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We measure the quantity of food that we consume in units of 
energy, kilocalories or kilojoules. Our bodies convert energy 
from the food we eat into human biomass. Part of the study 

of environmental thermodynamics is concerned with the tracing the 
path of this energy through the trophic layers of food chain and its 
conversion into biomass.

Energy enters the biosphere, that part of the earth and its atmos-
phere which supports the life of animals and other living organisms, 
from three sources. The largest portion, approximately 99,97%, is in 
the form of radiant energy from the sun. The balance is accounted for 
by heat coming from the interior of the earth and tidal energy coming 
from the movement of the moon round the earth. Approximately half 
the radiant energy from the sun is in the visible range and half in the 
infrared, producing heat.

In practice, the only production of biomass is through the action 
of photosynthesis. Terrestrial biomass is produced through photo-
synthesis in green plants and aquatic biomass is produced by the 
photosynthesis in phytoplankton. Effectively there is no other way 
in which large quantities of biomass is produced. The production 
by green plants is approximately 0,5% efficient in terms of the light 
energy falling on them.

The prime producers (green plants on land and phytoplankton in 
the sea) are consumed by herbivores. These in turn are consumed 
by different levels of carnivores. Ultimately decomposers (usually 
bacteria) convert the waste. The conversion of one form of biomass 
into another takes place at different levels of efficiency but is usually 
around 10%. That is each trophic level is about 10% efficient and there 
is a limit to the number of trophic levels that can exist in a system. 
The production of meat in feed lots will be more efficient than 10% but 
many other systems less so. Thus, in a hypothetical system containing 
only grass, rabbits and foxes, biomass from the grass is converted 
into rabbit biomass and in turn rabbit biomass is converted into fox 
biomass. We can rephrase the laws of thermodynamics as follows - 

First law: All work and growth requires energy and energy cannot be 
created or destroyed. That is, without photosynthesis and radiation 
from the sun there will be no grass, no rabbits and no foxes.

Second law: Increased order (growth, complexity) in one part of 
a system entails increased disorder (entropy) in another part. An 
increase in fox order implies an increase in rabbit disorder.

In terrestrial systems the standing mass of each of the trophic levels 
decreases as we ascend the system (Figure 1a). Thus there will be 
less mass of foxes than of rabbits and a higher mass of grass than 
the mass of rabbits. 

This is not true for all maritime systems due to very fast produc-
tion levels of plankton (Figures 1b and 1c). Here, an inverted pyramid 
is possible.

Figure 1a: Pyramid of mass: In a typical terrestrial system there will be a 
decrease in thee standing mass of species as we proceed through the dif-
ferent trophic layers.
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Three hundred trout are needed to support one 
man for a year. The trout, in turn, must consume 

90 000 frogs, which must consume 27 million 
grasshoppers that live off 1 000 tons of grass. 
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Figures 1b and 1c: In some marine systems the standing mass is repre-
sented in the form of an inverted pyramid. This is due to the fact that at 
any point in time the total amount of biomass in microscopic algae is small. 
They multiply very quickly from this small base

Terrestrial biomass accounts for approximately 90% of the total bio-
mass of the biosphere. The largest portion of this biomass is found 
in trees of the earth’s forests. It is estimated that at present 40% of 
the total terrestrial biomass production is being harvested directly 
for human consumption and development. The remaining 10% of 
biomass is marine. Here, Phytoplankton are the prime producers 
and zooplankton, predatory zooplankton, filter feeders and predatory 
fishmake up the higher trophic layers.

Howard T Odum studied the interaction of the different trophic 
layers in a swamp at Silver Springs in Florida. The results of his 
research in terms of energy levels are shown as an energy pyramid 
(see Figure 2) and in more detail in Figure 3. 

Every trophic level of the food chain produces greenhouse gases 
through the decay of its waste as well as through respiration. Some 
commentators suggest that the livestock industry produces more 
than 16% of the total industrial greenhouse gas emissions through 
the waste produced.

Figure 2:  Pyramid of energy. The quantity of each trophic level decreases 
as one proceeds up the system. This pyramid can never be inverted.

Figure 3: Energy in an Eco system. Howard T Odum studied the energy flows 
in an ecosystem at silver lakes in Florida. There is energy loss on the one 
hand though waste and decay and on the other hand through respiration.

Solar energy through photosynthesis results in the production of 
biomass which in effect is a mechanism for the storage of energy. It 
requires between 20 and 25 leaves on the tree to produce one apple. 
A medium apple has a calorific value of approximately 296 KJ (71 
kcal). Solar energy has been transformed into stored energy in the 
form of apples and in the growth of the tree. Because the tree has 
cycles of production and respiration, it is the net energy of the system 
that goes into the formation of the apple.

