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Preface 
 

The seeds for this book were sown in the 1970s, four decades ago, when I 
was then working as group economist for the engineering corporation 
Babcock International Plc. At that time the group employed about 30,000 
people in subsidiaries spread all around the world, engaged in the design, 
manufacture and installation of capital plant for a variety of industries, 
including nuclear & conventional power generation, coal mining, gas, 
chemicals & petroleum, steel, automotive, cement, construction and 
environmental engineering. Prior to that, my formal university education 
had included a degree in engineering at University of Bath and a Masters in 
management science, allied to student sandwich experience with 
Amalgamated Power Engineering [now a subsidiary of Rolls Royce] and 
ASEA Brown Boveri, Switzerland, followed by working for SKF, the 
Swedish bearing manufacturer, often considered to be a bell-weather of 
world economic output.   
 
From the 1980s onwards I worked as director of a consultancy, and 
subsequently also as an expert witness to the Courts, which roles I continue 
to the present day. These experiences have taught me to maintain an 
enquiring, dispassionate and impartial mind regarding the complex 
workings of human endeavour, the natural world and changes arising 
thereof. 
 
My particular research interests in those early years concerned the parallels 
between the disciplines of economics and thermodynamics [the science of 
energy & heat] and how they relate to each other, as a result of which I 
published two peer-reviewed papers on the subject in Energy Economics 
[1979 & 1982]. Subsequent to these I gave presentations to international 
gatherings of government ministers, energy industry executives and 
academia. 
 
Not being based at a university however, and with no research grant at my 
disposal, my main thrust had been to make a living from consultancy and 
therefore, until more recently, opportunities to spend time on research were 
few. Nevertheless, by the turn of the millennium I was able to find time to 
return to some research and published another peer-reviewed paper in the 
International Journal of Exergy [2007], followed up by several working 
papers on monetary aspects and energy models. Subsequently in 2009 I 
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wrote a technical book on the subject, to bring together all the facets of the 
work into a coherent whole: ‘Thermoeconomics – a thermodynamic 
approach to economics’. The book was subsequently revised, corrected and 
added to, up to a third edition [2012], covering topics such as production 
and consumption processes, employment, money, interest rates and bonds, 
energy resources, climate change and sustainability, and including more up 
to date statistics. It has now been superseded by this book. 
 
Whilst not being tied to a university, government agency, industrial 
enterprise or other organisation has disadvantages in terms of recognition 
and time available for research, it does nevertheless have the advantages of 
freedom to investigate and pursue a course of enquiry of one’s own 
choosing and of drawing conclusions independent of those that pay the 
piper or who may have pre-set agendas, however well-intentioned these 
may be. 
 
The nature of the subject requires significant proof for economists and 
scientists to accept that similarities between thermodynamic and economic 
phenomena might imply more than just a passing analogy or isomorphism, 
and relations between the two disciplines have rarely been comfortable, 
with scientists sometimes having scant regard for the work of economists; 
and many economists believing that science has little to offer their 
discipline which, by its nature, can be thought of as anthropocentric rather 
than eco-centric. One eminent energy scientist advised me that he did not 
know of an economist who could follow a thermodynamic argument. 
Certainly a concept such as entropy means very little to most economists, 
still less to the man in the street – money is their language of 
communication. The latter is not, however, the language that Nature and the 
environment converse in.  
 
This book is intended for a mixed readership of scientists, economists and 
those of an enquiring mind. It is a challenge therefore to convey the nub of 
the argument in terms that all can appreciate, with particular reference to the 
effects of potential problems such as ‘peak resources’, humankind’s effect 
on the ecosystem and the maelstrom that would ensue should resource 
failure or climate change ever come about to a significant degree.  
 
While some chapters, notably chapters 4 through to 8, do contain some 
mathematical expressions, explanatory points are included to guide non-
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mathematicians onwards. Formal proofs and derivations have been 
relegated to the notes on each chapter. 
Although economic man may currently have the ascendency, he does not 
actually ‘own’ the Earth. He is there on sufferance, and the Earth would 
quickly forget him along the ecological timescale, should human civilisation 
fail or spoil the proceedings. 
 
