the teaching/learning sequence for a narrative approach to the 
technology of hydrogen fuels and fuel cells for teachers and students of primary and middle 
(lower secondary) school. In its present form, the Teacher Guide is most suitable for Grades 5 
and 6 (there are two more versions of the Teacher Guide, one for Grades 3-4 and one for 
Grades 7-8).  

This document, Teacher Guide – General Aspects, is supplemented by a number of additional 
documents that describe parts of the path in more detail.  

The path outlined in this Guide is used in our research—it is designed to help produce a 
research-based EPDM. It deals centrally with the role of energy in natural and technical 
systems (see the document Introduction to FCH technology). It starts with the reading of a 
story and continues through working with toys, play-acting of forces of nature, and the 
production of narratives describing FCH systems. 

Additional documents referred to in this guide 

The following documents are guides to particular materials and activities used as part of the 
implementation of the teaching sequence described here. Here are the names of the 
documents referred to: 

1. Introduction to FCH technology (Hydrogen and Fuel Cells—
How, What for, and Why?) 

2. The Apple Story – Analysis for Teachers 
3. Teacher’s Toy Guide 
4. Toy Work Sheets 
5. Energy Carrier Card Game Rules 
6. Role Play Guide 
7. Project Evaluation Form 

Materials supplied for classroom activities 

Materials for pupils 

1. The Apple Story: A story of sunlight, water, and air producing apples 
2. Energy Carrier Card Game: A card deck symbolizing energy carriers used in energy 

systems card games 
3. Perpetuum Mobile: An animated story (a five-minute long video) of a machine and the 

role of energy in this machine 
4. Toy Work Sheets: Work sheets for analyzing the structure and the function of a toy (the 

work sheets include guides for how to use the toys) 
5. Toys: Rechargeable flashlight, Fuel cell car (and possibly more …) 
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FCHGO EPDM TRIALS 

TEACHER GUIDE—GENERAL ASPECTS OF A DIDACTIC PATH FOR 
GRADES SEVEN AND EIGHT (MIDDLE SCHOOL) 

 
FCHgo EPDM Team, October – December 2019 
 
 
This is a brief outline of the teaching/learning sequence for a narrative approach to the 
technology of hydrogen fuels and fuel cells for teachers and students of primary and middle 
(lower secondary) school. In its present form, the Teacher Guide is most suitable for Grades 7 
and 8 (there are two more versions of the Teacher Guide, one for Grades 3-4 and one for 
Grades 5-6).  

The path outlined in this Guide is used in our research—it is designed to help produce a 
research-based EPDM. 

This document, Teacher Guide – General Aspects, is supplemented by a number of additional 
documents that describe parts of the path in more detail. It deals centrally with the role of 
energy in natural and technical systems (see the document Introduction to FCH technology). It 
starts with the reading of a story and continues through working with toys, play-acting of 
forces of nature, and the production of narratives describing FCH systems. 

Additional documents referred to in this guide 

The following documents are guides to particular materials and activities used as part of the 
implementation of the teaching sequence described here. These are the names of the 
documents referred to: 
 

1. Introduction to FCH technology (Hydrogen and Fuel Cells—
How, What for, and Why?) 

2. The Apple Story – Analysis for Teachers 
3. Teacher’s Toy Guide 
4. Toy Work Sheets 
5. Energy Carrier Card Game Rules 
6. Role Play Guide 
7. Project Evaluation Form 

Materials supplied for classroom activities 

Materials for pupils 

1. The Apple Story: A story of sunlight, water, and air producing apples 
2. Energy Carrier Card Game: A card deck symbolizing energy carriers used in energy 

systems card games 
3. Perpetuum Mobile: An animated story (a five-minute long video) of a machine and the 

role of energy in this machine 
4. Toy Work Sheets: Work sheets for analyzing the structure and the function of a toy (the 

work sheets include guides for how to use the toys) 
5. Toys: Rechargeable flashlight, Fuel cell car (and possibly more …) 



D2.2 – First Version of the Educational Material 
 

Version 2.0 

 

39 
© FCHgo consortium    

Public document 

DEICHMANN’S INTERACTIVE STORY OF A BOT RUNNING ON HYDROGEN. 

(EXCERPTS OF THE STORYBOARD) 
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FCHgo EPDM TRIALS 

 

THE APPLE STORY—ANALYSIS FOR TEACHERS 

 
FCHgo EPDM Team, October – December 2019 
 
The Apple Story offers a narrative introduction to the subjects of food/fuel and energy and 
the concepts necessary for pupils to get an intuitive understanding of the role of fuels in our 
life.  

The story setting is an everyday-life environment, and tells about food and natural 
processes, which are familiar for children of age 8-12. 

During production of the story and the illustrations, the authors have imagined roughly 7 or 
8 year old children hearing the story. For this reason, hydrogen and fuel cells are not 
mentioned explicitly. However, sunlight, fuel producers (leaves), fuels (the food in the 
apples), and “users of fuels” (the children eating the apples) make an appearance an can be 
taken as an analogy to a purely technical system consisting of Sun, PV cells, electrolyzer, 
hydrogen, and fuel cell. 

In particular, the story deals with: 

- forces of nature as agents in natural and technical processes 
- energy as a substance-like quantity carried by the agents representing forces of 

nature 
The story introduces pupils to concepts and keywords used in the following didactical path. 

With this document, the teacher will learn to recognize and apply the concepts presented in 
“Hydrogen and fuel cells – How, what for and why?” This should be achieved by analyzing 
the metaphorical expressions presented in the story. The same metaphors should be 
recognized in the language of children’s discourses and writing when they describe their 
everyday life experiences.  

The aim of this guide is to help identifying the metaphors used when speaking about forces 
of nature and energy, and the analogies we use when comparing forces of nature.  

 

In the guide we present, page by page…  

- the pats of text which the analysis refers to; 
- the analogies between different forces of nature;1 

                                                           
1 Note that an analogy between two subjects is constructed when the same metaphors are used to 

explain the two subjects. An analogy is recognized by the presence of “like” or “such as” etc. Example 

of analogy: The food for the body is like the fuel for the car. The metaphors behind this analogy are: 

FUEL IS A (POWERFUL) SUBSTANCE; FOOD IS A (POWERFUL) SUBSTANCE. Fuel and food allow the machines (car 

and body) to work   
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- the metaphorical expressions and the underlying metaphor(s); 
- [in square brackets] remarks, additional consideration for the teacher, ideas for 

further discussion. 
 

The Apple Story: Text 

 
p.1. Anna is with her parents at the nearby gas station. She comes from the store. Her father 
bought her an apple because she said she was very, very hungry. Her mother smilingly says 
that the fuel she puts in the gas tank of their car is food for the car. Anna eats her apple right 
away to “fuel up” and to “get her engines running.” “It seems your batteries are recharging,” 
said her father. 

 

p.2. At home, Anna sees their big apple tree in the yard. It is early Spring. The tree has 
beautiful new light green leaves. There are still blossoms, and the first tiny apples can be 
seen hanging from the branches.  

It is starting to get darker. Her parents call Anna to dinner. Soon it is time for her to go to 
sleep. As Anna is falling asleep, she thinks that she can hardly wait for the first apples to 
grow and become ripe for her to eat! 

 

p.3. In the Summer months that followed, the tree slowly changed. Its leaves grew denser 
and darker green. Many of the little apples fell from the tree and covered the ground. Those 
that stayed on the branches of the tree grew bigger and bigger. And very slowly, the skin of 
the apples turned a golden red.  

During this time, the Sun shone, it rained, and the wind blew through the branches and 
leaves. Unseen by Anna and her friends who often played in the yard, forces were at work 
changing the tree and making the apples grow. And these forces worked tirelessly, day and 
night, all Summer long. 

 

p.4. Much of the work of these forces was done in the leaves. On warm, sunny days, in the 
dry summer wind that gently blew through the tree, the leaves pushed out a lot of water 
into the air, and the wind carried it away. The water that went away with the wind needed 
to be replaced in the branches and leaves. The tree drew this water up from under ground 
where the roots of the tree reached as deep as they could, like big hands in search of water. 
They took up all the water they could find. 

 

p.5. But some of the water in the leaves had better things to do… The water joined with the 
sunlight striking the leaves and with the air that went through the pores into the leaves.  
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p.6. By joining and blending, they created food. Like ghosts, water, light, and air melted into 
each other and disappeared. In their place, a powerful new agent appeared —FOOD. 

 

p.7. Together, sunlight, air, and water were very powerful. Especially the light from the Sun 
brought plenty of energy with it. As water, air, and light joined, they freed their energy. The 
food took up the energy given to it by the three ghostly substances. It became a powerful 
substance in their place.  

