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**********************************************************

"Technological advances must be matched by advances in, of all things, accounting.  Simply put,
our national accounts do not reflect the direct linkages between the economy, and the
environment.

J.C. Sawhill, President and Chief Executive Officer of the Nature Conservancy
(Quoted in Nature Conservancy, 95-01/02, p. 6)

**********************************************************

Preface

Accounting is a simple, but universally applicable pattern of thinking. Substance accounting is a
tool to unfold the complexity of the states and the processes in any kind of system, including
ecological and social systems.  

We must realize, that the laws of nature are stronger than the laws of society.  The laws of nature
govern ecosystems, and our political, social and individual rules can develop only inside the
limits allowed by a healthy ecosystem. 

Solar radiation sustains the Earth’s ecosystem, which includes human society and a complex web
of life in a state of dynamic equilibrium.  A system is in dynamic equilibrium when all the
activities of creation, destruction, import and export balance each other.  A sustainable society is
an active society embedded in an ecosystem in dynamic equilibrium.  
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Mastery of the universal tool of substance accounting requires an understanding of several
universal concepts: substance itself, and unit of substance; system or entity of accounting;
accounting period; state, process, change, and balance equation.  
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Part I: Basics
This first part is developing the concepts and theories of substance accounting in general.  It is a
pattern of thinking that is applicable in all traditional disciplines.

1 Substances, Things

Substances surround us.  There are inanimate, material things like sand, water and air, rocks. 
There are artifacts of human ingenuity like chairs, tables, cars, or money, and there are cosmic
substances like mass, energy, light, elementary particles, asteroids, moons, planets, stars, and
galaxies.  Even living creatures like microbes, grasses, bushes, trees, animals and humans are
included in this most general definition of a substance.  All of these things and beings are called
substances that can be accounted for. 

If we have an amount of substance we can divide it in two halves, each halve will be of the same
kind of substance. But, there are limits to dividibility.  Substances have a smallest amount, the
substance individual, the 'substance atom'.  Dividing a substance individual into parts will lead to
the destruction of the characteristics of this substance, and the creation of new kinds of
substances.  By splitting a 'water molecule’ we get 'hydrogen' and 'oxygen'.  By cutting a 'tree' we
get 'lumber' or 'firewood'.  If we were to cut a 'pig' into parts we get  'pork'.  

2. Substance Individuals, Units of accounting

Substance individuals are the smallest amount of a substance:  Aristotle called these individuals
‘primary substances’.  Because of this indivisibility of primary substances, they are often used as
the units of accounting. 

When the number of substance individuals is big, more convenient units of accounting are in use. 
The supermarket will sell eggs by the dozen.  Chemists use the mole as a convenient unit of
accounting for very large number of molecules of a certain substance. 

Artificial units of accounting are created, when the substance individuals are not clearly defined
entities or not practical for accounting purposes.  Examples of such units of accounting are the
‘litre’ (l) for milk or gasoline, the Joule (J) for energy, and the kilogram (kg) for mass.  

The number of substance units of accounting in a well-defined system is used to determine the
quantity or amount of a substance ‘X’ in a system.
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3. Systems, Containers, Accounting Entities

Systems are containers of substances.  Examples of container systems are bottles, bubbles, bags,
boxes, houses, cities, gardens, fields, forests or countries.  All substances inside the container are
part of the system.  Accounting for substance means to determine the amount of each relevant
kind of substance in a container.  This can be done by counting the substance individuals inside
the system, or by weighing or by other measurements.  The container system is called the
accounting entity.  

A system is defined by an imagined closed surface, a  ‘skin’, or ‘envelope’, which separates the
universe into a system on the inside, and an environment on the outside of the skin.  Such a
surface is called a ‘Gaussian surface’.  

4. Accounting Period 
Changes in a system happen over time.  The time elapsed between the beginning and the end of
accounting is called the ‘accounting period’: ‘Dt’.  The accounting period can be adjusted to the
purpose of the accounting.  Depending of the speed of change it may be a fraction of a second, a
day, a week, a month, a season, or a year.

5. Classification of Substances and of Systems
‘Substances’ can be sorted by their properties.

'Materials' are a class of substances that are merely physical, and occur in nature.  Air, water,
minerals are materials.

'Artifacts' are a class of substances that are the result of human design.  Artifacts are merely
physical.  Simple tools such as a hammer, a spade, furniture, a clockwork, or monuments are
examples of artifacts.

'Cyberons' are substances that are capable of pursuing a goal.  Cyberons have the ability to act on
the basis of signs, the fine structure of things called information.  Automata, robots, computers
and all live beings are examples of Cyberons.