I am indebted to my wife Alison for all her support and for providing me 
with an atmosphere conducive to my research. 
 
 
John Bryant 
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CHAPTER 6 MONEY 
 
We began chapter 4 by considering the dynamics of a stock having input 
and output flows. An economy, by its nature, is just a very large grouping of 
such stocks, interconnected by production and consumption processes, all 
passing productive content from one to another. Money is central to an 
economy, and its use is to provide a means of exchange of value of the 
flows of productive content. Essentially one can imagine a single large 
stock of money having countless input and output flows of money to all the 
components of the economy, with the flows acting in the opposite direction 
to all the flows of productive content. Figure 6.1 is a schematic 
representation of the process. 
 

            
Figure 6.1 A Money stock. 
 
A monetary equivalent to value, equal to price P [in money units] multiplied 
by volume flow V of productive content, flows in and out of the stock, 
which has N units of money in it, each of which has a nominal productive 
content of k=1 [£1, $1], which are turned over by an index of trading value 
T, commonly referred to as the Velocity of Circulation. Value flow can rise 
or fall, as can the size of the money stock. The relation is expressed as: 
 

NTPV=   [k=1] 
 
It is set out on a similar basis to that of the well-known Quantity Theory of 
Money, where N is taken to be one of the standard measures of money 
stock, usually M2 or M4. It is an expression of identity, not of how the 
system works. 
 
A particular problem with a money system, compared to an energy system, 
is that whereas in the latter the value k is defined as a constant, being 
energy per molecule per degree of a scale of temperature, which can be 
derived by experiment, in a money system, inflation can have the effect of 
watering down the effective value of money. Exchange rates can also vary 
greatly between economies. For instance the $/£ rate has varied from 2.8 in 
1967 down to 1.1 in 1985, back up to 2.0 in 2007 and down again to 1.7 in 

Value PV 
 

Value PV 

NkT 
 Money Money 
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2014. Thus while the nominal fixed amount k remains the same, the 
effective real value of money can rise or fall. However, when viewed from 
the point of view of the money instrument k, it sees itself as unchanging [£1, 
€1 etc.], but all around it is changing. Changes in the effective real value of 
k are therefore reflected through adjustments to some or all of the other 
factors – money stock N, price P, volume flow V and the velocity of 
circulation T. 
 
Another important point to make in a thermodynamic presentation is that if 
the number of monetary instruments N in circulation remains constant, 
when output price P and output volume flow V are each changing in some 
fashion, then the changes in P and V are reflected in a change in the 
velocity of circulation T. The velocity of circulation T can therefore reflect 
changes in unit value as well as volume. This is not to say of course that the 
stock of money instruments N necessarily remains the same. Thus there are 
four variables to consider: output volume flow of productive content V, 
price P of the same, money stock quantity N and the velocity of circulation 
T.  
 
A less dramatic but still important issue is that of the definition of output 
volume V, given that over long periods of time the mix of goods and 
services changes, entailing sophisticated price deflator estimates to try to 
strip out inflation and take into account switches from high volume low 
added value to low volume high added value. Last, calculation of the 
velocity of circulation is by definition a residual exercise, being equated to 
total output at market prices divided by total money stock. Technical 
changes in the usage of money can also occur, altering the velocity of 
circulation.  The combination of these aspects makes for a more complex 
analysis. 
 
Figure 6.2 illustrates quarterly trends of economic development of the UK 
and USA economies over five decades or so to 2013, measured as percent 
per annum rates of change. UK data is taken from the Office for National 
Statistics and the Bank of England. USA data is taken from the Federal 
Reserve and the Bureau of Economic Analysis. Volume data is taken from 
GDP chain volume measures [UK 2010 prices, USA 2009 prices], and price 
deflators were calculated by dividing GDP at market prices by the given 
chain volume measures. The raw data was smoothed by calculating centred 
4-quarter moving averages. UK figures are based on an M4 definition of 
money, whereas USA figures are based on the narrower M2 definition. 
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Figure 6.2 Annualised 4-quarter centred moving averages of percent growth rates of key 
economic variables.  GDP Deflator (P), Output Volume (V), Money Stock (N) [UK M4, USA 
M2], and Velocity of Circulation (T). 
 
