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Abstract:

This paper examines two literatures that try to understand the biophysical constraints

placed on the economy and economic growth. Firstly, exergy economics uses the sec-

ond law of thermodynamics to examine the aggregate exergy conversion process to the

useful stage. This shows the dependency of the economy on physical laws and high-

lights the limits to continued productivity growth. I argue that exergy economics pro-

vides a vital contribution to economics, but previous attempts to integrate it into an eco-

nomic framework are undermined by a reliance on the neoclassical production function.

Secondly, ecological macroeconomics examines biophysical constraints to the economy

using heterodox economic theory and models. My review of this literature shows that

productivity growth is often modelled as unconnected to energy and materials and able

to increase exponentially into the future despite biophysical constraints. The paper ar-

gues that biophysical limits to productivity growth need to be considered alongside the

more commonly modelled damage functions and limits to resource availability and qual-

ity in ecological macroeconomics.
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1 Introduction

Economic theory, whether mainstream, heterodox, or even ecological, overwhelmingly

assumes that productivity will grow exponentially indefinitely into the future. This ap-

plies whether productivity growth is seen as endogenous or exogenous, across a huge range

of different economic theories and modelling techniques. However, a brief examination

of the trajectory of labour productivity in high income countries shows that productivity

growth is declining and has been doing so for some time. Figure 1.1 shows the devel-

opment of labour productivity in a selection of high-income countries, with projections

based on productivity growth each decade. Productivity today is 73%, 30%, and 15%

less than an extrapolation of 1960s, 1970s, and 1990s rates respectively, with the growth

continuing to decline in the following decades.

This deceleration has spawned a huge literature in economics, positing a variety of differ-

ent explanations for the slowdown (see e.g. Gordon, 2016; Tavani and Zamparelli, 2018;

Kleinknecht, 2020; Goldin et al., 2024). However, the explanations are generally internal

to the economic process and do not examine the possibility of biophysical limits to growth.

Even in ecological economics, where biophysical limits are central, productivity growth

is often modelled as unconnected to energy or material inputs (subsection 4.3). This paper

examines the extent to which there are biophysical limits to technical change, focusing on

the role of energy and energy conversion efficiency. To investigate this question, I exam-

ine two literatures: the work on Societal Exergy Analysis (SEA) and exergy economics

pioneered by Ayres and Warr (2009), and the development of ecological macroeconomic

models (Hardt & O’Neill, 2017).

SEA is a technique that examines the efficiency with which societies convert energy in-

puts (coal, gas renewables, etc.) into useful outputs (heat, light, mechanical work, etc.)

and can give the aggregate efficiency for a society across all processes. Exergy eco-

nomics then incorporates SEA into an economic model using a neoclassical production

function. This literature highlights the role of energy in productivity growth and shows

that efficiency improvements have been a key driver of growth (Ayres & Warr, 2009;

Haberl et al., 2020; Serrenho et al., 2014). However, efficiency improvements cannot

continue forever, as the maximum theoretical value is 100% and feasible thresholds are

much lower. This raises important questions for our understanding of growth and techni-
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cal change, and suggests that productivity growth will face biophysical limits. The field

of ecological macroeconomics aims to integrate the insights and modelling approaches of

post-Keynesianismwhile overcoming its traditional neglect of biophysical limits (Fontana

& Sawyer, 2013). However, despite its focus on ecological constraints, most ecological

macroeconomic models do not see any constraints to technical change and project perma-

nent exponential productivity growth (subsection 4.3).

This paper has two primary goals. Firstly, it argues that previous attempts to integrate

the insights of SEA have been undermined by reliance on the neoclassical production

function. Neoclassical theory argues, in direct contradiction of the second law of thermo-

dynamics, that production is possible with infinitesimal amounts of energy (or any other

natural resource), as its marginal product will approach infinity as its supply approaches

zero. Ayres andWarr (2009) attempt to rescue the production function by including useful

exergy, but this leads to a series of contradictions (section 3). The paper argues that these

contradictions are inevitable because SEA is based on the second law of thermodynamics,

but the production function is based on a physics that pre-exists this law. This leads to

ontological contradictions, as fundamental features of a world with an entropy law violate

the principles of neoclassical theory (subsection 3.4). SEA fits better into a heterodox

economic framework, as central tenants of the heterodox ontology require a world with an

entropy law (subsection 4.1). In addition, the use of a post-Keynesian framework adds a

consistent demand perspective to the supply-side framework of exergy economics and can

theorise the interactions between a demand-determined economy and supply constraints

(subsection 4.2).

Secondly, the paper argues that SEA can make an important contribution to the emergent

field of ecological macroeconomics. SEA has been developed in a rich literature by sci-

entists, but has been largely ignored by economics. The idea that energy is an important

factor in explaining growth is far from new. It is at the heart of ecological economics

(Stern, 2011), and has even been argued by some neoclassical authors (Berndt, 1990).

What is distinctive about SEA is its ability to parsimoniously track energy through its

conversion stages and provide a theory of efficiency gains consistent with the laws of

thermodynamics. This provides three key insights for ecological macroeconomics: the

tracking of energy further through its conversion stages than conventional metrics, the re-
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lationship between energy and technical progress, and the likelihood of technical progress

facing a declining rate. These points highlight gaps in the ecological macroeconomics

literature, which often models technical change using a constant-rate exponential func-

tion, without an explicit link between energy and productivity (subsection 4.3). I argue

that limits to technical change should be considered as a third form of biophysical limit,

alongside the more commonly modelled environmental damages and declining resource

quality/availability.

Figure 1.1: Productivity growth in high income countries

Source: Author’s calculation from data in (Marquetti et al., 2021)

Notes: Dotted lines are projections based on the growth rate for each decade. Selection of high income

countries with data going back to 1960 (see subsection A for details)

Following this introduction, the second section introduces exergy and SEA, and argues

that this has important implications for economics. The third, examines the incorporation

of SEA into a neoclassical production function. It criticises the arguments given in favour

of using the neoclassical production function, outlines the contradictions that result, and

shows the roots of these contradictions in the neoclassical adoption of classical physics.

The fourth chapter argues that a heterodox framework can overcome these contradictions,

as key features of its ontology require an entropy law. It then outlines the benefits of

using a post-Keynesian framework for ecological modelling, before examining assump-
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tions about biophysical limits, energy, and technical change in existing ecological macro

models. The final section concludes.

2 Societal Exergy Analyis and Exergy Economics

This section begins by outlining the foundational concepts of societal exergy analysis

(SEA). It then examines the relationship of exergy to economics and answers some pos-

sible critiques.

2.1 Thermodynamics, Energy and Exergy

The concept of exergy1 derives from the first and second laws of thermodynamics. The

first law of thermodynamics states that: ‘energy, including the energy equivalent of mass,

is a conserved quantity. It can be neither created nor destroyed.’ (Kümmel, 2011, p. 35).

Applying this law to energy conversion processes, this means that the input of energy

always equals the output of energy plus any waste energy emitted. Using the example of a

car, the chemical energy of the fuel exactly equals the kinetic energy of the car plus waste

heat emitted as friction and air resistance, and energy used to power subsystems (such as

air conditioning).

One way of thinking about the second law of thermodynamics is to recognise that energy

has not only a quantity, but also a quality. Higher quality energy has a greater ability to

perform useful work2. The ocean has enormous amounts of heat energy, but very little of

this energy can be used. By contrast, electricity is a very high quality energy, as it can be

converted into almost any kind of work with minimal losses. The total energy of a system

can be divided into two components: exergy and anergy (Wettstein, 2023). Exergy refers

to available energy, or that component of the energy that can perform useful work, while

anergy is the component that cannot. The second law of thermodynamics states that in

any irreversible process, the amount of exergy always decreases and the anergy increases.

Many common ways of discussing energy relate more to exergy than to total energy. For

example, we cannot properly speak about the consumption of energy, as energy is always

1 The ideas underlying the concept comes from 19th and early 20th century thermodynamics, but the term

exergy is first used by Rant (1956).
2 Work is defined here in the manner of physics. It was originally defined for lifting weights against gravity,

but the same concept can apply to many other forms of work where energy is applied to achieve some

change in a subsystem.
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conserved. In fact, it is exergy that is consumed in an economic process.

In equations, the first law of thermodynamics states that total energy, equal to exergy plus

anergy, is always conserved:

Energy = Exergy + Anergy = Constant (1)

While the second law states that in any non-reversible process, the exergy (E) of the system

always decreases (anergy increases).

dE

dt
≤ 0 (2)

Another way of thinking about the second law of thermodynamics is in terms of gradients.

For example, a large temperature difference between two systems can be used to do work

as heat flows from the hotter to the colder system3. However, this reduces the gradient,

brings the system closer to thermodynamic equilibrium, and reduces the system’s ability

to do work (reduces its exergy.). The heat energy of the ocean has little exergy because

it is in, or close to, equilibrium with its surroundings. This shows the link between the

second law as a decrease of exergy and the more common formulation as an increase of

entropy (Dincer, 2020). Entropy is an abstract state variable that increases as the system

approaches thermodynamic equilibrium and becomesmore mixed or disordered. As a sys-

tem approaches thermodynamic equilibrium, it therefore loses exergy and gains entropy.