The food kept all its energy until it was needed, until it was used to make the tree grow and 
be strong. And until it was used by people and animals who would eat the fruit of the tree. 

p.8. The food served the tree itself. It made the tree grow stronger… It was also there for the 
seeds in the apples. When an apple fell to the ground, it could produce a new tree from a 
seed…  

And the food was also there for Anna, and her friends, and her parents. It could serve 
anyone who ate the beautiful apples the tree was making. 

 

p.9. Food was continuously produced in the leaves from air, sunlight, and water, all summer 
long. From the leaves it travelled into all parts of the tree and into the growing apples. In the 
apples, the food was stored—it was not used right away. It was there for the future, for Fall, 
for Anna. 

 

p.10. On a beautiful Fall day, Anna is playing in the yard with her friends. They are playing 
long and hard, tirelessly, it seems. They see the tree with its big, red, ripe apples. They go to 
where a branch, heavy with apples, is hanging especially low. They each pick what they think 
is the most beautiful apple. 

But even children can get tired. They eat their apples. Right away they feel their energy 
return. Anna’s mother is looking out from the window and calls to them. “Well, it seems 
your batteries are all charged again!” 
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The Apple Story: Analysis 

 

 

“Her mother smilingly says that the fuel 
she puts in the gas tank is like food for 
the car” 
 
Analogy: 
The food for the body is like the fuel for 
the car. 
Underlying metaphors: 
FUEL AND FOOD ARE BOTH SUBSTANCES. 
THE CAR AND THE BODY ARE BOTH MACHINES 
Other connected metaphors: 
SUBSTANCES ARE ENERGY CARRIERS; THE BODY 

AND THE CAR ARE THE COUPLERS/EXCHANGERS. 
 
[“Anna eats her apple right away to fuel 
up and to “get her engines running.” 
The analogy mentioned above is present 
when Anna feels the effect of the apple 
in her body.] 
 
“’It seems your batteries are 
recharging’, said her father.” 
Metaphor: 
THE BODY IS A CONTAINER OF ENERGY 
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“Her parents call Anna to dinner. Soon is 
time to go to sleep.” 
 
[Anna’s body needs to restore its power 
through food she gets at dinner or 
eating the apples when they are ripe. 
The food restores the energy in the 
body.] 

 



D2.2 – First Version of the Educational Material 
 

Version 2.0 

 

50 
© FCHgo consortium    

Public document 

 

“…the tree slowly… bigger and bigger.” 
[the tree grows like Anna] 
 
“During this time…” 
 
Metaphor: 
SUNLIGHT, RAIN AND WIND ARE FORCES.  
 
[More scientifically the forces of nature 
in this story are light, water and CO2 in 
the air.] 
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“Much of the work of these forces was 
done in the leaves.” 
 
Metaphors: SUNLIGHT, RAIN AND WIND ARE 

FORCES. LEAVES ARE MACHINES OR FACTORIES. 
 
“The water that went away with the 
wind needed to be replaced in the 
branches and leaves.” 
[One of the functions of the leaves is to 
allow evaporation, letting the tree 
absorb new water from the ground. 
This, together with capillarity, is the 
driving force for the circulation of the 
water in the tree.] 
 
 “… the roots of the tree reached as 
deep as they could, like big hands in 
search of water” 
Analogy: Roots are like hands. 
Metaphors: 
ROOTS ARE INSTRUMENTS (THAT CAN REACH AND 

CATCH THINGS). 
HANDS ARE INSTRUMENTS. 
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“But some of the water in the leaves 
had better things to do.” 
 
Metaphor: 
WATER IS AN AGENT (THAT CAN DO THINGS) 
 
[Agents represent forces.] 
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“By joining and blending, they created 
food.” 
 
Metaphor: 
SUNLIGHT, RAIN, WIND, AND FOOD ARE FORCES.  
 
 
“Like ghosts, water, light and air melted 
into each other and disappeared. In 
their place, a powerful new agent 
appeared: food”. 
 
Analogy: 
Water, light and air, and food, are like 
ghosts (agents).  
 
Metaphor:  
GHOSTS, WATER, LIGHT, AIR, AND FOOD ARE 

FORCES. 
 
[Ghosts, like water, air and light, and 
food disappear and appear.] 
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“Together, sunlight, air, and water were 
very powerful. Especially the light from 
the sun brought plenty of energy with it. 
As water, air and light joined, they freed 
their energy.” 
 
Metaphor: 
SUNLIGHT, RAIN AND WIND ARE FORCES.  
 
“Especially…” 
 
Metaphor:  
ENERGY IS A SUBSTANCE AND CAN BE 

CARRIED/STORED 
(energy is carried/stored in air, water, 
light, and food; air water light, and food 
are energy carriers.) 
 
Metaphorical expressions: 
(“…the light from the sun brought plenty 
of energy with it”; “they freed their 
energy the food took up the energy 
carried by the ghostly substances”; “the 
food kept all their energy”.) 
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“The food served… It made…” 
 
Metaphor: 
THE FOOD IS AN AGENT/FORCE. 
 
(“It made the tree grow stronger”; “it 
was also there for the seeds”; “the food 
was also there for Anna and her friends 
and her parents”.) 
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“food was continuously produced…” 
 
Metaphor: 
FOOD IS A SUBSTANCE (THAT CAN BE PRODUCED, 
CAN BE TRANSFERRED, CAN BE STORED) 
 
[Forces/agents/ghosts have a 
“substantial” aspect—there is more or 
less of them, they can be “big” or 
“small”.] 
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“They eat their apples. …” 
 
Metaphor: 
FOOD (APPLE) IS A FORCE. 
 
“’Well, it seems your batteries are all 
recharged again!” (reference to the 
father’s expression in page 1) 
 
Metaphors:  
THE BODY IS A CONTAINER OF ENERGY 
THE BODY IS A GENERATOR FOR ACTIVITY 
 
[In this story, the human body is the 
analog of a fuel cell—it uses fuel to drive 
activities.] 
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FCHgo EPDM TRIALS 

 

ROLE PLAY GUIDE 

 
FCHgo EPDM Team, October – December 2019 
 
 
Our language tells us that we imagine forces of nature interacting in chains of processes as 
being agentive; forces are represented by agents performing their specific tasks while 
carrying and exchanging energy (see, for instance, M. Deichmann: Perpetuum Mobile, 2014). 

 

     

Fig.1: System of PV cells and lamp, and sketch (“story book”) of a play representing processes 
occurring in this system. 

 

This suggest that agents as representatives of forces of nature can be played by people. As 
we act out the roles of such agents, we experience physically what, if they were sentient 
beings, these forces would “experience.” In other words, in our imagination, we can put 
ourselves in these agents’ shoes. The logic inherent in physical interactions with our bodies 
will tell us much about how forces of nature act, what they can and cannot do. 

 

Basic idea 

Take the example of solar photovoltaic cells used to operate a lamp. The forces at work in 
this small system are (sun)light, electricity, light (of the lamp), and heat generated both in 
the cells and in the lamp. A formal process diagram of the system and its processes looks as 
follows: 
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Fig.2: Process diagram of system of PV cells and lamp. 

 

Sunlight flows toward the PV cells; it carries a lot of energy. The light is absorbed 
(disappears), freeing its energy. The energy made available is used to pump electricity (raise 
its level or intensity, and make it flow, like water in a water pump). A large fraction of the 
energy is used to produce heat (an unintended but unavoidable process). Heat and 
electricity flow out of the cells taking their energy with them. 

The electricity that is pumped in the PV cells and flows toward the lamp now flows through 
the lamp where it falls from the high to the low electric level (it “relaxes”). As a 
consequence, it makes the energy it carried with it available in the lamp for the production 
of light and heat (the latter is again unintended). Heat and light are fluidlike quantities that 
are produced in physical and chemical processes. The energy used to produce light and heat 
are carried away together with light and heat leaving the lamp. (For more information on 
process diagrams, see the document Introduction to FCH technology). 

 

Design and performance of a role-play 

The explanatory narrative presented above as an explanation for the PV cells and lamp 
system can be transformed into a role-play. Role playing should represent, by means of 
actors and materials, the processes initiated and undergone by agents and of energy 
exchange and transfer in a chain of couplers and processes such as in a toy.  

Materials needed 

“Materials” needed for role-plays of physical systems include children (as many as possible); 
a space (a “theater stage”) large enough to accommodate the play; ropes and/or colored 
bands to separate out areas on the floor representing couplers/exchangers and paths 
between couplers passed over by children representing agents; and confetti (or rice or small 
gravel; lots of it!); we use confetti to represent amount of energy. 