At this stage we are not pre-forming a view on how the factors interrelate, 
and whether they follow a Monetarist, Keynesian or other school of 
thought. All that can be confirmed is a tautological identity, with a change 
in one or more of the factors automatically equating to a balancing change 
in the others, in a manner so far undefined.  
 
Before developing a thermodynamic representation of a money system, a 
point should be made concerning the number of variables. In a 
thermodynamic non-flow gas system, for example, both the constant k and 
the number of molecules N are fixed, and there are therefore only three 
variables left to consider, pressure P, volume V and temperature T. In a 
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thermodynamic gas flow system, on the other hand, there are four variables 
left [other than the constant k]: molecular flow N, volume flow V, pressure P 
and temperature T, but these are effectively reduced to three by replacing 
volume flow V and molecular flow N with specific volume v = V/N [the 
inverse of gas density]. Thus again only three variables remain, enabling 
thermodynamic analysis to proceed. 
 
To develop a thermodynamic analysis of an economic system, ideally a 
similar requirement is necessary; that is, to reduce the four factors in the 
equation plus k [making five] to three, preferably without losing output 
volume flow V.  
 
For example, in the case of some classes of non-monetary goods that can be 
defined in terms of physical factors [weight of grain, tonnes of oil or coal etc], it 
is possible that the productive content k may then have some constancy of 
content, and they could therefore lend themselves to being associated with 
volume flow V per unit of time and stock number N, and thence a specific 
volume flow rate v [=V/N], which reduces the number of factors. But the 
problem of comparison and exchange between two or more different 
systems, through the medium of a common value system, still exists.  
 
In a money system, however, all the factors can vary. Although the money 
value k is deemed constant [£1, $1] this is only so in nominal terms. A 
period of extensive inflation can reduce its effective value. Thus dividing a 
real output flow rate V by the money stock number N still leaves four 
variables. Moreover, dividing a volume output by a number of units of a 
depreciating currency might negate the principle of defining volume output 
at constant prices. As the relative level of volume output per unit of time 
also defines to a large extent the size of an economic system, preserving the 
integrity of volume flow V is important.   
 
By way of illustration, in the UK between 1963 and 2011, money stock 
[M4] grew by a factor of 140, output volume by a factor of 4.3 and prices by 
a factor of 14.2; in the USA between 1959 and 2011 money stock [M2] 
grew by a factor of 32, output volume by a factor of 5 and prices by a factor 
of 6. Compensating adjustments in the velocity of circulation accounted for 
the remainder. It is inconceivable that technical change adjustments equated 
to inflation. 
 
A possible part solution to this problem is to transpose the price deflator P 
to the right hand side of the equation, to derive a Specific Money Stock NP= 
N/P, leaving output volume V alone on the left hand side. This 
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arrangement, though acceptable, does not accord with standard 
presentations of thermodynamic analyses, or of general economic practice 
of having both price and volume flow on the output side of the equation. A 
subsidiary problem to consider, however, is the extent to which changes in 
price P reflect loss of currency value k, or gains in real value. This all rather 
depends upon from where an observer is standing in order to view an 
economy and its surrounding economies. All is relative, though some 
factors might be more relative than others. Nevertheless, the net effect of 
using this method will likely be to misstate money entropy change and this 
point should be born in mind all through this chapter. 
 
The probability is that any change in money instrument stock N may find its 
way into changes in all three of the other variables, price, output volume or 
velocity of circulation, depending upon the relative elasticity between the 
three and with money, and the degree to which a money system is out of 
kilter with the stable state, such as the existence of excess money or high 
inflation.  
 