2.2 Exergy Efficiency

The first and second laws of thermodynamics entail different efficiencymetrics that can be

used to assess the efficiency of an energy conversion process. Energy (first law) efficiency

measures the percentage of energy applied to a process (the energy in a fuel, electricity,

etc.) that is used in the process (is not wasted). This is the efficiency metric that is most

commonly reported. For example, an oil furnace with an (energy) efficiency rating of 85%

means that 85% of the fuel energy is used to heat, while 15% is wasted. The problem with

this efficiency metric is that it does not take into account energy quality. The process of

3 The situation is essentialy the same with other gradients, such as chemical or electrical
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Figure 2.1: Energy and exergy efficiency for heating

Source: (Wall, 2010 cf Dewulf et al., 2015, p. 9)

Notes: EL. is Electricity

burning oil for space heating converts a very high exergy heat potential (fuel oil burns at

around 2000◦C) into low-temperature heat. This matters because the same resource could

be used to provide just as much heat to the home, while also producing significant other

useful work. For example, to generate electricity in a co-generation plant (Ayres, 2016,

chap. 10). The difference between energy and exergy efficiency for different types of

heating can be seen in Figure 2.1.

Energy (first law) efficiency can therefore be misleading, as processes with a very high

energy efficiency rating can still be substantially improved. It is also very process-specific,

meaning that it is difficult to compare the energy efficiency of two different processes. For
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Figure 2.2: Exergy conversion stages

Source: (Brockway et al., 2017, p. 4)

example, the cogeneration plant in Figure 2.1 has the same energy efficiency as the oil

furnace despite producing the same amount of heat and also generating electricity. Using

the metric of exergy (second law) efficiency overcomes these shortcomings by explicitly

taking account of the changes in energy quality in energy transformations. The value of

exergy analysis for understanding societal energy flows has been recognised by several

prominent scientific organisations (APS, 2008; Brockway et al., 2016).

The definition of different energy conversion stages can be seen in Figure 2.2, with the

example of a coal power station that powers a lightbulb. The exergy goes through three

stages. The primary stage (Ep) refers to the energy source in its original form (coal, crude

oil, uranium, etc.), the final stage (Ef ) refers to the exergy as sold to the consumer (elec-

tricity, petrol, piped gas, etc.), and the useful stage (U ) refers the useful output (heat, light,

motion, etc.) At each step of the process exergy is lost. Exergy efficiency is defined as the

ratio between the exergy at two different stages. Using the example from Figure 2.2, the

primary to useful exergy efficiency (ηpu = U/Ep) is 0.02/0.27 = 7.4%while final to useful

efficiency (ηfu = U/Ef ) is 0.02/0.08 = 25%. Because exergy efficiency is comparable

between processes, the aggregate exergy efficiency of a sector or economy can also be

defined as the ratio between the aggregated values for each stage. When carried out at the

level of a country, this is known as societal exergy analysis (SEA) (Brockway et al., 2014;

Sousa et al., 2017). Exergy efficiency has a theoretical maximum of 1, which implies a

fully reversible process, but feasible process limits are much lower (Rosen, 2015).

The idea of conducting a societal exergy analysis goes back to the 1970s (Carnahan et al.,
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1975; Reistad, 1975; Sousa et al., 2017) but the widespread creation of aggregate country

level exergy efficiency time series and their use in economics is relatively recent. This

was pioneered by Ayres, Warr, and colleagues (Ayres et al., 2003; Ayres & Warr, 2005,

2009; Warr et al., 2010; Serrenho et al., 2014). They proposed a methodology for splitting

up the uses of exergy in the economy by fuel type, sector, and use, and calculating the

second law efficiency for each of these subcategories from estimates of thermodynamic

production efficiencies. This allows the creation of sectoral and aggregate times series of

exergy and efficiency at the different stages.

2.3 Exergy efficiency and the economy

Ayres andWarr (2009) argue that exergy efficiency is the bestmeasure of technical progress,

as it reflects the physical efficiency of an economy in converting inputs to outputs in phys-

ical terms. Implicit in their theory is the idea that the economy, and therefore technical

progress, is materially based, that is, economic growth and technical change come es-

sentially from a greater material output. In this respect, the ideas of Ayres and Warr, as

well as those of many others who have written about the relationship between energy and

growth (Smil, 2018; Ayres &Warr, 2009; Kümmel, 2011), are closer to classical political

economy, which put production at the centre of its theory, than to neoclassical economics,

which centres exchange. If one accepts that the economy and technical change are (at least

primarily) materially founded, this entails a central place for exergy. Economic growth

requires greater production, which in turn requires more useful exergy. This can only

come about through higher exergy inputs or through greater efficiency. SEA shows that

efficiency gains cannot continue forever because it is a bounded variable, and further gains

become increasingly hard to sustain. This adds to the problem of declining quality of ex-

ergy resources to give us two barriers to the production of useful work (Brockway et al.,

2019).

We can examine the implications of this, and the contrast to most economic theory, by

using an equation that I think of as a general theory of technical change. This expresses

technical change (ŷ) as a function of a vector of explanatory variables (X).

ŷ = f(X) (3)
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Taking a specific view on which variables should be included in X is beyond the scope of

this paper. In the literature a variety of variables have been proposed, including the capital

stock, R&D investment, number of patents, GDP growth, or the wage share (Storm and

Naastepad, 2012, chap. 4; Tavani and Zamparelli, 2018; Howitt, 2018). However, f(X) is

almost always modelled as a linear function, which means constant returns to ŷ in terms

of X (f ′′(X) = 0). Exergy economics effectively inserts useful work per worker (u)

between productivity and its explanatory variables so that Equation 4 becomes:

y = f(u)

û = g(X)
(4)

More X produces more useful work (g′(X) ≥ 0), but the declining quality of energy

resources and limits to efficiency mean that more X is required to produce additional U

(g′′(X) ≤ 0). With the additional assumption that the relationship between useful work

and output is linear (Keen et al., 2019) this means that there is also dimishing returns

to productivity growth in terms of X . This argument can be used to explain the decline

of productivity growth rates. Growth in the input of energy and in the efficiency of the

conversion to useful work have been important preconditions of the spectacular economic

growth of the last two centuries (Ayres &Warr, 2009; Smil, 2018). The influence of both

of these factors has begun to slow down, and this has put a downward pressure on both

productivity and economic growth.

2.4 Implications for productivity growth

The idea of exponential growth is so central to economic theory andmodels that an economist

reading this is likely to have several objections to the idea that productivity growth is con-

strained by natural laws. Using SEA we can see that there are three ways to increase

productivity: (1) increasing final exergy per worker, (2) increasing exergy efficiency, and

(3) decoupling growth from useful work 4. This can be seen from the identity splitting

productivity into three ratios: final exergy per worker (ε = Ef/L), exergy efficiency

4 A more fundamental critique of SEA can be formulated by using the work of Mirowski (1988), who

questions whether energy can be aggregated at all. His work is useful in highlighting that aggregation is

an abstraction that obscures the differences between, for example, a joule of petrol and a joule of electricity.

In response, however, we might argue that such abstractions are necessary for understanding the world

and the aggregation of energy obscures less than standard constructions in economics such as GDP.
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(ηfu = U/Ef ), and useful work productivity (yU = Y/U )

yL = ε · η · yU (5)

The growth rate of labour productivity is then the sum of the growth rates of the compo-

nents:

ŷL = ε̂ + η̂ + ŷU (6)

The maintenance of a constant rate of productivity growth therefore requires that any de-

crease in one of the component gorwth rates is met by a compensating increase in the

others. I will argue that while there is possiblities for growth in each of these compenents

to continue to greater or lesser extent, the long-run trajectory is likely to be a continued

downward trend in productivity growth.

Increases in final exergy

The first possibility is that while efficiency gains may be limited, there is nothing to pre-

vent final exergy from continuing to increase and drive productivity growth. While fossil

energy may be limited by stocks and the necessity to reduce emissions, there is no limit

to renewables. Perhaps we can even discover some radically new technology, such as

nuclear fusion or orbital solar farms, which will completely remove energy scarcity. In

response, we should first note that the issue is not just the absolute availability of energy

sources, but also their quality or return. This is often captured in the literature through the

concept of Energy Return on Investment (EROI), which measures the return on energy

sources relative to that used in their extraction. The energy sources with the highest EROI

are likely to be exploited first, leading to a Ricardian dynamic of declining returns from

energy over time (Brockway et al., 2019, Figure 2.3). This tendency can be offset, for

exammple, by increases in productivity of the manufacturing of the extraction equipment.

However, if these increases are themselves dependent on efficiency gains subject to di-

minishing returns, the first tendency will eventually assert itself. The argument applies

not only to fossil fuels but also to renewables (Jacques et al., 2023). The cheapest and
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Figure 2.3: Primary and final exergy per worker and primary to final efficiency

Source: Author’s calculation from (Marquetti et al., 2021; Marshall et al., 2024)

Notes: EPW in Megajoules (MJ) per worker

best renewable energy sites are likely to be exploited first, and this puts limits on their

economic expansion.

Figure 2.3 shows the development of the final Exergy per worker ratio (ε) at the world

level, split into primary exergy per worker (EP /L) and primary to final exergy efficiency

(E/EP ). This shows that ε has been largely stable since the 1970s, but this has required

increasing primary exergy per worker to offset the diminished quality of energy resources

(Brockway et al., 2019). This increased amount of primary energy to maintain the same

final energy per worker means creates an upward pressure on energy costs and disincen-

tivising energy intensive production.