Designating actors (agents/forces of nature) 

Children will be divided into groups, each group representing a different force of nature 
(sunlight, electricity, light, and heat in the example given above, Fig.1 and Fig.2; sunlight, 
electricity, rotational motion, linear motion, and heat in the example of a solar car, Fig.3 
below). Children in different groups may dress differently in order to distinguish between 
different forces. 
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Preparatory steps: Creating a first narrative 

A system such as a toy needs to be analyzed at the level of elements and forces of nature. 
Even younger children might be able to come up with a list of couplers in a system (such as 
PV cells, motor, wheels, lamps, etc.) and forces at work in such a system. 

Older students may be able to create a narrative description of the function of the system 
similar to one explaining the example given in Fig.2. They might be able to identify activities 
that need to be performed by actors representing a particular force of nature. [To design the 
role play, every group/force should refer to the story assigned and, possibly, to the Toy Work 
Sheets and process diagrams produced in the previous phase of working on the toy.] 

Under the guidance of the teacher (director), actors belonging to a group (to a force of 
nature) create a “story board” describing their role and activities. 

Setting up a play 

Areas representing couplers/exchangers are indicated on the floor, and paths between the 
couplers are laid out. 

A bucket full of confetti (or rice or small gravel) is placed at the start of the play area (in our 
examples, this may be the location of the Sun). 

Children playing sunlight go to the bucket with confetti; children representing electricity line 
up along the return path from the lamp (in the case of the system in Fig.1), the first one just 
inside the space representing the PV cells; children playing light (of the lamp) may be hidden 
under a large blanket near the lamp area—remember, light does not exist yet, it will be 
produced. Children representing heat likewise hide (under a blanket, behind a curtain) near 
the areas representing PV cells and lamp. All children are in a relaxed state (they have not 
yet received energy!). 

The play should be filmed if possible, so it is necessary to identify the main points upon 
which the cameraperson will focus. The film will be edited afterwards. 

Playing the play 

One by one, children representing sunlight pick up a handful of confetti from the bucket, 
transform into a tensed state (possibly by now standing and walking erect, expressing high 
tension in their faces or other demeanor; they are now in a positive emotional state) and 
walk in single file toward the area designated as PV cells. [Sunlight-children should be 
“created” at the surface of the Sun; whether or not we want to represent this process is not 
vitally important.] 
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Fig.3. Draft of the scene of a play for a sola car composed of a solar cell, an electric motor 
and the wheels. The various arrows represent the energy carriers (light, electricity, 
rotational motion, linear motion) acted by the children (the shapes of arrows are indicative 
of the bodily demeanor/movement of the children). In every encounter (in the solar cell, in 
the electric motor and in the wheels) the children hand over confetti which represents 
energy. The pupils that have confetti are in a positive emotional state, while those that do 
not have confetti are in a negative emotional state.  

 

The first sunlight-child meets the first electricity-child inside the PV cell area and hands 
his/her confetti to the electricity child. Some of the confetti will fall on the floor. In the 
process, the sunlight-child relaxes and the electricity child tenses up. The sunlight child 
“disappears” (sunlight is absorbed and destroyed in the PV cell) whereas the electricity-
child walks out of the PV cell area along the path toward the lamp, carrying the confetti it 
could catch. As the play unfolds, the second sunlight-child meets the second electricity-
child, and so on. 

The electricity-children (in a positive emotional state after having obtained 
confetti/energy) walk toward the lamp area. The first electricity-child should be met by a 
first lamp-light-child (coming from under a blanket or from behind a curtain). Confetti is 
handed over but some of it falls on the floor. The electricity-child relaxes and walks back 
along the path toward the PV cell area. The lamp-light-child tenses and walks out of the 
lamp area carrying the confetti it obtained. The processes of electricity-children meeting 
lamp-light-children and exchanging confetti continues. 

The last point concerns the role of the confetti that lands on the floor inside the 
coupler/exchanger areas. The confetti/energy is not lost; it is used to produce heat. This 
can be represented in the play by heat-children that are created (come from under a 
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blanket or behind a curtain) by picking up all the confetti that fell to the floor. They get 
into a tense state and walk out of the coupler areas with confetti in their hands. 

Remarks 

A careful design phase helps to ensure a good performance of the role play. We suggest 
some trial runs of what is happening in each coupler/exchanger. 

 

Debriefing and evaluation 

After the performance (and maybe after watching the film), it is important to discuss and 
analyze the role-play with the participants, focusing on the analogies between the 
representation and the real toy. This phase is of central importance for the evaluation of the 
entire activity. 

Here are some questions for discussion: 

- Which was your role and how did you feel (the physical and emotional “feel” of being an 
agent representing a particular force of nature)? 

- How did the interaction with the other agents proceed? 

- Do you think your role corresponded to what it should represent? Did what happened in 
the play correspond to what happens in the toy? 

- Is the role of energy represented by confetti clear to you now? Do you think that things 
happen differently in the real toy? 

It could be useful to compare different instances of the role-play (of different groups but 
with the same toy) to highlight similarities and differences. 
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FCHGO EPDM TRIALS 

 

TEACHER’S TOY GUIDE 

 
FCHgo EPDM Team, October – December 2019 
 

GENERAL GUIDELINES 

Toys serve an important purpose for investigations carried out by older and more mature 
pupils. They allow direct experience of technical devices where chains of physical and 
chemical processes can be studied “hands-on.” Here are some toys that might be 
investigated: 

1. Dynamo torch 

2. Fuel cell car 

3. Windmill generator 

4. Solar car 

5. Electric car 

The first and second one in this list are described in detail in this Guide. The others are 
suggested for more in-depth studies of the role of energy in technical systems. They are all 
useful for practicing a method of exploring, describing, and discovering energy carriers and 
coupling devices (couplers or energy exchangers). 

[For the concepts used in describing the toys, please refer to the document Introduction to 
FCH technology (Hydrogen and Fuel Cells—How, What for, and Why?)] 

The description of the toys covers both “how it is made” (the parts and their connections) 
and “how it works” (how it works in general and how the parts interact and work together). 

When the components are being described, the pupils are invited to pay close attention.  

In the "how it works" phase, pupils are invited to look into the different ways these toys 
work (specific information for the first two toys are found in the following sections). 

It is important to explicitly emphasize the analogy between the first two toys—the dynamo 
torch and the fuel cell car. This particular analogy can be carried quite far (Tables 6 and 7 
below). 

We suggest starting with explorations in small groups, followed by group comparisons and 
finally, a discussion by the entire class. 

The description of the toys given here has two sections: “How it is made” and “How it 
works.” There are corresponding sections in the Toy Work Sheets given to the pupils.  There 
is a table with the relevant energy carriers and couplers/exchangers (the entries suitable for 
older pupils are in italics), as well as process diagrams. 
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Here, you find a list of important energy carriers (Table 1), with their everyday (common) 
names, their associated potentials or intensities, plus the carriers’ scientific names. We 
suggest using the everyday names for the energy carriers as they are closer to the shared 
language and the experience of the pupils. 

 
 
 
Table 1: Energy Carriers and Potentials 

Carrier (common name) Potential/Intensity Carrier (scientific name) 

Hot water Temperature Entropy/Caloric 

Compressed water Pressure Fluid 

Water in motion Velocity Motion 

Hot air Temperature Entropy/Caloric 

Compressed air  Pressure Fluid 

Air in motion Velocity Motion 

Heat (Caloric) Temperature Entropy/Caloric 

Food Nutritional value/quality 
of food/chemical potential 

Chemical substance 

Fuel Chemical potential Chemical substance 

Hydrogen Chemical potential Chemical substance 

Electricity Electrical potential Electrical charge 

Light Intensity (of light) Light 

Motion Velocity Momentum 

Rotation Angular speed Angular momentum 

Weight Height/Gravitational 
potential 

Gravitational mass 
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DYNAMO TORCH 

How it is made 

The relevant components are: 
- Handle/crank 
- Gears 
- Dynamo 
- Battery 
- LED bulb 

 
How it works 

We can more easily understand how the dynamo torch works if we consider the overall 
process as consisting of two consecutive processes—charging and discharging. During the 
charging process, turning the handle makes the dynamo turn, which charges the battery. 
During the discharging process, the battery lights the LED bulb. 

 

Table 2: Role of the dynamo as coupler during the charging process: 

Input source of energy Person turning the handle 

Input energy carrier Rotation 

High potential of input carrier  High speed of rotation 

Low potential of input carrier Low speed of rotation 

Coupler (energy exchanger) Dynamo 

Output energy carrier Electricity 

Low potential of output carrier Low electrical potential 

High potential of output carrier High electrical potential 

Energy storage element Electrical battery 

 
Table 3: Role of the LED as coupler during the discharging process: 

Storage element (energy source) Electrical battery 

Input energy carrier Electricity 

High potential of input carrier  High potential electricity 

Low potential of input carrier Low potential electricity 

Coupler (energy exchanger) Led bulb 

Output energy carrier Light 

Low potential of output carrier Low intensity light  

High potential of output carrier High intensity light 

 
Energy chart 
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FUEL CELL CAR 

How it is made 

The relevant components are: 

- Photovoltaic panel 
- Hydrogen fuel cell (HFC) 
- Hydrogen and oxygen containers 
- Water container 
- Electrical engine 
- Wheels 

The hydrogen fuel cell is connected with hydrogen and oxygen tanks and with the water 
container by means of hoses. The hydrogen fuel cell will be connected to the photovoltaic 
panel by two electrical wires; it will also be connected to the electrical engine with two 
electrical wires.  

