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Abstract 
Energy crisis and climate change are both among the vital and yet unsolved prob-
lems that mankind must face in the 21st century. Though from the media we can 
learn about many catastrophes – floods, droughts, hurricanes – devastating different 
regions of the world, and continuously experience the increase of the price of electric-
ity and gasoline, in Hungarian schools not much is taught about the different energy 
sources and global warming. 

Although the extent of global warming is still a question of debate, even at secondary 
school level simple climate models can be introduced. Power generation involves a 
wide range of physics, – depending on the type of power station – from mechanics to 
nuclear physics; however, the present paper is restricted to wind energy only.  

Motivation 
Nowadays, in Hungary, physics is quite an unpopular and difficult subject, which is 
learned unwillingly, though in many cases it would be very important for people to be 
more familiar with the laws of physics, in order not to be misled. Also it would be es-
sential to have greater knowledge of our environment; since it may happen that we 
have to vote for or against some type of power station, radar station, or simply have 
to decide what type of material to use when a house is built, or renovated.  

The importance of educating people who become more environmental minded was 
realized by the International Baccalaureate2 many years ago, and since 2007 energy, 
power and climate change have become part of the compulsory material. This gave 
                                            
2	   International Baccalaureate (IB) is an international educational foundation, which has schools in 
more than a hundred countries, and provides a two-year diploma programme, recognized by many 
universities in the world. 
My school is a dual language school, where the students learn most of their subjects, including phys-
ics, in English, and each year there are some students who take the International Baccalaureate ex-
ams. 
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me the idea to teach some parts of these topics to my students in the Hungarian 
classes.  

First approximately half of last year´s students were given a questionnaire, in order to 
find out how much they knew about the topic. Most of them could differentiate be-
tween the renewable and non-renewable energy sources, could list some green-
house gases, and believed that the climate is changing, but did not know how exactly 
the atmosphere warms up the surface of the Earth, what exactly greenhouse gas 
means, did not have much knowledge of power generation, the difference, for exam-
ple, between the solar panel and the solar cell. The topics were discussed in several 
lessons, and although most of them did not like the calculations, they found the re-
sults interesting and said that it was exciting and useful. 

Simple models 
In order to show the role of the atmosphere, and the greenhouse gases, two simple 
models can be introduced. As a background, the students should have been intro-
duced to the blackbody radiation, the Stefan—Boltzmann law, and Wien’s displace-
ment law; also the solar constant and the term albedo must be explained. Although it 
might not need to be mentioned at secondary school level, in these simple models 
Kirchhoff’s law – the efficiency of the absorbed and emitted power is the same – is 
also supposed to be true.  

a) The temperature of the Earth surface without the atmosphere 
In this estimation the Earth is considered a black body which absorbs some part of 
the incoming radiation from the Sun, while the rest is reflected – in case of the Earth 
the average albedo a is considered as 30 % – and also emits radiation. Because the 
Earth is in thermal equilibrium the absorbed and the reflected energies are equal. At 
secondary school level the trickiest step of the derivation is to make the students un-
derstand that in case of the incoming radiation the solar flux can be calculated by 
multiplying the Solar constant (S=1370 W/m2) by the cross section of the Earth, 
whilst in case of the emitted radiation the surface area of the globe must be used. 
Thus the equation is: 
 

r2 π S (1-a)=4 r2 π σ T0
4 

 

where r is the radius of the earth. 

From this the temperature of the earth without the atmosphere T0 can be calculated: 
 

𝑇𝑇!=
!(!!!)
!!

!
= 255 𝐾𝐾 = −18o C 

 

The gained temperature is surprisingly small, so it is pretty obvious that the model is 
not good enough. So let us consider the atmosphere as well. 
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b) The temperature of the Earth with an opaque atmosphere 
Before any calculation, the role of the atmosphere must be explained. Both the Sun 
and the Earth are considered as black bodies, so they emit radiation at all frequen-
cies, but according to the Wien’s displacement law the intensity of the emitted radia-
tion at the different frequencies is different. The surface temperature of the Sun is 
approximately 6000 K, so the most intense emitted radiation is in the visible light re-
gion; whilst in case of the Earth the surface temperature is much lower so the wave 
of maximum intensity emitted by the Earth is in the infrared region. (Applying Wien’s 
law and using 15oC as the average surface temperature of the Earth we gain: 
λm=0.0029/288=10-5m.) 
 