'Microbes' are the smallest living substances.  They have the ability of self-reproduction, which
characterizes all live beings.  Bacteria and viruses are examples for microbes.

'Plants' are living creatures with the ability to reproduce themselves.  Plants are usually fixed at a
location, and derive their food from the environment in which they live.  A particular ability of
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plants is to use light and carbon dioxide from the air to grow, a process called photosynthesis. 
Algae, mosses, grasses, bushes and trees are the predominant plant species.

'Mushrooms' are fixed to a location like plants, but they do not have the ability to use
photosynthesis, and thus, they require plant materials to grow.

'Animals' are usually mobile living creatures.  They are unable to use light directly, but they have
the ability to hunt and search for food in different locations.  Fishes, amphibians, reptiles, birds,
and mammals are examples of animal species.

‘Systems’ can be classified by their substance contents. Systems are 'merely physical', when they
contain inanimate materials only.  A system is 'cybernetic' when it contains cyberons, and it is
'biological' when it contains substances that are capable of self-reproduction.  A system is called
'social' when it contains many live individuals of one kind who interact with each other.  A
system is called ‘ecological’ if it contains many societies of live substances interacting with each
other, with the materials in the system, and with the environment.

6. State of a System: List of Contents, Substance Inventory

Systems may contain many substances.  A qualitative description of the state of a system can be
given by a list 'Y' of the kind of substances ‘Sn’ present in the container system.  (n = 1, 2, 3, ….)

Y = [S1, S2, S3, .... ] . (1)

This is called a list of contents.  The list of contents represents a qualitative description of the
state of a system.

A quantitative state description is achieved by a list 'Z' of the amount of each kind of substance
Xn in the system.  

Z = [X1, X2, X3, .... ]. (2)

This is called the substance inventory of the system.  The inventory represents a quantitative
description of the state of a system.  

For example, the state of a forest with well defined boundary can be described by a tree
inventory; X1 may represents the number of birch trees, X2 the number of oak trees, and X3 the
number of maple trees in the forest at a given point in time.  
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7. Change of State

The change of contents 'DY' is given by the difference between the final state 'Yf', and the initial
state 'Yi'.

DY = Yf - Yi.  (3)

If the substance S1 is present in the beginning and in the end, then the change in substance of
kind 'one' is DS1 = S1 - S1 = 0.  If the substance S2 is present at the beginning, but not in the
end, then the change in substance of kind 'two' is DS2 = 0 - S2 = - S2.  This means the substance
disappeared from the system.  If the Substance S3 is not present at the beginning, but it is in the
system at the end, then the change in substance of kind 'three'  is:  DS3 = S3 - 0 =  + S3.  Thus,
the change list in the described examples is:

DY = [DS1, DS2, DS3, ....] = [ 0, - S2, + S3. ...... ].  (4)

This change list is interpreted as no change in S1, disappearance of S2 from the system, and
appearance of S3 in the system, and so on for all substances in the content list Y.  If we know the
initial state Yi, and we are able to observe the changes DY, then we can predict the final list of
contents of the system Yf.  It is given by rearranging the definition of change in equation (3) as:
 
Yf = Yi + DY. (5)

In a similar way, we can derive a quantitative description of change 'DZ' in the inventory of a
system.

DZ = Zf - Zi. (6)

or:

DZ  = [X1f, X2f, X3f, .... ] -  [X1i, X2i, X3i, .... ]. (6a)

The change in the amount of a substance Xn in the system is defined as the amount present in the
end minus the amount present at the beginning:

DXn = Xnf - Xni. (7)

The change list can be expressed in another way:

DZ = [DX1, Dx2, DX3, ....... ]. (6b)
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Given the inventory at the beginning of an accounting period, and observed changes during the
accounting period, the final state can be predicted quantitatively by modifying equation (6) as:

Zf = Zi + DZ . (8) 

Challenge: Interpret all of the equations (1) to (8) for a park of 200 m2, 
if X1 = 150 m2  of Kentucky Blue grass, X2 = 5 cedar trees, X3 = 12 dandelions, and DX1 = - 20
m2 of Kentucky Blue grass, DX2 = + 2 Cedar Trees, and DX3 = - 12 dandelions

8. Actions of a System: Transfer and Production of Substance

A system can act in two ways: internal action, and interaction with the environment.  

Production and destruction of substances happen entirely inside the container.  The net amount of
substance Sn produced inside a container system we called 'PrSn'.   A positive term Pr+Sn
indicates the amount of Sn created, and a negative value of production Pr-Sn desribes the amount
of substance destroyed within the accounting period.  Live substances are created by birth, and
destroyed by death.  Usually the production of one substance is based on the destruction of
others.  The net amount of  production during the accounting period is the sum of the positive
and negative production:  
PrSn = (Pr+)Sn + (Pr-)Sn .  