 

How it works 

We can more easily understand how the fuel cell car works if we consider the overall process 
as consisting of two consecutive processes—charging and discharging. The hydrogen fuel 
cell is involved in both steps! 

Charging. When the fuel cell is connected to the solar panel, it separates water into 
hydrogen and oxygen (electrolysis of water) and charges a “chemical accumulator” (two 
tanks containing hydrogen and oxygen, respectively).  

To be more precise, the photovoltaic panel raises the electrical potential of the electricity 
and makes the electricity flow. As the electricity flows from the higher to the lower electric 
level in the HFC, the fuel cell creates hydrogen and oxygen from water. This raises the 
chemical potential of the substances. 

Discharging. When the fuel cell is connected to the engine, the “chemical accumulator” 
discharges, hydrogen and oxygen combine again to form water, and electricity is made to 
flow. In turn, the electricity makes the electrical engine run, which moves the car. 

More precisely, as hydrogen and oxygen flow into the fuel cell and combine to water, the 
chemical potential of the substances is lowered. This raises the electric potential of the 
electricity (creating an electric tension) and makes the electricity flow; this, in turn, allows 
the engine to run. In other words, the hydrogen fuel cell takes advantage of the fall of 
chemical potential to create a difference of electric potential (electric tension!). 
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Table 4: The role of the HFC as coupler during the charging process: 

Input source of energy Photovoltaic panel* 

Input energy carrier Electricity 

High potential of input carrier  High electrical potential 

Low potential of input carrier Low electrical potential 

Coupler (energy exchanger) Hydrogen Fuel Cell 

Output energy carrier Chemical substance 

Low potential of output carrier Low chemical potential: Water (oxygen and 
hydrogen combined)  

High potential of output carrier High chemical potential: Oxygen and 
hydrogen separated 

Energy storage element Separate containers for Hydrogen and 
Oxygen 

* The photovoltaic panel is a coupler (exchanger), with light as the input carrier and 
electricity as output carrier. 
 
Table 5: The role of the HFC as coupler during the discharging process: 

Energy storage element Separate containers for Hydrogen and 
Oxygen 

Input energy carrier Chemical substance 

High potential of input carrier  High chemical potential: Oxygen and 
hydrogen separated  

Low potential of input carrier Low chemical potential: Water (oxygen and 
hydrogen combined) 

Coupler (energy exchanger) Hydrogen Fuel Cell 

Output energy carrier Electricity 

Low potential of output carrier Low potential electricity 

High potential of output carrier High potential electricity 

Output energy user* Electrical engine* 

* The electrical engine is a coupler (exchanger), with electricity as the input carrier and 
rotational motion as the output carrier. 
Energy chart 
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ANALOGY BETWEEN DYNAMO TORCH AND FUEL CELL CAR 

The Dynamo torch and the Fuel Cell car demonstrate a strict analogy, which is important to 
point out and highlight. More advanced entries are shown in Italics; they can be introduced 
later for older pupils. 

 
Table 6: Charging process: 

Element Dynamo torch Fuel Cell car 

Input source of energy Hand turning the handle Sun 

Input energy carrier Rotatory motion Light 

High potential of input 
carrier  

High speed rotation High intensity light  

Low potential of input 
carrier 

Low speed rotation Low intensity light 

Exchanger #1 Dynamo Photovoltaic panel* 

Energy carrier* Electricity Electricity 

Low potential of carrier*  Low potential electricity Low potential electricity 

High potential carrier * High potential electricity High potential electricity 

Exchanger #2 Electrical battery  Hydrogen Fuel Cell 

Output carrier Chemical substance Chemical substance 

Low potential of output 
carrier 

Low chemical potential: 
Combined chemical 
substances  

Low chemical potential: 
Water (oxygen and 
hydrogen combined)  

High potential of output 
carrier 

High chemical potential: 
Separated chemical 
substances 

High chemical potential: 
Oxygen and hydrogen 
separated 

Energy storage element Battery cells Hydrogen and oxygen in 
separate tanks 

* There is only one carrier, as the output carrier of Exchanger 1 is the same input carrier of 
Exchanger 2. 
 
Table 7: Discharging process: 

Element Dynamo torch Fuel Cell car 

Energy storage element Battery cells Hydrogen and Oxygen in 
separate tanks 

Input energy carrier Chemical substance Chemical substance 

High potential of input 
carrier  

High chemical potential: 
Combined chemical 
substances  

High chemical potential: 
Oxygen and hydrogen 
separated 

Low potential of input 
carrier 

Low chemical potential: 
Separated chemical 
substances 

Low chemical potential: 
Water (oxygen and 
hydrogen combined) 

Exchanger  Electrical battery Hydrogen Fuel Cell 

Output energy carrier Electricity Electricity 
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Low potential of output 
carrier 

Low potential electricity Low potential electricity 

High potential of output 
carrier 

High potential electricity High potential electricity 

Output energy user* Led bulb Electrical engine of the car 
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FCHGO EPDM TRIALS 

Toy WORK SHEET 

 
FCHgo EPDM Team, October – December 2019 
 
 

TOY CHOSEN: 

PUPIL/GROUP: 

HOW IS IT MADE?  

Draw the components of the toy and how they fit together. Then build the toy. 
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HOW DOES IT WORK? 

Draw the toy and add graphic symbols (arrows, lines, connectors, …) to represent how it 
works dynamically. How does it work? How can you make it work in different ways? Write 
some notes with the results of different attempts. What can you do to make It work in the 
“best” or most efficient way? 
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DESCRIBE HOW THE TOY WORKS – THE STORY OF ENERGY  

In this activity, you are going to tell how the toy works and what is the role of energy in its 
operations (the “story of the energy”). 
Here is a list of energy carriers: 

 Hot water 

 Compressed water 

 Water in motion 

 Hot air 

 Compressed air 

 Air in motion 

 Heat 

 Food 

 Fuel 

 Hydrogen 

 Electricity 

 Light 

 Motion 

 Rotation 

 Weight 
 

Chose the suitable carriers and put them in sequence corresponding to how the toy works. 
Name the couplers/exchangers, i.e. the “meeting places” where energy is exchanged 
between the carriers (where the first carrier “gives” energy to the second carrier). Tell the 
story of how the energy carriers interact and behave in the toy. Think about how ghosts 
represented the energy carriers in the story of Perpetuum Mobile. 
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PROCESS DIAGRAM (ENERGY DIAGRAM) 

Draw the process diagram, showing the carriers and the couplers/exchangers, and indicate 
power and energy currents. 
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FCHGO EPDM TRIALS 

ENERGY CARRIER CARD GAME RULES 

 
FCHgo EPDM Team, October – December 2019 
 
Terminology 
 
Card: A card defines a particular energy carrier (cards are can be printed from 
Carriers_Card_Game.pdf) 
Host: Person that leads a game (usually the teacher) 
Player: Single person in the game (usually a pupil/student) 
Team: A group of players 
Coupler/exchanger: Physical object or device where forces of nature exchange energy. 
 

(1) FIND THE COUPLER/EXCHANGER 

Age 

8 - 12 years 
 

Number of players 

From 2 to 8  
 

Materials 

A number of cards chosen from the deck of energy carriers to be used during the game 
(before beginning, the teacher can remove the energy carriers the pupils are not familiar 
with). 
 

Metaphorical aspects of energy 

Energy is transported by the (representatives of) forces of nature (energy carriers). 
 

How to play 

The players are grouped into teams of 2-4 players. At the beginning of the first round, the 
host extracts a card from the deck that now defines the energy carrier to be considered, and 
shows it to the players. Within a preset time (usually 1-2 minutes), every team writes down a 
list of as many couplers/exchangers as possible in a single column or two separate columns, 
having the energy carrier as an input and/or output (see the example below). 
 
When the time is up, every team shows the lists and the players receive their score: every 
coupler/exchanger that is mentioned by only one team, scores 3 points; every 
coupler/exchanger listed by more than one team, scores 1 point. 
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The game continues in this manner for a number of rounds (4-8). 
 