 
 

 

 

 

 

Observing figure 1. it can clearly be seen that the atmosphere is almost completely 
transparent in the visible spectrum, which is the peak of the solar spectrum. It is very 
opaque in the UV spectrum (mostly because of the ozone molecules), and it has var-
iable opacity across the IR spectrum. Obviously there are other gases in the air as 
well, but except for Oxygen, which absorbs UV, the others shown in the figure are the 
so called greenhouse gases, since they cause the warming of the surface, because 
they absorb the infrared radiation emitted by the Earth. (The surface of the Earth 
warms up because these greenhouse gases re-radiate the absorbed power into all 
direction, so some part of the infrared radiation cannot escape to space.) 

Figure 1    shows how the 
different gases in the at-
mosphere absorb the in-
coming solar radiation of 
different frequencies. [1] 
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In the second model a totally opaque atmosphere is assumed, which means that all 
the IR radiation is absorbed by the air. The arrows in figure 2. show the radiations: 

 

 

 

 

 

 

 

 

If i.) the earth and ii.) the earth and the atmosphere system are considered, the ener-
gy balances can be written in both cases (as both the earth, and the earth atmos-
phere system are in thermal equilibrium): 

i.) at the earth:     1 − 𝑎𝑎 𝑆𝑆𝑆𝑆𝑟𝑟! + 𝜎𝜎𝑇𝑇!! 4𝜋𝜋𝑟𝑟!=  𝜎𝜎𝑇𝑇!! 4𝜋𝜋𝑟𝑟! 

ii.) at the top of the atmosphere:    1 − 𝑎𝑎 𝑆𝑆𝑆𝑆𝑟𝑟! = 𝜎𝜎𝑇𝑇!! 4𝜋𝜋𝑟𝑟! 

Ta is the temperature of the atmosphere, and Te is the temperature of the earth. 

Dividing the equations by the surface area of the earth 4𝜋𝜋𝑟𝑟! the following equations 
are gained: 

i.) 1 − 𝑎𝑎 !
!
+ 𝜎𝜎𝑇𝑇!! = 𝜎𝜎𝑇𝑇!!  

ii.) 1 − 𝑎𝑎 !
!
= 𝜎𝜎𝑇𝑇!! ; 

Thus we get: 

𝑇𝑇! = 𝑇𝑇! = 255𝐾𝐾 = −18℃, and    𝑇𝑇! = 2! 𝑇𝑇! = 303𝐾𝐾 = 30℃. 

The first is quite understandable; the temperature of the atmosphere must be the 
same as the temperature of the Earth without the air, since the Earth and atmos-
phere system must behave similarly as the bare Earth in the previous model. Howev-
er, the temperature of the surface of the Earth in this latter model (30℃) is higher 
than the average surface temperature in reality (15℃). So the model shows that the 
atmosphere makes the temperature of the surface higher, but it is still too simple to 

 

 

 

 

 

 

 

 

 

 

 

𝜎𝜎𝑇𝑇!!  

𝜎𝜎𝑇𝑇!!  

𝜎𝜎𝑇𝑇!!  

(1-‐a)!
!
 

 

atmosphere 

Earth 

 

 

 

Figure 2. The yellow arrow represents the 
radiation from the Sun, this radiation is 
partly reflected, and it partly goes through 
the atmosphere and is absorbed by the 
Earth. The purple arrow shows the radia-
tion from the Earth, and it is totally absor-
bed by the opaque atmosphere. The red 
arrows represent the radiation by the at-
mosphere, both towards the Earth, and 
towards the space. The formulae next to 
the arrows indicate the power per unit 
surface area. 
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give the true value. This can be experienced, too, in summer walking bare foot in the 
sand feels really hotter than the air. 