Secondly, renewable energy is not free of environmental impact. It requires materials

which must be extracted and also become scarcer, decrease in quality, and require more

energy to extract; and it requires land that then cannot be used for other purposes (such

as a natural carbon sink). While the land constraint might not seem that significant, expo-

nentially growing renewable energy at historical trends would require the entire surface

of the earth in a couple of centuries (Murphy, 2021). Thirdly, it is as yet unclear the cost
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of running modern societies on an exclusively renewable basis. Despite huge increases in

renewables, world energy systems remain hugely dependent on fossil fuels, and there is

some doubt about the cost, and speed with which, this dependence can be broken (Smil,

2022; Christophers, 2024).

Although we cannot rule out a deus ex machina technology, such as nuclear fusion, its

development in time to solve all our energy problems seems unlikely. In any case, a tech-

nology that allowed further exponential increases in exergy would only push the limits to

new terrains. All exergy that is used in the economy ultimately ends up as waste heat.

At the moment, the effect of this ‘anthropogenic heat emission’ is quite small, about 1%

of the radiative forcing of anthropogenic climate change in 2015 (Berg et al., 2015). But

with continued exponential increases in exergy production, it would quickly become sig-

nificant. Murphy (2021) calculates that with current levels of the greenhouse effect and

annual exponential growth of energy at 2.3%, atmospheric temperatures would reach boil-

ing point in 373 years. The upshot is that, while we cannot rule out increases in energy

driving increased productivity in the short to medium term, it’s continued exponential

increase into the future is impossible.

Continued efficiency increases

A second possibility is to accept constraints to energy efficiency, but argue that we are

far from hitting these constraints.Depending on the country and context, this critique has

some truth. In many countries exergy efficiency is decelerating under the current set of

institutional arrangements; however, this does not mean that the limit could not be pushed

higher. Renewable energy and electrification are likely to improve exergy efficiency,

which therefore can be pushed up using green investment (Brockway et al., 2024; Semie-

niuk et al., 2021). One of the forces that reduces overall exergy efficiency is the increasing

composition of low efficiency processes (particularly transport and heating/cooling), and

a government that acted to reduce the need and increase the efficiency of these processes

would likely be able to increase efficiency beyond current limits. We can therefore think

of the limits to exergy efficiency as, to an extent, institutionally determined. A govern-

ment that takes the green transition more seriously and acts to prevent efficiency dilution

would be able to increase efficiency, but this does not eliminate the problem of declining
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Figure 2.4: Final to useful exergy efficiency

Source: Author’s calculation from data in (Marquetti et al., 2021; Marshall et al., 2024)

Notes: Aggregates include 101 countries selected according to data availability.Country classifications from

the World Bank (2019). High income countries excluding the US and upper middle income countries ex-

cluding China

returns. The more efficient a process, the more difficult and expensive it is to achieve fur-

ther efficiency gains, and therefore a declining rate of efficiency improvements is likely

to assert itself in the long run.

Exergy efficiency is also the result of opposing forces. Industrial processes tend to have

higher exergy efficiency, while space heating and cooling and personal transport have

low efficiencies (Sousa et al., 2017). In high income countries, higher process efficiency

(the efficiency of particular processes) has been balanced by an increasing composition of

these lower efficiency processes in the aggregate, known as efficiency dilution (Williams

et al., 2008; Brockway et al., 2014). Figure 2.4 shows the development of exergy effi-

ciency for each income category, the world, and for the US and China. The importance

of composition for overall efficiency can be seen by the impressive efficiency gains of

China, which has surpassed both the US and the high income level. This is not due to

higher process efficiency, which remains lower in China, but to a lower proportion of

low-efficiency processes (Brockway et al., 2015). This shows the potential for policies
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that would reduce efficiency dilution and improve overall efficiency, but this can only

postpone and not remove the thermodynamic limits to exergy efficiency.

Decoupling from useful work

The final objection is to maintain that growth is, or can become, entirely decoupled from

useful work. This has been central to the concept of sustainable development promoted

by international institutions (World Bank, 2012; OECD, 2011; UN, 1987). If growth can

take place, not through increased production, but through improvements to the utility of

given production, then there is no constraint. Empirically, this would mean increasing

growth while useful work or other measures of material impact remain flat or fall. How-

ever, this is a very poor description of the history of growth to this point. Many papers,

using a variety of different measures of the materiality of the economy, have shown that

while GDP has begun a relative decoupling from energy and materials, it is far from ab-

solute decoupling (Hickel & Kallis, 2020; Haberl et al., 2020; Wiedenhofer et al., 2020;

Wiedmann et al., 2015). SEA shows that a large proportion of measured decoupling from

energy use is due to increased efficiency, but casts doubt onwhether this reduces aggregate

energy consumption due to rebound effects (Brockway et al., 2017, 2021) and argues that

these efficiency gains are limited and subject to diminishing returns. Long-term sustain-

able decoupling from exergy input must mean a decoupling of growth from useful work,

and previous studies have found little evidence of even relative decoupling of GDP from

exergy at the useful stage (Haberl et al., 2020).

Figure 2.5 shows the tightness of the correlation between the logs of useful work and GDP

per worker between countries (the R2 is over 0.9). Inclusion of exergy at the useful stage

improves the correlation versus final exergy (Figure A.1), which is generally done in en-

ergy economics(Aghdam et al., 2023). This does not say in which direction the correlation

runs, but it does show that there is no example of low useful work-high productivity coun-

tries and suggests that increases in useful work are a necessary condition for productivity

growth. Figure 2.6 shows the ratio of useful work (named primary work in the figure) to

GDP for the US. This shows that useful work has been consistently increasing throughout

the period and that the ratio of useful work to GDP changed little in the last 100 years. We

can therefore see that historical growth and current differences in development between

14



Figure 2.5: Logs of labour productivity and useful work per worker

Source: Author’s calculation from data in (Marquetti et al., 2021; Marshall et al., 2024)

Notes: Both variables in logs, selection of 101 countries selected according to data availability

Figure 2.6: Useful exergy and GDP

Source: (Ayres & Warr, 2009, p. 130)

Notes: Primary work refers to what we call useful work or useful exergy in this paper
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Figure 2.7: Useful work productivity

Source: Author’s calculation from data in (Marquetti et al., 2021; Marshall et al., 2024)

Notes: Aggregates include 101 countries selected according to data availability.Country classifications from

the World Bank (2019). High income countries excluding the US and upper middle income countries ex-

cluding China. Useful work productivity in Joules per 2017 ppp$

countries depend on useful exergy. However, as can be seen from Figure 2.6, the ratio of

useful work to GDP has begun to reduce since the 1970s. This suggests that some decou-

pling of GDP from useful work is possible, but unless the speed of this decoupling can

increase enough to balance decreases in useful exergy, this entails productivity growth

slower than that we have become used to in the past.

It is also perhaps questionable whether productivity growth driven by useful work pro-

ductivity is comparable to that driven by useful work. Useful work productivity appears

to be closely linked to financialisation. The six countries with the highest UWP in 2019

are all tax havens (Hong Kong, Ireland, Singapore, Panama, Mauritius, and Switzerland)

and the highest for a large high-income country is the finance-dominated UK. Structural

changes to the economy and revisions to GDP calculation methodology have led to a ‘fi-

nancialisation of GDP’, where imputed or financialised components play an increasing

role in growth (Assa, 2016; Basu & Foley, 2013). GDP redefinitions are significant and

qualitatively shift calculations of the relationship between economic and environmental in-
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dicators (Semieniuk, 2024). The composite nature of GDP necessarily equates extremely

disparate phenomena with varied economic and social effects. An increase in the effi-

ciency of production of necessities and an increase in debt-servicing costs or imputed

rental payments may have the same quantitative impact on productivity, but that does not

mean they are the same. To the extent that UWP can drive productivity growth numeri-

cally, it is therefore unclear if it is comparable to useful-work driven productivity growth.

Further research is required to determine the extent to which UWP growth depends on

imputed and financialised components of GDP.

3 Energy, Exergy and the Neoclassical Production Function

To understand how exergy economics uses efficiency in its theory of growth, it is neces-

sary to briefly outline the neoclassical theory they criticise, but also use as a basis. We

then examine why Ayres and Warr persisted with a neoclassical approach despite their

obvious misgivings.

3.1 Neoclassical theory of the environment

Since the work of Solow (1956, 1957) and Swan, (1956) neoclassical growth theory cen-

tred around the concept of an aggregate production function. Output (Y) is a function of

factors of production, most commonly Capital (K), Labour (L) and Technical progress

(A(t)). Each factor of production has diminishing marginal returns but can be substituted

for the others to the point that with enough of factors B, C, etc., any level of production

is reachable with infinitesimal amounts of factor A. For any given level of production,

we can draw an isoquant through factor space that defines the ratios of factors that can

produce a particular level of output. Firms are then able to select from an infinite set of

‘blueprints’ subject to the constraint of factor prices, which are ultimately determined by

aggregate allocations. Technical change shifts the entire production surface, allowing all

blueprints to be produced with fewer production factors.

Substitutability, together with standard neoclassical assumptions 5 means that the output

elasticity of a production factor must equal its cost share. The most commonmathematical

form is the two factor (aggregate capital and labour) Cobb-Douglas, where the output

5 Factors are paid their marginal products, firms are profit maximisers, and constant returns to scale
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elasticities of the factors is constant and equal to their share in national output. Equation 7

shows a Cobb-Douglas production function, with α as the output elasticity of labour and

1 − α the output elasticity of capital 6.