 
 
 
 
 
Example: 
Extracted carrier: Water in motion 
       

Player 1 Player 2 

Column 1  
(carrier as input) 

Column 2  
(carrier as output) 

Column 1  
(carrier as input) 

Column 2  
(carrier as output) 

Turbine Pump Water mill Pump  

Water mill River   

 Waterfall   

    

    

   
Scores: 
Team 1: 1+3 (column 1) + 1+3+3 (column 2) = 11 (total)  
Player 2: 1 (column 1) + 1 (column 2) = 2 (total)  
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(2) FIND THE ENERGY CARRIER 

Age 

8 - 10 years 
 

Number of players 

2 - 8  
 

Materials 

List of couplers/exchangers (choose the ones better known by the pupils): 

Exchanger Input carrier Output carrier 

Electric bulb Electricity Light 

Fan Electricity Hot air 

Car engine Fuel Air in motion 

Train engine Electricity Motion 

Sailing boat Air in motion Motion 

Water heater Gas Hot water 

Radiator Hot water Hot air 

Photovoltaic panel Light Electricity 

Solar heater Light Hot water 

Hydraulic pump Motion Compressed water 

Bicycle pump Motion Compressed air 

Windmill Air in motion Motion/Rotation 

Watermill Water in motion Motion/Rotation 

(More can be added by the teacher) 
 
 

Metaphorical aspects of energy 

Energy is transported by the (representatives of) forces of nature (energy carriers). 
The carriers interact in specific locations/objects (called couplers/exchangers). 
 

How to play 

The players are grouped in 2-4 players per team. At the beginning of each round, the host 
randomly chooses a coupler/exchanger from the list (above) and announces it to the players. 
Within 15 seconds, every team identifies and writes down the input and output carriers. 
For every correct energy carrier, the team receives 2 points (the host/teacher is also the 
referee); a wrong answer scores –1 points. The teams may explain the reasons for their 
choice and try to convince the referee that they are right. 
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FCHGO EPDM TRIALS 

EVALUATION FORM FOR EXPERTS 

 
FCHgo EPDM Team, October – December 2019 
 
This form must be filled in by the experts for each meeting.  
 
Expert___________________________________________________________ 
School_____________________________________________________________ 
Class_____________________________________________________________ 
Meeting__________________________________________________________ 
Date_______________________________________________________________ 
 
2. Correspondence between planned and performed activities  

Do the activities performed in the classroom correspond to those planned?  
 
 
 
 
Contents of the meeting 

Planned contents  Performed contents/variations 
  
  
  
  
  

 
Methodological aspects 
Are the following methodological aspects (and other) adequate?  
- Timing of the activities 
- materials  
- work methodologies  
- … 
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EVALUATION FORM FOR EXPERTS – complete educational process 

This form must be filled in by the experts at the end of the entire educational process in 
each class. 
 
Expert___________________________________________________________ 
School_____________________________________________________________ 
Class_____________________________________________________________ 
 
Variations and adjustments to what was planned 

Please specify possible variations in the lesson plan and in the planned activities (and why 
this has occurred). 
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Laboratory for pupils 

10-14 years 

A Guide for Teachers 

material 

Material provided by us: 

 Film Perpetuum Mobile 

 Dokument FuchsDumontCorni_UNIMORE_2019 (for teachers) 

 Dokument Hydrogen_Fuel_Cells (for teachers) 

 Potato battery guide 

 Solar cell guide 

 Fuel cell guide 

Material that the school has to purchase itself: 

For the potato battery:  

 potatoes 

 zinc platelets 

 copper platelets 

 LED 

 Insulated copper wire 

 chopping board 

 knives 

Fort he solar cell: 
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 A powerful photo lamp 

 solar cell 

 ventilator 

 Black paper 

 Screwdrivers 

For the fuel cell: 

 Construction kit with a model of a hydrogen fuel cell 

 Distilled Water 

procedure 

1. First read the document Hydrogen_Fuel_Cells. Watch the film Perpetuum Mobile and 

read the paper FuchsDumontCorni_UNIMORE_2019 with comments to the movie. 

2. Watch the film Perpetuum Mobile together with your students and analyze the energy 

carriers at work. (see film Perpetuum Mobile and FuchsDumontCorni_UNIMORE_2019). 

You can use the poster forces of nature or the cards forces of nature and a blackboard. 

4. Carry out the experiment with the potato battery (see potato battery instructions). 

5. The students should now fill out the worksheet (see potato battery worksheet). Discuss 

with them which forces of nature are at work in the potato battery. You can use the poster 

forces of nature or the cards forces of nature.  

6. Carry out the experiment with the solar cell (see solar cell guide). 

7. The students should now fill in the worksheet (see solar cell worksheet). Discuss with 

them which forces of nature are at work in the solar cell. You can use the poster forces of 

nature or the cards forces of nature.  

8. Carry out the experiment with the fuel cell (see fuel cell guide). 

9. The students should now fill out the worksheet (see fuel cell worksheet). Discuss with 

them which forces of nature are at work in the solar cell. You can use the poster forces of 

nature or the cards forces of nature.  
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Tips for teachers 

1) Perpetuum Mobile Movie 

Start with the movie perpetuum mobile and discuss the ghosts, which appear in the movie. The 

kids usually recognize quickly electricity, heat, rotation and light. Draw them on the blackboard 

and name them correctly. You can also use the cards if you don’t have a blackboard. Also add 

copper and zinc, because we will need them for the potato battery. 

 

 

… and hydrogen and oxygen for the fuel cell: 
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2) Potato battery 

 

  
 

 

1. buildup 

The potato battery consists of zinc plates, copper plates, potato, LED and copper wires. You 

should observe that the LED lights up. 
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2. How it works 

Zinc, copper and potato juice are energy carriers (chemical substances). The reaction of zinc, 

copper and potato juice releases energy. In a battery, the energy provided is used to pump 

electricity (electrical charge) from a lower to a higher electrical level and to build up an 

electrical voltage. When zinc, copper and potato juice react, they disappear. New chemical 

substances appear in their place. As a result of the reaction, the electricity (electric charge) is 

pumped to a voltage. 

Ask students to choose the ghosts from their card stack, which are at work in the battery. 

 

 

They are electricity, light, copper and zinc. Then ask the students what the ghosts do in the battery 

and which ghosts wakes up the other, how the energy is transferred from one ghost to the other. Let 

them write and draw 

 

“Copper and zinc give their energy to the electricity. The electricity gives its energy to the light.” 
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D2.2 – First Version of the Educational Material 
 

Version 2.0 

 

89 
© FCHgo consortium    

Public document 

3) Solar Cell 

 

1. Buildup 

The solar cell kit consists of a solar cell, copper wires and a fan (electric motor with fan). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

2. How it works 

In a solar cell, light and electricity are at work as energy carriers. Sunlight carries a lot of 

energy, which is made available when the light falls on solar cells (photovoltaic cells or PV 

cells) and is absorbed by them. The light actually disappears like a chemical substance in the 

reaction, but it leaves its energy behind. The energy provided is used to separate positive 

and negative electricity in the cells and thus build up an electrical voltage. The charge then 

flows through the circuit and gives off its energy to the movement in the fan. Movement is 

also an energy carrier. The fan starts to rotate. 
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“Light wakes up electricity. Electricity wakes up motion. Heat is produced everywhere.” 
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3) Fuel cell 

1. Buildup 

 

The relevant components are: 

- Solar cell 

- hydrogen fuel cell 

- Hydrogen and oxygen tanks 

- water tank 

- electric motor 

- ventilator 

The hydrogen fuel cell is connected to the water tank as well as to hydrogen and oxygen 

tanks via hoses. The hydrogen cell can be connected to the photovoltaic panel with two 

electrical cables.  

After hydrogen and oxygen production, a fan was connected to the fuel cell and the kids observed 

that the fan rotated as long as there was some gas present in the tanks. 
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2. How it works 

The system can be analyzed in two ways: Charging and Discharging 

At the centre is the hydrogen fuel cell, which, when powered by the solar panel, charges a 

"chemical accumulator" that separates hydrogen and oxygen produced by the electrolysis of 

water. When the cell is connected to the electric motor, the "chemical accumulator" is 

discharged (i.e. hydrogen and oxygen are brought together again) and electricity circulates, 

which makes the motor run, which in turn moves the fan. 

Charging process 

A regenerative energy system for FCH technology typically begins with our sun. If we want 

electricity for hydrogen production, a direct way is photovoltaic solar cells that are exposed 

to sunlight and build up an electrical voltage that drives the following processes. 

The mechanism of solar cells with light, electricity and heat as carriers and means works as 

follows. Sunlight carries a lot of energy that is made available when the light falls on and is 

absorbed by solar cells (photovoltaic cells or PV cells). The light actually disappears like a 

chemical substance in the reaction, but it leaves its energy behind. The energy provided is 

used to separate positive and negative electricity in the cells and thus build up an electrical 
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voltage. If allowed, the charge flows through an electric circuit, such as an electrolysis cell, in 

which hydrogen is produced from water, to our PV power plant. 