Another interesting fact that is worth pointing out to the students is that although 
there is thermal equilibrium, the temperatures are not equal. This is because the 
earth and atmosphere system is not a closed system; there is a constant incoming 
flow of energy from the sun. 

(Some students may have the idea to consider the earth as one system and the at-
mosphere as another one. In this case the energy balance for the earth is the same 
as i.) 1− 𝑎𝑎 𝑆𝑆𝑆𝑆𝑟𝑟! + 𝜎𝜎𝑇𝑇!! 4𝜋𝜋𝑟𝑟!=  𝜎𝜎𝑇𝑇!! 4𝜋𝜋𝑟𝑟!. However, in case of the atmosphere the 
incoming radiation is only the radiation from the earth, since the radiation from the 
sun goes through it, and the atmosphere re-radiates both towards the ground and 
towards the space, its surface must be doubled. Thus the energy balance for the at-
mosphere is: 𝜎𝜎𝑇𝑇!! 4𝜋𝜋𝑟𝑟! = 2𝜎𝜎𝑇𝑇!! 4𝜋𝜋𝑟𝑟!. These equations give the same result as the 
previous ones.)  

Further problems 
The following two problems might not be as important as the previous two models, 
and might only be mentioned to more able and inquiring students. 
 
a.) A more opaque atmosphere: [2] 

In this model let us assume that the atmosphere consists of two layers, each of which 
totally absorbs IR radiation. Figure 3. shows the radiations. Now the earth and the 
two layers together; the earth and the air layer next to it 
and the bare earth are considered as three systems, and 
the energy balances can be written. The equations below 
are the energy balances divided by the surface area of the 
earth, or with other words the intensity equations. (Te, T1, 
T2 are the temperature values of the ground, the layer next 
to the ground and the upper layer, respectively, S is the 
solar constant, and a is the albedo.) 

(1-a)!
!
= 𝜎𝜎𝑇𝑇!!  

σT1
4=σT2

4+(1-a)!
!
 

(1-a)!
!
+σT1

4=σTe
4 

 
 

Figure 3. The ar-
rows show the radia-
tions in case of a 
double layer atmo-
sphere 
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From the equations the following temperature values are gained:  

T1 =   2! T0 = 303K = 30 oC 

T2 = T0 = 255K = - 18 oC 

Te = 3! 𝑇𝑇! = 336K = 63 oC 

Clearly this model gives an even warmer temperature value for the ground, but it 
might be a good practice for the students to set up the energy balances, and at least 
the result is supported by our experience that two or more layers produce better heat 
insulation, so in cold weather layered clothing is preferred. 

 
a) Leaky greenhouse [3] 

According to the measurements the average surface temperature of the earth is 
15oC. If we use our second model (the earth and one layer of air) we have to assume 
that some part of the emitted IR radiation can escape to space, so the atmosphere is 
leaky. The following question may be raised: what fraction of the radiation emitted by 
the earth is absorbed by the dry atmosphere if we assume that the surface tempera-
ture of the earth is 15oC ? Let us introduce the letter 𝜀𝜀 for this fraction, and let A be 
the intensity of the emitted radiation by the atmosphere.  

 

Intensity equations:  

At the ground (written for the earth):  

1 − 𝑎𝑎 !
!
+ 𝐴𝐴 = 𝜎𝜎𝑇𝑇!!,  

 

 

 

 

At the top of the atmosphere (written for the earth-atmosphere system): 

1 − 𝑎𝑎
𝑆𝑆
4
= 𝐴𝐴 + (1 − 𝜀𝜀)𝜎𝜎𝑇𝑇!! 

Adding on the two equations A can be cancelled and substituting the data, the solu-
tion is:  

Figure 4. Radiations in 
case of a leaky atmosp-
here 
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𝜀𝜀  =  0.77 

thus  23% of the emitted radiation by the ground escapes to space. 