The net transfer of a substance 'TrSn' the interaction between the system and the environment;
transfer is by definition any substance crossing the ‘skin’ of the system.  Positive transfer
‘(Tr+)Sn’ means that there is a import of a substance from the environment, negative transfer
‘(Tr-)Sn’ means an export of a substance from the system to the environment.  The net transfer of
substance Sn is given by the sum of positive and negative transfers: TrSn = (Tr+)Sn + (Tr-)Sn.  

The total Sn-action of a system 'ASn'  is given by the sum of both types of action:

ASn =  PrSn + TrSn, (9)

or, when expressing production as (Pr+)Sn, destruction as (Pr-)Sn, import as (Tr+)Sn, and export
of Sn as (Tr-)Sn; equation 9 is more explicitly:

ASn =  (Pr+)Sn + (Pr-)Sn + (Tr+)Sn + (Tr-)Sn. (9a)
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9. Relating Change and Action: the Balance Equation

The total actions of a system are causing the system to change.  The connection between action
and change is given by the fundamental equation of accounting, the balance equation:

DXn = ASn, (10)

or,

DXn = PrSn + TrSn. (10a)

10. Rates of Change and of Action

The average rate at which changes, and actions happen in a system are of interest as descriptors
of an active system.   The average rates can be determined by dividing the change DXn and the
action ASn with the accounting period Dt. During the accounting period the average change rate
of the systems Sn content is: DXn/Dt , and the action rate with respect to substance Sn is:
ASn/Dt.  The latter can be represented as the sum of the net production rate PrSn/Dt, and the net
transfer rate TrSn/Dt of Sn into the system:  

By calling the production ‘generation’ or ‘G’, and the transfer rate ‘flux’,or ‘F’, the balance
equation 10a can be written as a rate equation: 

DXn/Dt = GSn + FSn (10b)

11. Causes of Action: Exergy

Traditionally, energy is defined as the ability to do work, i.e. create change by transfer or
production.  However, the law of conservation of energy states that energy cannot be created or
destroyed. Why then is there action in a system, why do things not remain as they are?   

There is another more suitable energy concept, the concept of available energy of a system in a
given environment; it is called 'exergy'.  While energy may exist forever, and do nothing, exergy
is that part of energy, which has the ability to cause change; exergy is the driver of all action.  A
still ocean has a lot of energy, but no exergy.  An ocean with waves has energy and exergy.  Not
the energy, but the exergy of a system is a measure for its ability to do work.  
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 The law of entropy, known as the second law of thermodynamics, is a fundamental law of
nature.  It says that the entropy of the universe has a tendency to increase.  This translates into the
equivalent statement: 'the exergy of each system has a tendency to decrease'.  Hot things get cold,
highly concentrated substances tend to dilute, motion slows down through friction.  

Solar energy has a lot of exergy.  It is the driving force behind all life processes on earth.  Plants
capture solar exergy and store it.  We use the plants' stored exergy for food.  The solar exergy
stored in fossil fuels is used to drive our cars, and our factories, and to heat our houses.  When
nuclear exergy is released in an uncontrolled way by nuclear weapons, the actions are extremely
strong and destructive.  

12. Dynamic Equilibrium and Sustainability

An equilibrium state of a system is the state in which the system has no tendency to change.

There are two types of equilibria: a system in 'static equilibrium' has no action at all, and a
system in 'dynamic equilibrium' is an active system, but there is an equal amout of action and
opposite action going on so that net action is zero, and no change is effected by the actions. 
Equilibrium states of cyberons, biological systems, societies, and ecosystems are by their very
nature dynamic equilibria.

For each type of equilibrium there are four kinds: 

A system is in a 'stable equilibrium state' when, after a disturbance, the system has a tendency to
return to the original state by itself.  These are self-sustaining states.

A system is in an 'indifferent equilibrium' when changes in the system do not lead to further
change.  In this indifferent equilibrium state the system does not offer a resistance to change, nor
does it display a tendency for change by itself. 

A system is in an ‘unstable equilibrium', when changes lead to further changes in the same
direction away from the original state.  Without external control, the systems in unsustainable
equilibrium states have a tendency to self-destruct.

A system in a 'metastable equilibrium state' is stable or unstable depending on the size of the
disturbance. The metastable state is sustainable for disturbances smaller than a threshold size
change.  For disturbances bigger than the threshold the metastable states are unable to sustain
themselves.
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II: Application of Substance Accounting to Ecosystems

The concepts and patterns of thinking in substance accounting are useful in describing the states
of ecosystems, and the processes of change in them. 