We need hydrogen that can be extracted from water. To produce hydrogen from water, we 

need to direct the spontaneous reaction that produces water from hydrogen and oxygen in 

the opposite direction - we need energy provided by electricity. The process that does this is 

called electrolysis. 

Discharging 

The reaction of hydrogen with oxygen, which produces water, provides energy. In a fuel cell, 

the energy provided is used to pump electrical charge from a lower to a higher electrical 

level and to build up an electrical voltage. When hydrogen gas reacts with oxygen gas, the 

two gases disappear. Water appears in their place. As a result of the reaction, the charge is 

pumped. 

The chemical tension between the combination of hydrogen and oxygen on the one hand 

and water on the other is so high that the reverse conclusion does not occur - water does 

not spontaneously decompose into hydrogen and oxygen. To achieve this, we can let the 

power of electricity help by providing energy. 
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Ask the students to identify the ghosts and tell what they do in the electrolyzer.  

“In the solar cell, light wakes up the electricity. In the fuel cell (we used a reversible fuel cell, that 

worked here as an electrolyzer), electricity produces oxygen and hydrogen out of water. In the fuel 

cell hydrogen and oxygen make water and they drive electricity. Electricity drives the rotation. “ 
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Laboratory for pupils  

10-14 years 

Poster 
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Potato Battery Instructions 
 

 

Material:  

 Cut potato into thin slices (3-4 mm), 
for better results use a mandoline 
slicer. 

 Zinc and copper plates 

 LED 

 wire 
 

 

 

The potato should always be in between a 

copper and zinc plate. Start with a zinc plate 

with a wire soldered onto it. Then take a potato 

slice and a copper plate 
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On top of the copper plate comes a gain a zinc 

plate. 

 

And a potato. Always use the same sandwich 

structure: zinc, potato, copper. 

 

On top the last potato slice put a copper plate 

with a LED and close the circuit with the wire. 
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Potato Battery Worksheet 

Activity: potato battery 

buildup 

Draw the parts of the potato battery with LED and how to assemble them. Then assemble 

the potato battery according to the instructions. 

  



D2.2 – First Version of the Educational Material 
 

Version 2.0 

 

103 
© FCHgo consortium    

Public document 

 

How it works 

Draw the potato battery with the LED with graphic symbols (arrows, lines, etc.) that show 

how it works. Which forces of nature are at work here? How is the energy transported? How 

can you make the lamp shine brightest? 
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Solar Cell instructions  

 

Connect the solar cell to the fan and switch on the lamp. Always red on red and black on 

black. 
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Solar Cell worksheet Activity: Solar Cell 

Build up 

Draw the parts of the solar cell experimental kit and how to assemble them. Then build the 

model according to the instructions.  
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Experiments 

Experiment 1: Cover a part of the solar cell with the black paper, first partially and then 

completely.  What happens? 

No black paper => _________________________________________ 

Completely covered =>_________________________________________ 

Partially covered => _________________________________________ 

Experiment 2: Move the solar cell further away from the lamp and then get closer.  

What happens? 

 

 

 

 

 

Experiment 3: Tilt the solar cell to change the angle between the solar cell and the lamp.  

What happens? 
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How it works 

Draw the solar cell with fan with graphic symbols (arrows, lines, etc.) representing its 

operation. Which forces of nature are at work here? How is the energy transported? How 

can you make the fan rotate the fastest? 
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Fuel Cell Instructions 
 

 

First look at the fuel cell. This is a reversible 

fuel cell. It has two connectors: A black 

connector for hydrogen... 

 

…an a red one for oxygen.  
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This is a reversible fuel cell. It functions as an 

electrolyzer and as a fuel cell 

 

Then there are two tanks: one with a red 

label for oxygen and one with a black label 

for hydrogen. 

 

Fill the two tanks with distilled water to zero. 

Turn the inner tanks while doing so until they 

are also filled with water. 
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Then put a hose over the connection in the 

inner container. 

 

Check your setup before you continue! 

 

Take a hose and connect the black side of the 

fuel cell to the tank with the black label. 

 

Take the second hose and connect the red 

side of the fuel cell to the tank with the red 

label. 

 

Now hydrogen and hydrogen should be 

connected, as well as oxygen with oxygen. 

 

Check your setup before you continue! 
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Now you take the two cables and connect the 

red cable with the fuel cell and the solar cell. 

Then connect the black cable to the fuel cell 

and the solar cell. 

 

Check your setup before you continue! 

 

When you switch on the lamp, you should 

observe that the hydrogen tank and the 

oxygen tank fill with gas. 
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When the hydrogen tank is full, you will see 

bubbles rising in the water. Now you can 

switch off the lamp and take the solar cell off. 

Instead of the solar cell you can attach the 

fan to the wires. It should turn. Now you 

observe that the gas tanks are emptying. The 

fan will turn slower and slower and when the 

tanks are completely empty, stop turning. 
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Activity: Fuel cell 

Build up 

Draw the parts of the hydrogen fuel cell kit and how to assemble them. Then build the 

model according to the instructions.  
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How it works 

Draw the hydrogen fuel cell model with graphic symbols (arrows, lines, etc.) representing its 

operation. Which forces of nature are at work here? How is the energy transported? 
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Evaluation of the activities 

Considering the interest and involvement of students in scientific disciplines, 
please indicate the usefulness of each activity on a scale of 1 to 5 (1: not useful; 5: very 
useful). 
 

Meeting 1 
 

1. Apple Story reading 1…2…3…4…5 

2. Analysis of verbal and non verbal language  1…2…3…4…5 

3. Explanantion of the Toy Work Sheet 1…2…3…4…5 

Between Meeting 1 and Meeting 2 
 

1. Exploration of the toys 1…2…3…4…5 

2. Finishing the linguistic analysis of the Apple Story 1…2…3…4…5 

Meeting 2 
 

1. Reviewing and sharing of the Toy Work Sheets filled in by 
pupils  

1…2…3…4…5 

2. Introduction of energy carriers  1…2…3…4…5 

3. Card Games: Find the Exchanger and Find the Carrier 1…2…3…4…5 

Between Meeting 2 and Meeting 3 
 

1. Exploration of other toys brought by pupils  1…2…3…4…5 

2. Watch the movie Perpetuum Mobile 1…2…3…4…5 

3. Write “Stories of the Dynamics” of different toys 1…2…3…4…5 

Meeting 3 
 

1. Planning and writing of the storyboard of Role Playing  1…2…3…4…5 

2. First rehearsals of Role Playing 1…2…3…4…5 

Between Meeting 3 and Meeting 4 
 

1. Performing of Role Playing 1…2…3…4…5 

2. Filming Role Playing 1…2…3…4…5 

Meeting 4: Fuel cell car 
 

1. Comparing stories of the dynamics of a toy (Rechargeable 
flashlight and Fuel cell car)  

1…2…3…4…5 

2. Drawing the Process Diagrams for both toys  1…2…3…4…5 

3. Demonstrate the analogies between the two toys 
(Rechargeable flashlight and Fuel cell car)  

1…2…3…4…5 

(for older pupils) 

 

1. Other analogies and comparisons: with or without accumulation, 
electricity as an input or output, reversibility or irreversibility of the 
couplers/exchangers …  

1…2…3…4…5 

2. Reasoning on hydrogen technologies, advantages of hydrogen …  1…2…3…4…5  
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Subject: Alternative energy sources.   

General objective: get acquainted with non-emitting CO2 energy sources. 

Specific objectives: 

- student is able to give examples of renewable energy sources (wind, solar, geothermal, biomass, 

fusion power plants) 

-  knows the principle of solar panels 

Methods of work: 

- seeking: talk (questions and answers), discussion 

- practical - group work, students’ exercises 

Forms of work: 

-  collective (with the whole class) 

- group work. 

Teaching aids: 

- ppt presentation „ Alternative energies”, computer, projector, 

- toys with solar panels. 
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Lesson’s scenario: 

TEACHER’S ACTIVITIES STUDENT’S ACTIVITIES 
Introduction 

- Presentation of the topic of the lesson 
and its purpose. 

 

- Homework check: 
Divides students into groups for 
global warming and against it and 
begins a discussion:  

 Is there global warming? 
 What factors testify to yes (which 

to no)? 
- discussion is an introduction to the 
topic: 

 What can we do to reduce CO2 
emissions? 

 
 How to produce electricity?  

 
- ongoing discussion:  
students present theses for and against 
global warming 
 

- possible answers:  

- Sort waste, use cars less often - choose a 

bike, walk, reduce coal burning. 