Y = A(t)LαK1−α (7)

As environmental critiques of the economy and economics became increasingly promi-

nent in the 1970s, the aggregate production function and factor substitutability formed the

key planks of the neoclassical counterargument. If natural resources are endlessly substi-

tutable with man-made capital, then natural resources are no constraint and the optimal

growth path is to exploit these resources now to build up stocks of man-made and hu-

man capital to maximise production in the future (Solow, 1974; Stiglitz, 1974; Hartwick,

1977; W. D. Nordhaus & Tobin, 1972). This led to the stark conclusions that ‘sustained

growth in per capita consumption (is) feasible’, natural resources are currently consumed

at approximately ‘optimal rates’ (Stiglitz, 1974, p. 136) or even that ‘growth in output per

capita will accelerate… even as stocks of natural resources decline’ (W. D. Nordhaus &

Tobin, 1972, p. 14).

The debates in the 1970s also led to neoclassical research into production functions that

include energy and materials alongside capital and labour (KLEM) (Hudson & Jorgenson,

1974). However, the conclusion of many neoclassical economists was that since energy

is a small part of overall cost, it cannot have a significant impact on growth. Denison

(1979, p. 16), one of the pioneers of growth accounting, argued that: “If the elasticity of

substitution is unity and the weight of energy is 5 percent, a 1-percent reduction in energy

consumption with no change in labor and capital would reduce output by 0.05 percent and

output per unit of input by the same percentage”. The implication, spelled out by Denison,

is therefore that a 50% reduction in energy consumption would only lower output by 2.5%,

a reductio ad absurdum of the neoclassical approach.

Exergy economics is at heart a critique of this assumption that energy and materials play

no essential role in the economic process. They critique economics for its failure to ex-

plain “physical production in physical terms” and aim to remedy this defect (Ayres &

6 the two sum to 1 because of the constant returns to scale assumption
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Warr, 2009, p. 16). Together with other forms of environmental economics and industrial

ecology, they see the economy as nested within, and dependent upon, the biosphere as a

source of resources and sink for wastes (Ayres & Ayres, 2002). Its most important distin-

guishing features are the use of exergy analysis, the construction of the exergy efficiency

and useful work time series, and its use of these values in production functions.

3.2 Exergy and the production function

Ayres and Warr’s work on exergy in production functions draws on the work of Küm-

mel, another physicist working on the importance of energy in production (Kümmel et al.,

1985; Kümmel, 1989). Kümmel and co-authors adopt the neoclassical production func-

tion approach, but seek to explain, within the boundaries of this theory, how energy can

have a far larger impact than its cost share. Their answer is to create a more general,

LINEX, production function that incorporates the common neoclassical functions as spe-

cial cases(Kümmel et al., 1985; Lindenberger & Kümmel, 2011). Their model accepts

the neoclassical idea of substitution but uses time-varying elasticities of substitution and

more constraints on factor allocations to create amore restricted allowable section of factor

space. This allows factor elasticities to differ from cost shares, as the most cost-effective

production methods may be restricted by technological constraints. Examples of these

constraints include the energy capacity of machines and the preferences of consumers for

goods that are labour-intensive (such as services). This restricts the substitution of cheap

energy for expensive labour and provides justification for their argument that labour is

overvalued and energy undervalued, relative to their technical rates of substitution.

Ayres and Warr (2005, 2009) use the LINEX function and the arguments of Kümmel

around why elasticities can differ from cost shares, but use their estimated useful work

time series in the production function instead of primary or final energy. They test both

a LINEX function and a Cobb-Douglas (Equation 8) including useful work and with pa-

rameters freely estimated rather than constrained to factor shares. We will focus on the

Cobb-Douglas function because it is more used in later literature and the arguments made

also apply to the more general LINEX case.
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Y = LαKβUγ

0 ≤ α ≤ 1 0 ≤ β ≤ 1

γ = 1 − α − β

(8)

Ayres and Warr argue that a useful work enhanced production function provides a very

good fit to the past growth trajectories of a variety of different countries over long time

periods (Ayres &Warr, 2009; Warr et al., 2010; Ayres &Warr, 2005). They acknowledge

that a ‘professional statistician’, seeing the goodness of fit ‘is likely to respond with some

skepticism’ to their results (Ayres & Warr, 2009, p. 213), but argue that the broad im-

plications of the theory, that ‘adding a unit of labour, by itself, produces almost no added

value’ (Ayres &Warr, 2009, p. 210), can be upheld. In the rest of this section, I argue that

the scepticism of the professional statistician is justified and any attempt to empirically

find marginal productivities of production factors on the basis of a neoclassical production

function is inherently flawed.

3.3 The production function and its critics

Since first formulated by Cobb and Douglas in the 1920s and 30s, the aggregate produc-

tion function was subjected to an intense criticism. This criticism reignited in the 1950s

and 60s as Solow made the aggregate production function increasingly central to neoclas-

sical economic theory and have continued till today (Felipe & McCombie, 2013). Ayres

and Warr (2009, pp. 176-181) were aware of some problems with the neoclassical pro-

duction function, but do not appear to fully grasp the implications. They mention aggrega-

tion problems, the Cambridge capital controversies, the difficulties of separating technical

change from factor accumulation, and that empirical estimations of the production func-

tion can be fit to ‘almost any set of collinear capital and labor time series’. From this,

they conclude that: ‘the case against using aggregate production functions of a very few

variables seems overwhelming; certainly stronger than the case for using them’ (Ayres &

Warr, 2009, p. 181). They also mention the basic contradiction between their approach

and the neoclassical production function. One of the central arguments made by Ayres and

Warr, as well as Exergy economics more broadly is that exergy is an essential input that

cannot be replaced by capital and labour, but ‘an attribute common to all production func-
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tion models is the built-in assumption of complete substitutability between all the factors’

(Ayres & Warr, 2009, p. 177). In the end, however, despite these reservations they chose

to use the production function as the basis for their further analysis, arguing: ‘in the spirit

of Milton Friedman (1953) that if an assumed relationship explains (that is, reproduces)

the empirical observations, one need not worry too much about the realism of every one of

the underlying assumptions’ (Ayres & Warr, 2009, p. 183). The problems with the neo-

classical production function have been exhaustively documented (Felipe & McCombie,

2013) and are cited by Ayres and Warr themselves. We will, therefore, only examine the

reasons that they chose to persevere with the approach despite clear misgivings. There are

three key arguments that they use in support of their use of the production function: ag-

gregation of capital in terms of energy, that substitution is possible over longer timescales,

and a minimisation of the national accounting identity problem. I focus on the work of

Ayres and Warr because the approach is usually taken as established and the criticisms

not discussed in later work (Voudouris et al., 2015; Santos et al., 2021, 2018).

Aggregation of capital by energy and information

Problems with the aggregation of capital and output are one of the best known critiques

of the production function (Robinson, 1953; Fisher, 1969). Ayres and Warr (2009, p.

177) respond with a ‘partial reconciliation of the physical interpretation of capital and the

economic interpretation’. They cite Kümmel et al. (1985, p. 292), which argues that

‘Capital K can be aggregated technologically in terms of the maximum amount of work

and information which per unit time can be performed and processed by the machines of

the system’7. This aggregation is possible in theory, but the data does not exist to run any-

thing like this calculation in practice, and it is unclear why machines should be aggregated

as the unweighted product of energy and information. Kümmel instead gives a theoret-

ical justification based on the derivation of the mathematics underlying the production

function on state functions in physics.

State functions require that outputs must depend ‘only on the actual numerical values of

7 Later, Kümmel (2011, pp. 252-260) defines this physical aggregation explicitly as an aggregation of

the product of the energy use of a machine (in kilowatts) and the amount of information processed by

the machine (kilobytes/second). The information processing of a machine is measured as ’the number

of switching processes per unit time that pass along or shut down energy flows in the fully employed

machines’

21



the inputs, and not on the path along which the system has arrived at these values’. ‘There

must exist an unequivocal cause-and-effect relation between value added Y and the pro-

duction factors X’ (Lindenberger & Kümmel, 2011, p. 6011). Kümmel concludes that

only the ‘laws of nature’ can explain this correspondence and establish the ‘causal rela-

tionship between outputs and inputs that is the necessary condition for macroeconomics

production functions’ (Kümmel, 2011, p. 254). The clear problem with this argument is

that it assumes what it is trying to prove. Kümmel takes the existence of an aggregate

production function as a given, when the question is if it exists at all.

The role of time in production functions

When justifying their use of the neoclassical production function, Ayres and Warr (2009)

conflate an everyday meaning of substitution with its particular and stringent form in neo-

classical theory. They state that ‘there is really no possibility of substituting (production

factors)… in the very short term’ (p. 178), but in the long run ‘substitution between factors

does occur’ (p. 182). That factor proportions change, and therefore in a certain sense cap-

ital and energy are ‘substituted’ for labour during economic development, is indisputable;

the question is whether this is factor substitution or technical change and how these two

can even be distinguished. The distinction in neoclassical theory, deriving from its ba-

sis in classical physics (subsection 3.4), relies on the idea that substitution is reversible

and instantaneous, while technical change is a unidirectional function of time. Time, as

Robinson (1971, p. 255) described it, ‘is at right angles to the blackboard’. Irreversible

substitution ‘in the long run’ (i.e. in historical time) is therefore not enough to justify the

use of a neoclassical approach.