In this book therefore, the preferred arrangement to develop the 
thermodynamic relationship, although not perfect, is to divide output price 
level P by the number N of monetary units in circulation to give a Specific 
Price PN [=P/N], leaving just one [unvarying]  unit of money stock on the 
other side. This has the effect also of leaving the relationship between 
output volume flow V and velocity of circulation T undisturbed, though 
clearly their relationship to price P and the original varying money stock N 
has been converted to another arrangement.  Thus the economic relationship 
is adjusted to: 
 

TVPN =   [k=1, N=1] 

 
And similarly, by taking logs and differentiating, the relationship between 
the percent rates of change of the three factors is given as: 
 

T
dT

V
dV

P
dP

N

N =+  

 
Thus change in velocity of circulation T can arise either from a change in 
specific price PN or a change in output volume V, or both. And no change in 
the velocity of circulation T will occur if a change in specific price PN is 
balanced by an equivalent change in output volume V. Figure 6.3 illustrates 
the trends of the three percent rates of change to 2013 for the UK and USA. 
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Figure 6.3 Annualised 4-quarter centred moving averages of percent change in Output Volume 
V, Specific Price PN and Velocity of Circulation T. 
 
Already, it can be seen that some order between the rates of change has 
been injected, compared to the situation set out at figure 6.2.  
 
Further clarity is obtained if specific price PN is plotted against output 
volume flow V, as set out at figure 6.4. Over five decades or so, both the 
UK and USA economies have shown some conformation to a trend, despite 
some major economic disturbances during the time. In the UK there has 
been a significant continuing decline in the velocity of circulation.   
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Figure 6.4 Quarterly data of Output volume V and Specific price PN. 
 
Both of the trend lines drawn through the curves show long-term polytropic 
relationships [having an elastic index n] to a significant degree of correlation, 
of the form: 
 

CVP n
N =  

 
The trend line drawn through the curve for the UK economy is of the form 
PNV1.90 = 1.03, with a regression correlation of R2=0.97, and similarly for 
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the USA economy, the curve is of the form PNV0.92 = 1.56, also with a 
regression correlation of R2=0.97.  
 
In both cases, however, significant changes have taken place away from the 
trend, as further exemplified by the ebbs and flows of the percent rates of 
change in volume flow, specific price and the velocity of circulation 
illustrated in the charts at figure 6.3. Clearly the short-term deviates quite a 
lot, and it is of interest to see how the elastic index changes with the passing 
of time. By differentiating the expression, mathematically the elastic index 
n can be set out as: 
 

















−=

V
dV

P
dPn

N

N  

 
Being the negative of the percent change in Specific Price divided by the 
percent change in volume flow. Figure 6.5 shows the quarter on quarter 
paths of the elastic index n for the UK and USA economies. The averages 
for each economy, derived from the regression analysis, have been drawn 
on each chart. 
 
Readers will note that the elastic index n for each economy, for some 
periods of time, varies about the long-term average, but that every so often a 
violent disturbance occurs. It is perhaps of no coincidence that the principle 
disturbances occurred at memorable economic times including: devaluation 
[UK 1967], oil shocks [1973, 1980, 1990 and 2008], and stock market and 
financial crashes [1960, 1973/74, 1980, 2000, 2007/8 onwards]. Movements of 
the elastic index are therefore likely to be important in the scheme of things. 
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Figure 6.5 Quarter on quarter elastic index n of the UK and USA economies. 
 
 
Money Entropy 
 
The thesis of this book is that entropy change constitutes the driver for 
many facets of the world in which we live, and that economics is likely to 
be no exception to this. Economic entropy and utility are very similar 
concepts, though proceeding in the opposite direction to each other. Further, 
money being central to an economy, it is reasonable to propose that a 
general entropy function could be set out for money.  
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Readers will have noted that a relationship was developed in chapter 4 
regarding the general polytropic case [PVn=C]. For reference the 
relationship for a stock having one unit [N=1] was given in two forms: 
 

( ) 





+−=

V
dVndS 1ωω      or:    