- Use renewable energy sources that do 

not produce CO2.  

Lesson development 
- Presentation (fragments) "Alternative 
energies", with information concerning: 

 Geothermal energy 
 Wind energy 
 Solar energy 
 Photovoltaic panels principle 
 Biomass burning 

 
- Taking notes while watching the 
presentation 

- students’ experiment: 
He distributes various toys with 
photovoltaic panels to students 

Divided into groups of 3-4, they perform 
the experiment according to the 
instructions, take notes, write down the 
applications.  

- Asks for a summary of the work result. - discussion on the efficiency of various 
types of solar panels.  

Summary 
- asks the questions:  

 What have you learned during  
today's lesson?  

 What are renewable energy 
sources? 

- answering the questions 
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 Can one completely replace 
conventional power plants 
with alternative energies? 

- Assesses students' work during the 
lesson. 
- Homework assignment 

 

 

Course of experiment (group work): 

- Each group receives different photovoltaic toys (having a photovoltaic panel).  

- The teacher prepares various light sources: LED bulbs, energy-saving, classic. It is 

worth preparing several, even of the same type. Students write down the nominal 

power consumed by each of them. 

- Students are divided into groups of 3-4 people and move with their "toys" from 

one light source to another: they check the maximum distance from the light 

source at which the toys are still working. They take notes. 

- Discussion of the results: each photovoltaic cell can have different performance 

and spectral sensitivity, reacting differently to different light sources. 

 

Homework 

- The teacher divides the class into groups, each of them for the next lesson will prepare 

arguments for the selected "source" of energy: photovoltaics, wind, water, nuclear (?), 

thermonuclear, biomass. 

-  Each group prepares a benefit-cost analysis (investments, day-to-day running, 

dismantling, social costs, health risks). 

-  Please defend your energy source as much as possible: do not present disadvantages 

to other groups until they ask: this is a political debate. 
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Subject: Does the climate change?  

General objective: familiarization with the factors affecting global warming, the effects they 

cause and how to solve the problem. 

Specific objectives: 

- knows what are the factors affecting climate change 

- lists the main causes and effects of climate change 

- can determine the relationship between human activity and climate change 

- knows how to prevent climate change factors 

Methods of work: 

- seeking: talk (questions and answers), discussion 

- practical – students’ exercises, work in groups, work with text 

Forms of work: 

- collective (with the whole class) 

- group work. 

Teaching aids: 

- ppt presentation „Climate changes”, computer, projector, 

- press releases, news from the Internet. 

 

 

 

 

 

Lesson’s scenario: 
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TEACHER’S ACTIVITIES STUDENTS’ ACTIVITIES 
Introduction 

- Presentation of the topic of the lesson 
and its purpose. 

 

- Introduction to the topic of the lesson; 
asking questions: 

 Why is environmental protection 
important? 

 
 Does the climate change? 
 What is climate change? 

- Answering, possible answers: 
environmental pollution causes climate 
change, 
airborne contaminants can cause cancer 
- Yes 
- possible answers: - global warming, - 
melting glaciers can cause floods 

Lesson’s development 
- Presentation that contains information 
about: 

 climate change over the centuries 
 mechanism of creating the Earth's 

energy balance 
 correlation between CO2 air 

content 
and temperature 

 
- Taking notes while watching the 
presentation. 

- How to prevent climate change factors? - possible answers: reduce CO2 emissions 
- work in pairs:  
Use the information on the Internet to 
prepare arguments for climate change 
and how to prevent it 

 - using the available information they 
prepare a discussion 
 

- Asks for a summary of the work result. - discussion: how to prevent CO2 emission 
Summary 

- asks the questions:  
 What have you learned during 

today's lesson?  
 What factors influence climate 

change? 
 Are you able to reduce CO2 

emissions with your behavior? 
- Encourages students to consider the 
arguments for and against the global 
warming. 

- answering the questions 
 

- Assesses students' work during the 
lesson. 
- Homework - experiment "solar constant 
measurement". 

 
 

 

 

Homework 
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- Prepare, for the next lesson, arguments for or against the global warming. 

- Try to find different aspects of the problem. 

- Which changes are the most dangerous? 

 - Are there any potential benefits? 

- Discuss also the possible cost of mitigating climate change, who should pay for it? 

- Conduct the experiment "solar constant measurement" - draw the conclusions. 
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Subject: Volta pile as a archetype of FCH 

General goal: understanding of energy-conversion phenomena in electrochemical cells 

Specific goals (knowledge): 

- Volta pile converts the “chemical energy” directly into electricity  

- The process relies in oxidation and reduction of atoms/ ions on electrodes 

- Each chemical element, including oxygen and hydrogen has a proper place in Volta’s series 

- FCH is based on the same principle as Cu/ Zn pile, but uses gases and not metals  

 

Specific goals (social competences): 

- Electrochemical piles, after more than 200 years from the discovery remain the principle 

“energy source” for cell phones, tablets, and also cars (as Pb battery) – the knowledge how to 

use (and dispose) them is useful  

- Converting the Volta pile to H/O pile is not conceptually difficult: an experiment even for 

children 

- “Fuel cell” means that the chemical elements can be delivered continuously, differently from 

metal electrodes in Volta pile 

 

Experimental equipment: 

- Eurocents, Al kitchen foil, soft toilet paper, salt 

- New and used “finger” batteries (AA type) 

- Voltmeter with wires and crocodile clips 

- Possibly - low-voltage 0-5 V (and 1 A) power supplier 

- Possibly – pairs of Zn/ Cu plates (for “human battery” experiment)   

Working methods: 

1. Lecture by the teacher and/or FCHGo staff, and answering questions (1 lesson unit) 

2. Experiments with electrolysis and Volta piles (1/2 lesson) 

3. Discussion with students and resumé (1/2 lesson)    
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Forms of work 

-  panel lesson (45 minutes) 

- hands-on activity and discussion (45 minutes) 

Didactical support 

- Power-Point lesson “Volta pile”,  

http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/FCHgo_3_Volta.ppt   

- Simple experimental equipments, see Thesaurus: 

http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/FCHGo_Thesaurus_Exp.pdf  

- Current information from press and internet (fchgo.eu) 

 

 

 

Lesson scenario (2x45 minutes) 

Teacher activity Student activity 
Introduction (10 minutes) 

“Fuel cells are emerging technology, but 
they were invented in 1839, during 
experiments on the electrolysis of water. 
And those experiments were possible 
thanks to Volta’s electrochemical pile.”  

In every cell-phone there is pile. Can you 
read the voltage on the rear side?  

 
 What do you know on “sources of 

energy” in your cell phones? And 
batteries in watches and clocks? 

 What types of “batteries” you 
know? 

 Where, in opinion, the energy 
“produced” in the battery come 
from?  

 

 
- Students give examples  
 
- “Free-hand” answers of students.  
 
 
 

Main activity (35 minutes) 
- Teacher shows presentation “Volta’s 
pile” [2] dealing with: 

 The historical path between 
Galvani and Volta to define the 
source of electricity in 
experiments with Galvani frogs 

 
- Students make notes, and photos 

(Daniell pile, Galvani experiments) 
- Students give examples of known 

types, shapes and applications of 
Volta’s pile 

http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/FCHgo_3_Volta.ppt
http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/FCHGo_Thesaurus_Exp.pdf
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 First attempt of Volta to organize 
the “electricity sources” into 
series, as an example of innovative 
idea   

 Details of functioning (elementary 
processes) of Zn/ Cu pile 

 Daniell pile, with separated anode 
and cathode regions, as a 
prototype to semi-cells in FCH 

 Volta’s electrochemical series of 
elements, and the place of O and H 
in it. The definition of the 
“reference electrode” – that 
resembles much the anode in FCH, 
 

Break (10 minutes) – possible observing the equipment  
 
Laboratory activity (25 minutes) 
-Simple hands-on experiment with Volta 
piles 
- “Human battery”: “Lick carefully your 
left palm then keep the red (Cu) plate, do 
not touch the wire; now lick the right 
palm and keep the grey (Zn).” The circuit 
is closed by a voltmeter (see Thesaurus 
file). 
“If you invite these five girls to a party 
you can run the cell phone with the 
battery!” 
 
Analyze what potential is produced by a 
single pair, and what should be produced 
according to the Volta’s series. Identical 
limitations regard the efficiency of FCH .   
 

1) wrap half of the 5 eurocent coin with 
Al foil and put it on the tip of your tongue:  
you have repeated the way in which Volta 
measured “voltage” without a volt-meter. 
2) make a pile of Fe / Cu plates, with 
every second pair separated by a piece of 
paper wetted with brine (salty water) – 
measure the voltage with a voltmeter vs 
the number of pairs; identify the positive 
and negative pole; refer to Volta’s series  

- work in pairs: “measure Volta’s 
potentials between different metallic 
objects (like an Al pencil-sharpener and 
its blade, and so on. (10 minutes)  
 

 - students discuss and compare their 
observations  
 

  
Conclusions (15 minutes) 

- Questions:  
 What have you learned today?   
 What is principle of work of Volta 

pile? 