Minimisation of the national accounting identity critique

When pressed, neoclassicals admit that the aggregate production function cannot be jus-

tified theoretically and retreat to its supposed empirical strength (Solow, 1987). This is

why the national accounting identity critique is perhaps the most fundamental. Starting

with Phelps-Brown (1957) critics have shown that this supposed empirical strength of the

neoclassical production function is due not to the laws of production but the ‘laws of al-

gebra’ (Shaikh, 1974). Technical rates of substitution cannot be calculated (because there
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is no way to aggregate capital other than price), but simulations where the data is gener-

ated from a particular technical rate of substitution show that estimates of the production

function give the income share rather than the technical rates of substitution. This is why

a neoclassical production function can be fit to any data, even those where there is, by

definition, no technical rates of substitution (Felipe & McCombie, 2013, Chapter 3).

The problem with the instrumental (Friedman) defence is that there are always many pos-

sible assumptions that can provide a fit to the data, and the model that provides the best

fit to the data is not necessarily the best fit to the underlying mechanisms. A ‘Friedman’

model8 can, at best, project historical trends, but it cannot truly understand the mecha-

nisms behind these trends. This is a particular problem in light of the accounting identity

critique. If, as Ayres and Warr acknowledge, the production function can be fit to almost

any collinear data, then how can a good fit possibly tell us anything about the underlying

mechanisms? If fit is no use, we must evaluate the production function on the basis of

its assumptions and the problems with time, substitution, and aggregation outlined above

cannot be ignored.

The empirical results of integrating exergy into a production function can be derived

through a reflection on Equation 8 and the stylised facts. If we take the logarithm of

(8), using a dot to denote the natural log, we get:

Ẏ = αL̇ + βK̇ + γU̇ (9)

We can therefore make a good guess at the coefficients that will result from an empirical

estimate of (9) from thinking about the covariances of Y with each of the factors of pro-

duction. Going back to Kaldor’s (1961) stylised facts, capital, and output tend to grow at

the same rate, while output grows quicker than labour. The work of Ayres and Warr has

shown that the ratio of useful work to output is also approximately constant in the long run.

It is, therefore, expected that if we run the regression in (9) we will get an insignificant

value for α and more significant values for β and γ. In our data for the world aggregate

we get α = 0.073, β = 0.244, and γ = 0.683 (Appendix B). The econometrics in the lit-

erature is undoubtably more complex, but this simple example is sufficient to show how

8 i.e. one with accurate predictions but inaccurate assumptions
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the basic results can be derived from the stylised facts. This also shows why the posited

relationship begins to break down in Ayres and Warr’s data after the 1970s, as the ratio of

useful work to output, which had been rising prior to the 1970s, began to fall thereafter.

The empirical results from the exergy economics literature regarding the production func-

tion cannot therefore be taken as evidence for the theory. The results are consistent with

the theory, but they are also consistent with any theory that can generate the above three

stylised facts. To differentiate between the different theories, we cannot rely on Fried-

man’s instrumentalism but must think about the plausibility of the assumptions. In other

words, the severe conceptual problems and lack of realism of the neoclassical production

function cannot be dismissed and undermine the entire approach.

3.4 Contradictions of SEA and neoclassical economics

What we are left with is an attempt to introduce exergy analysis into the neoclassical ap-

proach that is fraught with contradictions. Firstly, the most central point of the exergy

economics approach is that energy is a vital input that cannot be replaced, but the central

principle of the neoclassical production function is (almost) unlimited factor substitution.

Secondly, exergy entails historical and irreversible time, but the neoclassical production

function requires logical and reversible time. This difference has important ontological

and epistemological implications. Neoclassical theory implies a changeless future, pre-

dictable from the present, but the essence of the entropy law is that all production pro-

duces fundamental and irreversible changes. Finally, Ayres and Warr and Kümmel centre

production and the material basis of the economy, but the neoclassical approach centres

exchange, with production merely an automatic and instantaneous result of position in

factor space.

To try to overcome these contradictions, Ayres, Warr and Kümmel rely on some rather

ad-hoc assumptions (restrictions on factor space, aggregation in terms of energy and in-

formation) that allow them to pick and choose the parts of neoclassical theory they want

to maintain and those they wish to discard. The full implications of these assumptions for

the neoclassical model are not developed to the level required. Ayres and Warr (2009, p.

211) argue at times with heterodox economics. For example, they state that the economy

is ’far from equilibrium’ and that firms are not profit maximisers, but there is little attempt

24



to work out the contradictions between these points and their neoclassical models. In the

next section, I argue that these contradictions are inevitable because the foundations of

neoclassical economics in pre-second law physics cannot incorporate a theory based on

this law.

Classical physics and neoclassical economics

Authors such as Georgescu-Roegen (1971) and Mirowski (1989) have shown that neo-

classical economics drew its theories from ‘the mathematical physics of 1850’ (Wiener

cf Mirowski, 1989, p. 357). Two bastions of neoclassical theory, consumer choice and

the production function, are taken directly from this outdated physics. The isoquants,

representing either indifference between commodities or production technology and sub-

stitution between factors, take the role of the potential energy field, while change of po-

sition, representing expenditure on commodities or production factors, represents kinetic

energy. Although the early neoclassicals knew that they were borrowing from physics,

this has been largely forgotten, and the striking implications of the field formalism have

never been recognised (Mirowski, 1989, Chap. 5).

As noted by Mirowski, a vector field implies a conservation law; meaning a conservation

of utility or technological potential and expenditure. There is no arrow of time, so the

reverse transformation must always be possible There must also be a single unambiguous

mapping from inputs to outputs, meaning, in the case of a neoclassical production func-

tion, that any two bundles of capital and labour with the same aggregate values (K, L)

must produce the same output. Further, a neoclassical production function must be path

independent, which means that any kind of frictional or dissipative force is impossible

(Lindenberger & Kümmel, 2011) and factor substitution cannot be costly. Therefore, cen-

tral aspects for any real theory of production, its duration, the irreversible use of inputs, its

uncertainty, etc., are simply impossible within a neoclassical production function. Output

can only be an automatic, instantaneous, and reversible characteristic of the technological

potential field. 9

Nineteenth century physics implies a certain epistemology and ontology, best articulated

9 To see this point, consider an object in a gravitational or magnetic field. The force does not take time to

apply and there is no uncertainty. The force is entirely described by position in the field.
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by Laplace:

“An intellect which at a given instant knew all the forces acting in nature,

and the position of all things of which the world consists - supposing the said

intellect were vast enough to subject these data to analysis — would embrace

in the same formula the motions of the greatest bodies in the universe and

those of the slightest atoms; nothing would be uncertain for it, and the future,

like the past, would be present to its eyes” (Laplace cf Mirowski, 1989, p. 27)

Laplace’s conception results from a theory of the world that can be fully described through

the kinetic and potential energy of its particles. This dream is long dead in science but lives

on in neoclassical economics, where a world described purely by analogues of potential

(technology and utility) and kinetic energy (expenditure) is very much alive. The sim-

ilarities can be seen through examining Lavoie’s (2022, p. 12) five presuppositions of

orthodox (neoclassical) economics (Table 3.1). The neoclassical optimism about ratio-

nality and perfect foresight posits each of us as Laplace’s intellect, rationally plugging all

available data into our correct models (Muth, 1961). Its insistence on atomicism mirrors

Laplace’s reductionism to particles and a single equation. Hein (2023, p. 11) writes that

production is only an ‘extension’ of the neoclassical model, which focusses instead on

exchange, but it is possible to go further. Neoclassical economics cannot focus on pro-

duction because its framework makes real production impossible. Just as Laplace’s world

is described purely by potential and kinetic energy, the neoclassical world only has room

for utility, technology, and expenditure. Given these stark deviations of the neoclassical

assumptions from reality, the instrumentalism postulate is required as a rearguard defence

to justify the lack of realism in their method.

Table 3.1: Presuppositions of the heterodox and orthodox research programmes

Source: (Lavoie, 2022, p. 12)

26



Thus, neoclassicism’s historical appropriation of physics is an important factor in its de-

velopment and shapes its epistemic presuppositions. The attempt to introduce material

production and the second law of thermodynamics into neoclassical economics is bound

to produce contradictions because its ontology fundamentally excludes an entropy law.

This is not just discardable simplifying assumptions. In the presence of an analogue of

entropy (for example, any frictional force such as costly substitution between production

factors) the neoclassical model collapses and a new model is required (Lindenberger &

Kümmel, 2011; Mirowski, 1989).

4 Heterodox economics, Post-Keynesianism, and Biophysical

limits

In this section, I firstly argue that heterodox theory can overcome the contradictions pre-

viously outlined. I then examine the strengths of a post-Keynsian model and what it can

contribute to a theory that tackles the role of exergy in the economy. Finally, I examine a

selection of ecological macroeconomic models, focusing on their assumptions on techni-

cal change and the role of energy. I argue that Exergy and post-Keynsian economics have

much to gain from a theoretical dialogue.

4.1 Entropy and heterodox economics

Unlike neoclassicism, the ontology of heterodox economics is compatible with, and even

requires, a world with an entropy law. Fundamental parts of the heterodox research pro-

gramme cannot be conceptualised in the world of classical physics. This does not mean

that heterodox economics has necessarily drawn its theories from thermodynamics, but

that the ontology of heterodox economics presupposes an entropy law. For example, the

movement from classical to statistical mechanics shifted the focus from the micro parti-

cles to the emergent properties at the macro level (Darrigol & Renn, 2013). It showed

how systems that are extremely complex and chaotic at the micro level, can nevertheless

have a statistical macro equilibrium that gives them stable properties. A world of com-

plex systems that can generate emergent properties is necessary for the presupposition of

holism/organicism. The theory of information has shown the connections between entropy

and uncertainty, and that information is a part of the material world (Cottrell et al., 2009;
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Shannon, 1948). This undermines the possibility of an optimising agent or Laplace’s in-

tellect, as information has an irreducible cost to acquire and store10. This ontological

compatibility between the second law of thermodynamics and the heterodox research pro-

gramme can also be shown practically with reference to the contradictions highlighted in

subsection 3.4.