13. What Is the Smallest Self-Sustaining Ecosystem?

Ecosystems exist in large regions of land or water; they cannot be arbitrarily reduced in size. 
Small patches of tropical rain forest are unable to retain the humidity and dry out.  Thus, parts of
a rain forest are not sustainable rain forests.  For example, a natural park of 200 km length and 50
km width was set aside for a rare species of lions in West Africa.  Unfortunately, this species of
lions had a range of some 100 km.  They strayed outside the park, disturbed the farmers' herds,
and were shot to extinction.  Ecosystems are a web of many interacting parts in a state of
metastable, dynamic equilibrium.  A disturbance of a certain size can result in a catastrophic
collapse, in an instability that destroys the viability of the ecosystem.

14. Production: Creation and Destruction, Birth and Death

The internal dynamic of an ecosystem is determined by creation and destruction of substances. 
Organisms are created from seeds and materials, and after a limited life span, they die and decay
into material substances, or serve as food for other developing organisms.  Together with
transfers, the internal actions of production and destruction determines the changes occurring in
ecosystems.

15. Transfer: Wind and Weather, Creature Corridors

Solar exergy transfer, together with rain and wind are the determining transfers sustaining an
ecosystem.

The huge forest fires in Indonesia and other tropical rain forests are partly due to the reduction in
size of the rain forests.  The wind is penetrating the smaller remaining parts and fires can rage as
never before.  The global reduction in rain forests may even change the weather, and the severe
droughts in many parts of the world are a consequence.  The increase of carbon dioxide in our
atmosphere is another factor determining the human influence on global warming and changing
weather patterns.
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Creature corridors between the remaining wilderness areas of the world would contribute to
retain the much desirable biodiversity on the planet.  Biodiversity makes ecosystems more
resilient and stable.  Creatures and plant seeds are transferred from one ecosystem to another if
three are migration paths that connect the systems.  These transfers contribute to the changes
taking place in and ecosystem, together the internal action.

16. Accounting for Ecosystems 

Substance accounting in ecosystems is given by an application of the developed procedure in part
one.  First the accounting entity, the 'container', must be clearly defined by the boundaries all
around it.  The lateral boundaries, the 'walls' of the system and by the upper boundary, the real or
imagined 'ceiling' at a certain height above the ground, and the 'floor' of the system at a certain
depth below the ground.   Second, in order to determine the initial state of the system
qualitatively a list of relevant contents must be established.  For a quantitative description of the
system's state the amounts Xn of each of the relevant substances in the system must be
determined by counting of individuals, or by other measurements.

At the end of the chosen period of accounting the change can be determined by using two state
lists in equations (3) or (6). An alternative determination of change is based on observing the
actions in the system during the period of accounting and using equations (8) and (10).

Changes can be positive in some substance, and negative in others.  For sustainable ecosystems
the changes should be small and alternately positive and negative.  The prey population changes
with the weather, and the predator population usually follows the prey population.  Continued
positive change indicates unhealthy growth, and continued negative change indicates that a
substance in the ecosystem may be threatened by extinction.

17. Ecological Equilibrium

In a sustainable ecosystem in ecological equilibrium the changes average out to zero in the long
term.  It appears that the human population on Earth is not in any kind of equilibrium.  It is
showing continued and accelerated growth.  The use of modern technology allowed for this in the
last couple of generations.  Unfortunately, the byproducts of the human population increase, and
the environmental pollution is disturbing the equilibrium for most other species of life.  A natural
extinction rate without human interference is several species per year.  The natural creation rate
of new species is about at the same level.  There is, so far, no transfer of life between the earth
and outer space in sight.   The ecological disturbance from the unhealthy growth of the human
population causes an extinction of some thirty thousand species per year.  With several millions
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species of life in the planets inventory, we can see a catastrophic reduction of the diversity of life. 
Since all the life forms are dependent on each other that may lead to a collapse of the ecosystem
as we know it.

18. Enlightened Egotism of Humans

If humans wish to continue to live on this planet, it is wise to let other species live as well. 
Buddhists have been preaching respect for all life for a long time, and humanity would be wise to
accept that message.  The UN should buy large wilderness areas on fertile land from nations
owning them, and offer habitat to other life forms; these world parks should be connected by
creature corridors and unobstructed water passages.  This kind of altruism to other species is
nothing but an enlightened egotism of humans.  Our happiness, even our life depends on a
sustainable ecosystem in a healthy equilibrium of many life forms.
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