V
dV

r
ndS 





 −
+=

11  

 
Change in entropy generation was related to four factors: the elastic index 
n, the growth rate of volume flow dV/V, and what has been described as the 
lifetime or value capacity coefficient ω [the ratio of the time units of productive 
content take to pass through a stock compared to the trading time], or its inverse, 
the rate of return r. For money the rate of return can be stated approximately 
to be the long-term average or natural level of the velocity of circulation. 
Over the periods examined in this book, the mean velocities of circulation, 
or rates of return, for the UK and USA economies were 1.36 and 1.85, 
equating to lifetime factors ω of 0.735 of a year and 0.54 of a year 
respectively. Some of the difference between the two countries is explained 
by the different definitions of money stock used. The UK definition of 
money stock [M4] constitutes a much broader definition than the USA one 
[M2]. The author has some concern also as to the precise effect on the 
lifetime coefficient and the rate of return arising from the continuing decline 
in the UK velocity of circulation, though that must be the subject of future 
research. 
 
Figure 6.6 illustrates estimates of annualised quarter on quarter changes in 
entropy generation for the UK and USA economies, compared to percent 
rates of change in volume flow and of the velocity of circulation. 
 
It can be seen that change in entropy generation tends mostly to overshoot 
positive volume growth and undershoot negative volume growth. It also 
tends to flow with change in velocity of circulation as that includes both 
volume flow and Specific Price changes.  
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Figure 6.6 Money entropy change ds for estimated values of lifetime factor coefficient and by 
                 reference to percent changes in output volume V and velocity of circulation T. 
 
 
 
Money Entropy and Interest Rates 
 
One of the conclusions reached at chapter 5 is that in a production system a 
number of constraints can act on the forward path, though it is not 
necessarily the case that all will occur together or be of the same strength. 
One can only examine each individually and say what the potential effect of 
that particular constraint would be. Only a complex systems dynamics 
approach can deal with the combined effects, which is outside the scope of 
this book. 
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In the case of money, the key potential constraints are the level of interest 
rates and the degree to which central banks resort to changing the size of the 
monetary base, the latter typically by buying or selling short-term 
government bonds to influence interbank interest rates. More recently, 
central banks have also resorted to buying financial assets from commercial 
banks [colloquially known as quantitative easing] because interest rates had 
already approached zero at the time, arising from economic conditions, and 
where no other means of expanding money supply was available. 
 
In our thermodynamic arrangement, changes in the money supply N are 
reflected in changes to the specific price PN in an inverse way; significant 
increases in money supply will effect an immediate depression of the 
specific price, and vice-versa, though a feed-through effect might be a 
subsequent rise in the price level P to raise the specific price PN back up 
again – inflation from ‘printing’ money.  
 
To formulate the relationship of interest rates to the entropy motivating 
force in an economy, our starting point is to go back to the concept of active 
and inactive stocks, which culminated in a relationship between change in 
entropy generation, output volume flow and constraints acting on output 
flow. A similar approach could be applied regarding the constraining forces 
acting on the demand for money balances as, in any transaction period, 
money continually flows out into the economy and back again, and in the 
opposite direction to output value flow. 
 
It is generally accepted among economists that demand for money is 
positively related to income and output, but negatively related to interest 
rates, with a rise in the latter constituting a restraining force on an economy, 
and a fall constituting an expansionary force. The standard textbook 
representation of demand for money is by reference to a curve of liquidity 
preference, a concept pioneered by John Maynard Keynes [1883 -1946] in 
his book ‘The General Theory of Employment, Interest and Money’. 
Liquidity preference is effectively a curve of utility of money turned upside 
down, as in figure 6.7.  
 
At this point it should be stated that we are not arguing in favour of either a 
Keynesian or Monetarist approach to economics, and whether management 
of the money supply or adjustments in fiscal spending, via an IS/LM model 
[Investment-Saving/Liquidity Preference-Money supply. (Hicks - Hansen 1936)], 
provide the means to keep an economy in balance. We are, however, 
arguing that the thermodynamic analysis set out so far indicates that 
economies appear to operate with a polytropic relationship between specific 
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price, output volume and velocity of circulation, with interrelating and 
continually changing elasticities. We are also arguing that there is a 
relationship between the concepts of utility and entropy, and therefore that 
the utility of money can be represented in terms of entropy. 
 

 
 
Figure 6.7 Liquidity preference and utility of money. 
 