Historial and logical time

Perhaps the closest affinity between the philosophy of heterodox economics and thermo-

dynamics, however, is in theories of time. In the world of classical physics there is no

‘arrow’ of time (Hrabovsky & Susskind, 2020). All processes are reversible, and there-

fore it makes no difference in which direction time runs. Economic’s appropriation of this

theory explains why economics uses what Robinson (1978, p. x) called logical time. If

there is a perfect symmetry and reversibility between past and future, then you are free to

move around on a timeless ‘plane diagram’ because the movement does not cause any true

change (Georgescu-Roegen, 1971). It is the entropy law that first defines the arrow of time

in physics, creating a fundamental asymmetry and irreversibility in time. This is a presup-

position for a concept of time that views the present as ‘an ever-moving break between

the irrevocable past and the unknown future’ (Robinson, 1978, p. x). Entropy breaks the

symmetry and reversibility between past and future, and so introduces all kinds of com-

plications that cannot be grasped in the neoclassical model (Robinson, 1978, Chapter 12).

Robinson put historical time at the very centre of her understanding of the Keynesian rev-

olution and her critique of the ‘bastard Keynesians’ (Robinson, 1978, 1981, 1962). Thus,

while much heterodox economics has not addressed the issues of the entropy law and

its implications for economics (Georgescu-Roegen, 1971; Fontana & Sawyer, 2013), the

stress on historical time allows a place for these questions in a way that the neoclassical

methodology cannot.

10A neoclassical reader may justifiably argue that there is a huge neoclassical literature on costs to acquire

information (Grossman & Stiglitz, 1980, e.g.). However, this is an imperfection grafted onto the core

neoclassical model that assumes perfect foresight and optimisation. Neoclassical methodology adds a

few imperfections at a time, while leaving the main structure of the model unchanged. Zero costs of

information acquisition are therefore the assumption in the overwhelming majority of models that do not

focus on information.
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Substitution and necessity

While neoclassical economics makes the distinction between timeless substitution and

technical progress through time. Heterodox authors have consistently argued that this dis-

tinction is impossible to draw in practice (Kaldor, 1957). All movement from one tech-

nique to another entails effort, and there is no way to meaningfully distinguish the effort

of substitution from the effort of technical change (Nelson & Winter, 1982; Rosenberg,

1982, 1976). This is why heterodox authors have generally assumed a Leontief production

function, where a given technique requires inputs in fixed proportions (Blecker & Setter-

field, 2019). This does not mean that the relative amounts of inputs are constant through

time, as Ayres and Warr (2009, pp. 177-182) implicitly assume when rejecting a Leontief

production function, but rather that changes in factor proportions are an inseparable and

irreversible aspect (or bias) of the process of technical change (Foley et al., 2019, Chap.

8). In a neoclassical model, technical change is direction invariant. While real technical

change has been primarily labour-saving and capital, energy, and materials using; there is

nothing that prevents technical change from moving in any other direction in factor space.

This is a source of neoclassical calmness in the face of climate change, as it is assumed

that any scarcity will produce the required technical change, as long as price incentives

can function correctly. For example, scarcity of energy will lead to a rise in prices and

shift the direction of technical change from energy-using to energy-saving. By contrast,

heterodox economics sees technical change as proceeding with particular biases through

historical time (Foley et al., 2019). The idea of exergy as a central and necessary factor in

technical change is therefore much more at home within this framework.

Role of production

Ayres and Warr’s attempt to centre production in their analysis is at sharp odds with the

model they take from neoclassical theory, which views output as an automatic outcome

of factors and technology. Their theories dovetail much more closely with the ideas of

classical political economy, which centred production and the limits to growth. Kümmel

even uses explicitlyMarxist terminology to describe his theory, talking about the ‘physical

basis’ and the ‘market superstructure’ (Kümmel, 2011, p. 176; Lindenberger & Kümmel,

2011, p. 6011), but does not seem to grasp how incompatible this distinction is with the
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neoclassical approach he adopts. These two aspects: (1) the determinants of production

as a physical process and (2) the determination of values or prices are linked, but they are

not the same. 11

Both neoclassical and exergy economics claim to be providing a theory of (1), but in

fact mix concepts that properly apply only to (2). The physical production of goods is

not done by labour or capital in general, but by particular machines and types of labour.

When thinking about physical production, different kinds of machines and labour are sim-

ply too heterogeneous to be meaningfully aggregated. Kümmel tries to get round this with

aggregation in physical terms, but this attempt is unconvincing (subsection 3.2). Aggre-

gate labour and capital are concepts properly related, not to physical production but to the

‘market superstructure’. They matter because workers are paid by the hour and capitalists

estimate and calculate their rate of return on investment. Aggregate labour and capital are

properly, therefore, not ‘factors of production’, but the two sources of income , and the

basis for class distinctions, in a capitalist society. At this level of abstraction, energy or

materials should not be included as an additional income source because, in its legal form,

it is just another form of capital that provides income for a particular industry.

By contrast, physical production requires energy and materials (i.e. Exergy or low en-

tropy Georgescu-Roegen, 1971). It therefore necessarily uses up energy and materials

from, and emits wastes to, the biosphere. The production of useful exergy is central to

production, and the price system ultimately rests on this physical basis. There is no rea-

son to expect that the physical importance of energy in production should correspond to

the value added of the energy sector, and so we do not need any special assumptions or

market failures to explain it. Heterodox economics has primarily focused on determina-

tion of prices (2) rather than questions of physical production and its dependence on the

biosphere (1), but it nevertheless provides a better basis for its examination. The field

formalism of neoclassical economics disqualifies any conception of production (subsec-

tion 3.4), while the principle of realism in heterodox economics, means, at the least, that

it is not philosophically closed to these questions.

11This distinction is similar to what Marx (2004, p. 132) called the dual character of the commodity, use-

value (1) and exchange value (2).
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4.2 Post-Keynesianism

The previous section has argued that heterodox theory can overcome the contradictions

from introducing SEA into an incompatible neoclassical model. In this section, I argue

the positive case that post-Keynesianism allows one to analyse aspects of growth that are

vital and missed in the supply-side model of exergy economics (Ayres & Warr, 2009;

Ayres et al., 2022; Serrenho et al., 2014; Santos et al., 2021, 2018). The discussion of the

philosophical commonalities between post-Keynesian and ecological economics is long-

standing and well established (Gowdy, 1991; Kronenberg, 2010; Fontana and Sawyer,

2013; Rezai et al., 2013; Hein, 2023, ch. 9) and so I will restrict myself to highlighting four

contributions of post-Keynesian economics that are particularly relevant for our purposes.

Aggregate demand and the underutilisation of production factors

At the centre of post-Keynsian economics is the principle of effective demand. Neoclassi-

cal theory, and the exergy-economics models derived from it, assume Say’s law. Namely,

aggregate demand will quickly adjust to, and have no lasting effects on, supply. This

means that the economy always converges towards a full utilisation of production factors,

and demand is a purely short-term and ephemeral phenomenon that can be safely ignored

in longer-term growth theory. This full-utilisation equilibrium requires perfect foresight,

as production takes time and so decisions taken today need to exactly match future demand

(Robinson, 1978, chap. 12). By contrast, post-Keynesians argue that demand and supply

are only brought into equilibrium through changes in output, meaning that there are many

supply-demand equilibriums, and it is the level of aggregate demand that determines the

utilisation of production factors in the short and long-run (Hein, 2023, ch. 3). The future

is fundamentally uncertain, meaning that there will be mismatches between expectations

and reality, and firms will not aim for full capacity utilisation to insure against these devi-

ations. In addition, post-Keynesians posit several channels through which demand affects

supply variables. For example, if tight labour markets drive productivity or higher unem-

ployment leads to increased economic inactivity, this introduces a path-dependency into

the growth path (León-Ledesma & Thirlwall, 2002). This means that aggregate demand

not only affects the degree of utilisation, but also shifts the full-utilisation growth path.
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Distribution

Post-Keynesians (together with other heterodox schools) propose a different relationship

between technology and distribution. For mainstream authors, distribution is endoge-

nously determined by technology. Factors of production are paid their marginal contri-

bution and, in the most commonly used Cobb-Douglas production function, factor shares

are fixed. By contrast, heterodox authors view distribution as exogenously determined by

a conflict between social classes (Dutt, 2018). This can be influenced by technology, but

only as one among a host of other factors that change the balance of power in this con-

flict. Instead, the primary causality runs in the other direction, from distribution to output

and productivity growth. Distribution has varied and opposing effects on output. On the

one hand, a decrease in the profit share should increase consumption12, but it may also

decrease investment and net exports because of lower profits and competitiveness (Hein,

2014, ch. 6). The strength of these relative effects determines if growth is wage- or profit-

led. There is a huge literature dedicated to examining this question empirically, which

generally finds wage-led growth in most countries (Bhaduri & Marglin, 1990; Hartwig,

2014; Blecker, 2016; Hein & Vogel, 2008).