 

The Earth’s annual and global mean energy balance 
In reality the atmosphere is much more complex; figure 5. below shows the intensity 
of the different radiations. Furthermore the heat transfer is not only radiation, but 
convection and evaporation as well. 

 

 
 

From figure 5. it can be read that the emitted intensity by the ground is 396 W/m2, 
and the intensity of the escaping radiation is 239 W/m2, which means that 
239/396 = 60% of the emitted radiation is leaking, which is more than the 23 % that 
was gained in problem b.). The reason is that the atmosphere is warmed up not just 
by the radiation of the ground, but by the thermals and by the evapotranspiration, 
thus more heat must pass the atmosphere to space. 

Figure 5. The earth’s annual and global mean energy balance for the Mar 2000 
to May 2004 period (W/m2) [4] 
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Another important property of the radiations is that they are not uniformly absorbed 
and emitted by the surface of the earth. It is quite obvious that the absorbed power is 
greater at the equator than at the poles. However, the earth radiates more power 
than it absorbs at the poles, and radiates less than the absorbed power in the tropics. 
(Figure 6.) (Interestingly it radiates most at the Tropic of Cancer and at the Tropic of 
Capricorn, and not above the equator, because above the equator there are more 
clouds, which impedes the emitted radiation to pass the atmosphere.)  

The inequality of the incoming and released powers means that there must be a 
global energy transport, which is partly by means of the wind.  

 

 

 

 

 

  

Figure 6. The graph shows the intensity of the absorbed (blue cur-
ve) and emitted (red curve) radiations as a function of the latitude. 

(Zero is the equator.) [5] 
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Harnessing the wind 
Now we can see that the energy of the wind is generated by the sun. Wind energy 
has many advantages: it is renewable, clean, there is no CO2 emission, land can be 
cultivated around wind turbines, but also it has disadvantages as well: it is unreliable, 
changes the landscape, has low energy density, building a wind farm is expensive.  

Hungary is not very luckily situated from the point of view of wind energy, since in the 
middle of the continent the wind speed is much smaller than near the ocean. The 
best area is the North-west region of Hungary. During the lessons a particular wind 
turbine Enercon 40 was discussed (figure 7.). Its characteristic data are the following: 
peak power: 600 kW, diameter of rotor: 44 m, height: 65 m, starting wind speed: 
2.5 m/s, optimal wind speed: 12 m/s. [6] 

(It may be worth mentioning that the maximum power per unit area generated by the 
wind is proportional to the third power of the velocity of the air, but for a hypothetical 
ideal wind-extraction machine no more than the 16/27 of the kinetic energy of the 
wind can be captured.)  

Figure 8. shows the average wind speeds in Hungary at a height of 75 m, even in the 
North-west region it is only 5-6 m/s, which is half of the optimal wind speed of the 
wind turbine E40. One more characteristic which might be good to define is the ca-
pacity factor: a factor that describes the fraction of the time that wind conditions are 
near optimal. This capacity factor in the North-west region of Hungary is approxi-
mately 20%. Though the following problem is mainly math, the result was interesting 
to the students.  

Assuming that the capacity factor is 20%, how many wind turbines similar to E40 
should be used if we were to replace the nuclear power station at Paks with a wind 
farm? The power generated at Paks is 2000MW. (Hungary has only one nuclear 
power station at Paks.) The result is 16000, which stunned the students. 
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Figure 7. Enercon 40 
 

Figure 8. Wind speeds in Hungary 
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Conclusion 
Nowadays the energy crisis, power generation and climate change are hot topics. 
Students are usually interested in them since a lot of information is provided by the 
media or the internet: it is interesting, surprising, astounding, unbelievable, worrying, 
but not always true or unbiased.  

The explanation of the greenhouse effect involves a lot of physics, from model crea-
tion through thermodynamics to the black-body radiation, and maybe a popular topic 
makes it easier and more enjoyable for the students to learn and practice the laws of 
physics as well. In order to educate students to be more environmental-minded and 
energy-conscious, the discussion of the different possibilities for power generation is 
very urgent and important. 
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