- Student answer in a linear order: give 
examples of applications of electro-
chemical piles. Remember that 200 years 
it was an expensive and useless invention.   
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 Does the “electrical energy” compare 
from null? 

 

Question to be answered individually: “Do 
we know everything on the electro-
chemistry?” “Who got the Nobel prize in 
chemistry in 2019?”   

 
-Students search in internet different 
types of “piles” or “batteries”. 

 

Home work 

- Search at home some used batteries: copy the information on their construction, check 

details in internet.  

- Make a trial of home-made electrolysis: fill the glass with water and drop inside a “finger” 

battery (AA). Observe bubbles. Add some salt to water. Check for the bubbles – identify the 

effective negative and positive pole of the pile. Compare between new and used pile. Write 

down conclusions. 

 

Literature:  fchgo.eu (Project page) 

http://dydaktyka.fizyka.umk.pl/nowa_strona/?q=node/857 (EDPM master page)  

[1] Presentation: http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/FCHgo_3_Volta.ppt 

[2] Experiments: http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/FCHgo_3_Volta_Exp.ppt 

http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/Activity%20FCHGo_11_12.pdf  

http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/ActivityFCHGo_13_14.pdf    

[3] H. Fuchs, FCHGo didactical material, fchgo.eu 

[4] G. Karwasz et al. Water-driven car, http://dydaktyka.fizyka.umk.pl/fchgo/Samochod_ENG.pdf  

[5] G. Karwasz, on-line lesson, access from ref. [1]  

(C) G. Karwasz and FCHGo consortium, 2019 

  

http://dydaktyka.fizyka.umk.pl/nowa_strona/?q=node/857
http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/FCHgo_3_Volta_Exp.ppt
http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/Activity%20FCHGo_11_12.pdf
http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/ActivityFCHGo_13_14.pdf
http://dydaktyka.fizyka.umk.pl/fchgo/Samochod_ENG.pdf
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Subject: Are hydrogen fuel cells useful? 

General goal: information on the advantages (and difficulties) related to the use hydrogen 

fuel cells 

Specific goals (knowledge): 

- hydrogen fuel cell as inverting of the electrolysis   

- processes in hydrogen fuel cell: dissociation of H2, catalytic ionization (H→H+ + e-), diffusion of 

proton through the membrane, formation of H2O on cathode, electric current (electrons) through the 

external circuit  

- crucial elements of FCH: catalyst, polymeric membrane  

- direct burning fuel has low thermodynamic efficiency (<30%) while FCH theoretically arrive to 80% 

Specific goals (social competences): 

- advantages of FCH in urban transportation – no nitrogen oxides, no noise, no benzene 

compounds 

- advantages of “distributed” hydrogen economy – producing H2 at household, storage, re-

fuelling  

- at present FCH technology is expensive, but it was always like this with any invention, 

including Volta’s pile (made of Ag and Sn) 

Experimental equipment: 

- hydrogen car model 

- PV cell for charging 

- Voltmeter with wires and crocodile clips  

Working methods: 

1. Lecture by the teacher and/or FCHGo staff, and answering questions (1 lesson unit) 

2. Demonstration of fuel cells (Hydrogen car, Horizon station, Ethanol cell [1] – what is 

available) and simple experiments: i) charging voltage (and current) from the PV panel, ii) 

voltage and current delivered by FCH at zero load, iii) if possible – power consumption (what 

is the maximum inclination angle that the car still goes up)  (1/2 lesson) 

3. Discussion with students and resumé (1/2 lesson)    
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Forms of work 

-  panel lesson (45 minutes) 

- hands-on activity and discussion (45 minutes) 

Didactical support 

- Power-Point lesson “Fuel cells” 
http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/FCHgo_4_Fuel.ppt 

- FCH driven model car (Horizon 2020) 

- Current information from press and internet (fchgo.eu) 

 

 

 

Lesson scenario (2x45 minutes) 

Teacher activity Student activity 
Introduction (10 minutes) 

“We already know that environment 
questions are important. Today we treat 
in detail the economical and technological 
questions of FCH” 

 

- Introduction (10 minutes) 
 What are the most important 

issues in environment? 
 

 What can be done to avoid global 
pollutions? 

 Does it solve the problem of urban 
mobility? 

 What are the costs of electrical cars? 

 
 

 
- Global (i.e. CO2) pollution, local 
(benzene derivates) pollution  
 
- alternative, renewable  “energies” 
 
- local pollution must be solved 
differently 
 
- lead batteries are heavy (and Pb is 
poisonous); lithium batteries are 
expensive  

Main activity (35 minutes) 
- Teacher shows presentation “Fuel cells” 
[2] dealing with: 

 Invention and general idea of 
hydrogen reversed electrolysis  

 Details of functioning (elementary 
processes) of FCH  

 Details of construction of FCH 
 Prototype applications 

 
- Students make notes, and photos (FCH 
scheme) 

http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/FCHgo_4_Fuel.ppt
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Break (10 minutes) – possible observing the equipment  
 
Laboratory activity (25 minutes) 
- Simple hands-on experiment with FCH 
model car: running with PV cell only, 
charging of FCH from PV panel, 
observation of gas accumulation, running 
the car; possible simple electrical 
measurements (current and voltage – 
make attention on correct connection)  

- students assist the experiment, possibly 
participating in small function (“please, 
fix the voltmeter to measure the current”, 
“please, bring the lamp closer to the PV”, 
“please, rise the table on one side by 5 cm 
and we will check if the car is still able to 
climb the slope” 

- work in pairs: “make a quick drawing 
what we have done” (3 minutes)  
 

 - students discuss and compare their 
observations  
 

  
Conclusions (15 minutes) 

- Questions:  
 What have you learned today?   
 What is the main environment 

problem that FCH can solve? 
 Why this technology is still expensive? 

- Student answer in a linear order: 
everyone must acquire the ability to 
argue the basic questions.  
 

Question to be answered individually by 
pupils (after the lesson): “Do you think 
that FCH technology will be in use in next 
5/ 10 years?”  
“How is your town/ country placed in this 
technology race?”   

 
-Students discuss independently after the 
lesson. The teacher does not ask their 
opinions.  

 

Home work 

- Find in internet possible applications of FCH 

- Search for more professional information on FCH efficiency (blog discussions, scientific 

papers, political declarations etc.) 

Literature:  fchgo.eu (Project page) 

http://dydaktyka.fizyka.umk.pl/nowa_strona/?q=node/857 (EDPM master page)  

[1] http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/FCHgo_4_Fuel_Biblio.ppt, slide no.4. 

[2] Celle all’idrogeno, http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/FCHgo_4_Fuel_It.ppt  

[3] H. Fuchs, FCHGo didactical material, fchgo.eu 

[4] G. Karwasz et al. Water-driven car, http://dydaktyka.fizyka.umk.pl/fchgo/Samochod_ENG.pdf  

[5] G. Karwasz, on-line lesson, https://youtu.be/dlbEz00MEMU  

http://dydaktyka.fizyka.umk.pl/nowa_strona/?q=node/857
http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/FCHgo_4_Fuel_Biblio.ppt
http://dydaktyka.fizyka.umk.pl/fchgo/EPDM/FCHgo_4_Fuel_It.ppt
http://dydaktyka.fizyka.umk.pl/fchgo/Samochod_ENG.pdf
https://youtu.be/dlbEz00MEMU
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EXCERPTS FROM POWERPOINT PRESENTATIONS 
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Working pool of simple Experiments for Teachers and Students at 
secondary school 
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Videos for secondary school teachers 
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5. Main Conclusions 
 

This deliverable deals with the educational material developed during the FCHgo project. Developing 

the teaching materials of the toolkit was a joint effort of the project’s partners, teachers, didactic and 

FCH tech experts. It started with co‐creation workshops in March 2019, where the stakeholders and 

the Scientific Advisory Board provided a first feedback to the interactive stories, plays and 

experimental kits envisaged for the FCHgo toolkit. Teachers then tested the first version of the toolkit 

at training workshops in autumn 2019. This cycle of iteration between development and feedback 

culminated with the actual implementation of the materials during pilot lessons, which concluded in 

December 2020. The FCHgo toolkit contains materials for both elementary and secondary school kids. 

All materials are available in English and in Danish, German, Italian, and Polish. Translations in five 

more languages will follow. The materials are freely downloadable from the project’s website 

(https://fchgo.eu/toolkit-development/). 