Post-Keynesian theory of technical change

Since Kaldor (1957, 1961, 1955), post-Keynesians have generally modelled productivity

growth through a technical progress function (TPF). Solow (1987, p. 15) would likely

argue that this is ‘some sort of production function… (in) disguise’, but there are impor-

tant theoretical differences. The TPF makes no ‘arbitrary’ distinction between movement

along and between production functions (Kaldor, 1957, p. 596). While a NPF gives the

output resulting from every position in factor-time space, the TPF has the more limited

aim of projecting the actual path in historical time. In a NPF, Technical change is un-

connected with factor accumulation and substitution can proceed in any direction. While

technical change has historically required increasing energy or ‘natural capital’, it will

automatically move in another direction as soon as these become scarce (subsection 3.1).

By contrast, Kaldor’s work on TPFs always stressed that technical change is necessarily

achieved through capital accumulation. This breaks the path-independency of the NPF,

12As the propensity to save out of wage income is likely to be lower than that out of profits
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as decisions about investment now will affect the future trajectory of productivity growth

(McCombie & Spreafico, 2016). The lack of a distinction between movement along and

between production functions gives technical change a necessary direction that cannot

freely shift due to scarcity. The introduction of the arguments of Ayres and Warr about

the necessity of exergy for production and technical change therefore fit much more easily

into a TPF, without the conceptual contradictions highlighted in subsection 3.3.

Kaldor shifted the content of his technical progress function over time, focusing first on

the capital stock, then investment, before shifting to a more dynamic emphasis on cumu-

lative causation and increasing returns to scale (McCombie & Spreafico, 2016; Kaldor,

1981). Modern post-Keynsian theory has developed two primary channels through which

demand and distribution endogenously affect productivity growth. The first channel, the

Kaldor-Verdoorn law, posits a causality from demand-driven output growth to techni-

cal change (Magacho & McCombie, 2017; McCombie et al., 2002). This channel has

been widely researched and generally finds that a 1% increase in output growth causes a

0.5% increase in productivity growth. Secondly, post-Keynesians argue that higher real

wages or wage shares drive productivity growth by increasing the incentive for capitalists

to introduce labour-saving machinery (Marx, 2004; Hicks, 1963; Allen, 2015; Cassetti,

2003; Sylos-Labini, 1983). This is often known as the Marx-Hicks effect and there are

many variations on how it is operationalised, including focusing on the wage rate or the

wage share (Hein & Tarassow, 2010), or a focus on other aspects of labour market insti-

tutions (Kleinknecht, 2020; Vergeer & Kleinknecht, 2014) and papers will often use TPF

that combine and estimate the strength of both of these channels (Hein & Tarassow, 2010;

Storm &Naastepad, 2012). If there is an energy-driven slowdown in productivity growth,

both of these channels are likely to further reduce productivity growth. Lower productiv-

ity growth leads to lower investment, and this reduces the Kaldor-Verdoorn effect, leading

to a further growth reduction. Energy scarcity is likely to increase costs, which reduces

the wage-share given a constant mark-up (Hein, 2024). This then leads to a further decline

in productivity growth from the Marx-Hicks effect.
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Consistent macroeconomic framework

The final advantage of post-Keynesianism for ecological theory is its use of a consistent

macro perspective that respects accounting rules. Each agents’ income is another’s cost,

and all financial assets are matched by liabilities. These linkages mean that decisions that

are individually rationalmay have unintended consequences in the aggregate. This leads to

a series of post-Keynsian macro paradoxes, where the macro-effect of economic decisions

is the opposite of the micro-intent (Lavoie, 2022). This potential for paradoxical results is

extremely important for addressing the ecological crisis, as attempts to reduce emissions or

manage demand can have contradictory effects in the presence of biophysical limits. For

example investments in green or energy saving technologymay raise emissions because of

the paradox of thrift and a macroeconomic rebound effect that cannot be coneptualised in

a full employment model (Rezai et al., 2013). The stress placed on accounting consistency

is most developed with stock-flow consistent (SFC) models, where stocks and flows are

consistently linked. These advantages of the post-Keynsian macroeconomic analysis have

led to post-Keynesian theory playing an increasingly central role in ecological macroeco-

nomics (Hardt & O’Neill, 2017). Previous arguments about the lack of cross-fertilisation

between ecological and macroeconomic thinking and models (Kronenberg, 2010; Rezai

et al., 2013; Fontana & Sawyer, 2013) have led to a proliferation of models combining

post-Keynsian and ecological theory, to which we now turn.

4.3 Biophysical limits in ecological macro models

Table 4.1 shows a selection of ecological macro models, all incorporating post-Keynesian

assumptions, focusing on the incorporated biophysical limits and assumptions on techni-

cal change. Two ways of modelling biophysical limits stand out in the literature. The

first method uses a damage function, which decreases output as a function of some envi-

ronmental indicator (usually temperature). This comes from neoclassical environmental

economics (W. D. Nordhaus, 1992; W. Nordhaus, 2008), but needs to be modified to fit

within a demand-determined model. Approaches include damage effects on profits (Tay-

lor et al., 2016; Bovari et al., 2018), debt (Bovari et al., 2018), the capital stock and labour

productivity (Taylor et al., 2016; Dafermos et al., 2017), and the investment and savings

functions (Dafermos et al., 2017). Secondly, several models incorporate biophysical lim-
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its by including declining resource quality or availability. Declining availability can be

modelled using a renewable resource necessary for production (King, 2020), a detailed

energy model and restrictions imposed by energy targets (Nieto et al., 2021), or stocks of

materials and energy that reduce demand as they become depleted (Dafermos et al., 2017).

Alternatively, papers focus on the declining quality, and therefore return, from energy re-

sources (Jacques et al., 2023; A. Jackson & Jackson, 2021), or take the mitigation path

as given and focus on economic effects such as the need for unproductive investment for

climate mitigation (T. Jackson & Victor, 2019).

Table 4.1: Biophysical limits in ecological macro models

Paper Biophysical Limits Energy Technical Change

Stage Relationship1 Endogeneity Path

(Taylor et al., 2016) Damage function P Yes Both Mixed

(Dafermos et al., 2017)
Damage function, Resource

availability, & Technical progress
P No Both Declining2

(Bovari et al., 2018) Damage function - - Both Exponential3

(Sakai et al., 2018) None P, F, U Yes Endogenous Variable

(T. Jackson & Victor, 2019) Unproductive investment P No Endogenous Exponential

(King, 2020) Resource availability - No - Constant

(A. Jackson & Jackson, 2021) Resource quality EROI, F No Both Exponential

(Nieto et al., 2021) Resource availability P, F No Exogenous Exponential

(Jacques et al., 2023) Resource availability/quality EROI, F No Both Exponential

Notes: P = Primary, F = Final, U = Useful, EROI = Energy Return on Investment
1 Relationship between Energy and labour productivity in the model
2 Includes four different kinds of technical progress (energy, materials, capital, and labour). Technical progress is declining for all

factors other than labour which is mixed
3 Technical progress is mostly exponential, but one specification models technical progress as a quadratic function of temperature,

from (Burke et al., 2015).

Source: Author’s Elaboration

Energy in Ecological Macro Models

Energy is at the very heart of the connections between the economy and the biosphere,

so unsurprisingly occupies a central place in many of our sample papers. We focus on

energy rather than exergy here, because exergy is only considered in Sakai et al. (2018).

The techniques used to model energy and its connection to the economy are quite varied.

Table 4.1 showswhich stages of the energy conversion process (Figure 2.2) are included in

themodels. EnergyReturn on Investment (EROI)measures the energy required to produce

energy and can be measured at either the primary stage, or combined with the primary to

final efficiency to give final EROI (Brockway et al., 2019). The majority of the models

in our sample do not explicitly model energy, or model it only at the primary stage. In

economic models, the energy conversion process is often lumped into a primary energy
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productivity variable (yEp = Y/EP ) that mixes a physical and a value quantity, and model

this variable as exponential. This misses important insights that can be gained from a

deeper analysis of energy conversion stages. Using SEA, we can split energy productivity

into primary to final efficiency (ηpf = E/Ep), final to useful efficiency (η = U/E), and

useful work productivity (yU = Y/U ):

yEp = ηpf · η · yU (10)

This decomposition allows us to see the extent to which energy productivity is driven by

efficiency changes, and to highlight the physical limits and drivers of these changes in ef-

ficiencies. Several of the models in the sample look more deeply at the energy conversion

process, analysing the primary to final efficiencies in great detail (Nieto et al., 2021), or

looking at the trajectories of EROI from both renewable and non-renewable sources (A.

Jackson & Jackson, 2021; Jacques et al., 2023). The only model in our sample that looks

at final to useful conversion efficiencies is Sakai et al. (2018).

Energy and technical change

Table 4.1 shows that even among ecological macroeconomic models, with a variety of

assumptions and techniques, the assumption of exponential technical change is dominant.

Most models assume exponential technical change and have no relationship between tech-

nical change and energy. This assumption cannot be sustained if, as argued in this paper,

technical change is material and depends on useful exergy (Smil, 2018, 2005). As the pro-

duction of energy has inherent limits (subsection 2.4), ecological macroeconomics needs

to model declining returns to technical change, alongside resource constraints and dam-

ages, as a third form of biophysical limit. All three limits are modelled in Dafermos et al.

(2017) who use four technical progress functions (energy, materials, labour, and capital).