Thus the inference of the analysis is that interest rates are negatively related 
to changes in money entropy generation. The higher the change in entropy 
generation, and the higher price inflation, the higher interest rates have to be 
to counteract the expansionary force in the economy. Interest is therefore a 
form of value flow constraint and negative entropy change.  
 
0BAlthough money balances exist primarily to facilitate value flow G within 
an economy, it is not unreasonable to accept that when they reside in a 
deposit account they will accumulate interest, as would money lent to 
borrowers accumulate chargeable interest. Such interest is included in the 
total of money balances and, potentially, a rise in interest rates would 
introduce a restriction or a delay in the amount of active money balance that 
could be used to service an economy. Within money balances one could 
therefore imagine a continuing, cumulative index of interest value 
[designated symbol I] that would detract from the total. An economist would 
calculate an index of interest value I in a compound manner: 
 

( )( )( ) ( )tt iiiiII ++++= 1.......111 1110  
 
Where I0 represents a convenient starting point, and interest rates i1, i2… 
change with time according to the economic climate.   
 

Demand  

Interest  
charged 

Demand  

Liquidity Preference Utility of Money 

Utility  
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Since money balances service output value flow G in an economy, it 
follows that the rate of interest likewise subtracts from the potential value 
flow that could otherwise be generated.  
 
Figure 6.8 sets out relationships between such a cumulative interest index I 
[calculated from quarterly values of 3-month Treasury rates] and output value 
flow G for the UK and USA economies for time periods where 3-month 
Treasury rates were available: 
 

 

 
 

Figure 6.8 Output value G and Cumulative money interest index I (3-month Treasury rate).  
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Over the periods examined there has been a significant regression 
correlation between output value flow rate G and money interest index I, 
expressed in terms of a power relationship of the form: 
 

( )θIG =  
 
The values of θ for the UK and USA were 0.91 and 1.16 respectively with 
R2 values in the region of 0.98-0.99. On this basis it is reasonable to assume 
that, over the long term, interest index I proceeds in tandem with output 
value flow rate G with the factor θ for an economy being about equal to 1.  
 
As might be expected however, significant changes have occurred in the 
short term, as each economy has developed, in particular, the events of 2008 
onwards and the use of quantitative easing.  
 
Figure 6.9 illustrates the effect, relating 4-quarter moving averages of 
economic growth in value terms to interest rates: 
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Figure 6.9 Annualised % changes (4-quarter moving averages) in output value flow G and             
interest rates (3-month Treasury rate). 
 
Proceeding further, in a similar manner to the conclusion at chapter 5 of 
entropy change being related to the difference between the volume flow 
rates of change of active and inactive components, we can set out a similar 
relationship of entropy change, but this time to output value flow and 
interest rates: 
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“In an economic system, change in money entropy generated is equated to 
the difference between the rate of change in output value flow G and the 
rate of change in the Index of Money Interest I.  
 
This is expressed mathematically as: 
 







 −=

I
dI

G
dGdS  

  
Entropy change is related to the growth rate of output value G less the 
prevailing interest rate i. The charts at figure 6.10 illustrate this proposition 
for the UK and USA economies.  
 

 

 
Figure 6.10 Annualised centred 4-quarter moving averages of rate of change of output value 
dG/G less interest rates i, set against entropy change dS. 
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The author considers that movements in interest rates are affected by 
changes in money entropy, particularly in the case of the USA economy, but 
that the relationship as developed so far indicates a spread of differences in 
values, and more work is required to be done, particularly with regard to the 
effect of changes in the long run velocity of circulation affecting the 
calculation of the rate of return r and the lifetime coefficient ω. Figure 6.4 
shows how the velocity of circulation has deviated from the mean levels 
assumed.   
 
In addition, interest rate changes are not the only factor affecting output 
value flow and entropy change. Employment and external resource factors 
also come into play. We will look at these in succeeding chapters. 
 
Accepting, however, that there is a link between entropy change, output 
value and interest rates, the key indicator of portending change in an 
economy will be when sudden changes in the short-run elastic index n 
occur, as shown at figure 6.5. 
 
 
 
 
 