Over time, the prime production has through sunlight, gravita-
tional energy and deep earth heat been converted into other forms of 
energy, mostly fossil fuels. This conversion has required energy inputs 
from the three prime sources of energy over millions of years. Fossil 
fuels represent stored energy. As we use it we are depleting the store.

Emergy

In order to make a comparison between different kinds of energy in 
the universal hierarchy a new term has been defined: emergy. Emergy 
is the available energy of one kind that is used up directly and indi-
rectly in transformations to make a product or service. The name is 
derived from the term embodied energy. Emergy (Em) is measured 
in emcalories or emjoules. 

Transformity (Tr) is the emergy input per unit of available energy 
output. By definition the emergy of sunlight falling on the earth is 
equal to its energy content. Sunlight has a transformity of 1,0. If 3 000 
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solar emjoules are required to generate one joule of wood then the 
transformity of the wood is 3 000 emjoules per joule. This is abbrevi-
ated to seJ/J.

The concept of emergy is thus very similar to the concept of virtual 
water. Virtual water measures the total quantity of water that was 
used through all stages of production to produce a product. Thus the 
virtual water content of a cup of tea is 35 litres and the virtual water 
content of a kilogram of beef is 15 500 litres.

Empower is defined as the emergy flow per unit time (seJ/s). Other 
units such as specific emergy are similarly defined.

There have been different values given to the transformity of 
other energy sources since the concept of emergy was first muted. 
The following values are relevant:

 Tidal energy - 9 x 103 seJ/J
 Deep earth heat - 7 x 104 seJ/J
 Fossil fuels – 6,7 x 104 seJ/J

The different stages of energy transformation of a typical process are 
given in Figure 4. In the production of light from the light bulb the 
solar transformity (seJ/J) of the various stages are as follows –Wood 
requires 3 000 seJ/J, coal 67 000, electric power 2,8 x 105 seJ/J and 
the light form the light bulb 4,0 x 106 seJ/J. The construction of the 
power station and the manufacture of the light bulb are taken into 
account here.

Similarly, the emergy requirement of any product our civilisation 
produces may be estimated.

Figure 4:  Energy transformity from solar energy to the production of light 
in a light bulb. 4,0 x 106 seJ of emergy are required to produce 1 J of light 
energy from the light bulb.

An overview of the scale of global emergy usage is given in Figure 5. 

Energy emanating from solar radiation accounts for 99,97% of the 
energy entering the biosphere. Heat from the earth’s core accounts 
for 0,025%, tidal energy 0,002% and the waste heat from the use of 
fossil fuels accounts for 0,007%. A calculation of the total energy 
harnessed from fossil fuels and nuclear energy in the period 1820 to 
2000 is 17,3 x 1021 Joules.

Figure 5: Emergy in the biosphere. Increasingly, emergy to power our civi-
lisation is been drawn from reserves of fossil fuels stored in the biosphere 
over millions of years.

Examined in terms of emergy, however, the contribution of fos-
sil fuels to the global energy scenario, as shown in Figure 5 looks 
somewhat different. The fossil fuel contribution to global emergy 
requirements is greater than any off the other sources of emergy 
which we harness for our use.

All the figures should be considered in relation to the production 
of biomass which is the prime driving force of all species. The stand-
ing mass of some species is listed on the Table 1.

 

million tons

Humans 100

Domestic Animals 700

Crops 2 000

Antarctic krill  500

Fish 800 – 2 000

Phytoplankton 560 000

Table 1: Standing mass of some species. As expected the terrestrial prime 
producers (crops) exceed the domesticated animals (herbivores) which in 
turn exceed the humans (omnivores). 

As expected the mass of the lower trophic levels is greater for the ter-
restrial species but not for the aquatic species. The production levels of 
some prime production systems are listed on Table 2. These indicate 
which systems make the best use of sunlight to produce biomass. 
Crop production is far less efficient in terms of land use than forests.
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Type of Land g Carbon/m2/year

Swamps and marshes 2 500

Coral reefs 2 000

Tropical rainforests 2 000

River estuaries 1 800

Temperate forests 1 250

Cultivated lands 650

Open ocean 125

Deserts 3

Table 2: Production of biomass in different systems. This clearly shows the 
difference between the productivity of forest systems than cultivated land.

Conclusion

The efficient use of energy in the future needs to take account of the 
interaction between biomass and energy as well as the transformity 
of the energy use. Transformity is a measure of the efficiency not only 
of the final energy use but also the steps of the process. 

The waste or the decay of biomass is a critical component of 
both biomass energy production and also of energy management. 
The currently high utilisation of terrestrial biomass for human use is 
probably not sustainable.
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