They use a sigmoid difference equation with a declining rate of growth, combined with

Kaldor-Verdoorn and exogenous components for labour productivity, but used alone for

the other three factors. The quantity of energy andmaterials, and the efficiency with which

they are used, have no impact on the other productivities. The model therefore lacks a way

to account for the role energy and materials play in driving productivity growth. Rezai
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et al. (2013)13 makes the connection between energy usage and labour productivity, but

the causality runs in the other direction, from (exponential) technical change to energy

and emissions. However, two of the same authors later reverse the causality and include

energy in a technical progress function alongside a positive effect from growth, and neg-

ative effects from employment and emissions (Taylor et al., 2016). The path of technical

progress is therefore dependent on the exogenous variables and can, but does not neces-

sarily, produce a declining technical progress function.

The same is true of Sakai et al. (2018) which models productivity indirectly. Output and

the labour force are modelled separately, with exergy having a large impact on both val-

ues. It combines elements of post-Keynesian econometric models (such as Mercure et al.,

2018) with elements from exergy economics. While some post-Keynesian assumptions

are used, the aim and causality of the model is quite different to that generally found in

post-Keynesian theory. The model is set up using econometric equations, with the exoge-

nous variables being supplies of the production factors. The aim of the model is there-

fore closer to neoclassical theory, which centres factor scarcity, than post-Keynesianism,

which sees factor supplies as endogenous14. Output is modelled as the sum of aggregate

demand components, with energy playing a large role, while the labour force is calculated

using a useful exergy-enhanced Cobb-Douglas production function. The model therefore

contains a mix of post-Keynesian and neoclassical assumptions, without discussing the

contradictions and providing little justification for particular functional forms. Wages are

modelled as a function of profits, hourly wages, CPI, and quality adjusted labour hours;

mixing variables from two methods of calculating wages through a national accounting

identity: hourly wages multiplied by labour hours or as output minus profits. This opens

up the possibility of a contradiction between wages calculated from each of these identi-

ties, and highlights the importance of a consistent accounting framework.

The foregoing discussion has highlighted two related gaps in the ecological macroeco-

nomics literature. A lack of a connection between energy and productivity growth and the

projection of indefinite exponential technical progress. If productivity growth has mate-

13Not reported in the table as it is not a full model
14Introducing scarce natural resources modifies this assumption but the exogenous and driving force in post-

Keynesian models is still variables (such as the savings rate or the wage share) that influence aggregate

demand. The inclusion of scarce labour and capital is only appropriate in the rare situation of full utilisation

of production factors (Lavoie, 2022; Hein, 2023)
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rial foundations it follows the laws of nature and we need to consider biophysical limits to

technical change alongside damage functions and resource quality and availability in eco-

logical macroeconomics. I have argued that SEA provides a framework that can be used

to fill these gaps, but further research is required to integrate its insights into a macroeco-

nomically consistant model that does not assume full utilisation of production factors and

has a role for distribution and aggregate demand.

5 Conclusion

To conclude this paper, we return to the two primary aims set out in the introduction. SEA

provides a powerful way to extend our understanding of the role of energy in the economic

process that can be easily incorporated in parsimonious economic models. However, pre-

vious attempts to integrate SEA into economics have been undermined by a reliance on

the neoclassical production function. Ayres and Warr were uncomfortable with their use

of neoclassical theory and its contradictions with their approach, but chose to persevere.

Their justifications for ignoring their misgivings are unconvincing, and result in several

contradictions between different aspects of their theory. Fundamentally, these contra-

dictions are inevitable because results of the second law of thermodynamics, central to

SEA such as path-dependence and irreversibility, are incompatible with a neoclassical

economics based on pre-second law classical physics. Using a heterodox approach allows

you to overcome these contradictions, as the heterodox ontology has a central place for

factors such as irreversibility and emergent properties.

However, using a heterodox basis forces you to abandon some aspects of the exergy eco-

nomics research programme. Technical rates of substitution are incalculable, because they

rely on non-necessity of inputs, unjustifiable aggregation of capital, and instantaneous and

reversible substitution. The results from attempts to estimate them are pre-calculable from

the accounting identity and the stylised facts, and so do not justify the interpretation they

are given. Heterodox growth theory does not automatically answer counterfactual ques-

tions that lie far from the actuals. The effects, for example, of reducing primary energy

by 20% are unknowable because this would disturb many features of an economy that

must be abstracted away to produce models. We can speculate about these counterfactual

questions, but the idea of a production surface that predicts the output resulting from ev-
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ery combination of inputs cannot be justified. I suspect that one of the reasons Ayres and

Warr persevered with the neoclassical production function, was to try to have an impact

on the much larger and more influential mainstream of economics. However, they perhaps

underestimated the impermeability of mainstream economics to new ideas. SEA is likely

to have a better hearing within heterodox economics, where pluralism and the dependence

of economics on the biosphere are taken more seriously.

The models of exergy economics implicitly subscribe to Say’s law (demand passively ad-

justs to supply) while much post-Keynsian economics uses what Blecker and Setterfield

(2019, p. 38) call ‘Say’s law in reverse’ (supply passively adjusts to demand). In the

context of biophysical constraints, we need a theory that can bring together supply and

demand factors and study their interactions. The emerging field of ecological macroeco-

nomics has made great progress in this direction, but further research is required to identify

the reciprocal effects and tendencies of the economy and the biosphere. This paper has

identified a gap in the literature in connecting technical change to energy materials and the

biosphere. SEA provides powerful tools to help us overcome this gap. It gives a deeper

understanding of energy conversion and its historical connection to productivity growth,

and highlights the limits imposed by the second law of thermodynamics. The growth rates

of exergy and exergy efficiency have been declining for half a century in the high income

countries, coinciding with the ‘secular stagnation’ of labour productivity. These tenden-

cies may reverse for some time, but the inherent limits to both exergy production and

efficiency mean that a declining growth rate will inevitably assert itself in the long run.

The prospects for long-run productivity growth then depend on a new, as yet non-existent,

absolute decoupling of productivity from useful work.
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Appendices

A Data sources and methods

There are two primary sources for the data used in this paper. Estimates of exergy and

exergy efficiency come from (Marshall et al., 2024). This construction of the database is

described in (Heun et al., 2024; Brockway et al., 2024). The national accounts data on

GDP, capital stock, etc. comes from the Extended Penn World Tables (Marquetti et al.,

2021).

Countries were selected according to data availability, with any Country that did not have

all key variables (Exergy at every stage, number of workers, capital stock, GDP) since

at least 1971 excluded. The full list of included countries are: Albania, Algeria, Angola,

Argentina, Australia, Austria, Bahrain, Bangladesh, Belgium, Bolivia (Plurinational State

of), Botswana, Brazil, Bulgaria, Cameroon, Canada, Chile, China, China (Hong Kong

SAR), Colombia, Congo, Costa Rica, Cyprus, Côte d’Ivoire, D.R. of the Congo, Den-

mark, Dominican Republic, Ecuador, Egypt, Ethiopia, Finland, France, Gabon, Germany,

Ghana, Greece, Guatemala, Haiti, Honduras, Iceland, India, Indonesia, Iran (Islamic Re-

public of), Iraq, Ireland, Israel, Italy, Jamaica, Japan, Jordan, Kenya, Kuwait, Lebanon,

Luxembourg, Madagascar, Malaysia, Malta, Mauritius, Mexico, Morocco, Mozambique,

Myanmar, Netherlands, New Zealand, Niger, Nigeria, Norway, Oman, Pakistan, Panama,

Paraguay, Peru, Philippines, Portugal, Qatar, Republic of Korea, Romania, Rwanda, Saudi

Arabia, Senegal, Singapore, South Africa, Spain, Sri Lanka, Sudan, Sweden, Switzerland,

Syrian Arab Republic, Taiwan, Thailand, Trinidad and Tobago, Tunisia, Turkey, U.R. of

Tanzania (Mainland), Uganda, United Arab Emirates, United Kingdom, United States,

Uruguay, Viet Nam, Zambia, Zimbabwe.

Some figures reference a group of high income countries with data going back to 1960.

The countries included in this aggregation are: Australia, Austria, Belgium, Canada, Den-

mark, Finland, France, Germany, Greece, Iceland, Ireland, Italy, Japan, Luxembourg,

Netherlands, New Zealand, Norway, Portugal, Spain, Sweden, Switzerland, United King-

dom, United States
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B Results of regression

The following table shows the regression of world GDP against labour, capital, and useful

exergy with the restriction that the coefficients must sum to 1. The coefficient for labour

and useful exergy are given in the table, and for capital can be calculated as 1 - minus the

sum of the other two coefficients. The remaining residual, called multifactor productivity

in neoclassical theory, is 0.6%

Table A.1: Useful exergy enhanced Cobb-Douglas regression

Dependent variable:

Log GDP

Log labour - log capital 0.073

(0.046)

Log useful exergy - log capital 0.683∗∗∗

(0.027)

Year 0.006∗∗∗

(0.001)

Constant −10.501∗∗∗

(0.902)

Observations 49

R2 0.936

Adjusted R2 0.932

Residual Std. Error 0.009 (df = 45)

F Statistic 218.633∗∗∗ (df = 3; 45)

Note: ∗p<0.1; ∗∗p<0.05; ∗∗∗p<0.01

C Additional figures
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Figure A.1: Labour productivity and final exergy per worker

Source: Author’s calculation from data in (Marquetti et al., 2021; Marshall et al., 2024)

Notes: Both variables in logs, selection of 101 countries selected according to data availability
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