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Figure 1. The Milky Way Galaxy

Source: http://www.atlasoftheuniverse.com/galaxy.html
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Figure 2. The acceleration of expansion: Dark energy

(Source https://commons.wikimedia.org/wiki/File:Dark_Energy.jpg#/media/File:Dark_Energy.jpg).
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The materials life cycle
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US economic system as a whole from a mass flow perspective (1993 in MMT)

3-2
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Major inputs to GDP (fuels, metals, construction, chemicals & biomass):

in terms of mass  (USA 1900-2004)
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Total mass of counted inputs to GDP

Inorganic: sulfur, lime, phosphate, chlorine, ammonia

Organic: ethylene, methanol, butadiene, propylene, benzene

Construction: cement, gypsum, brick, lumber, sand & gravel, stone, clay

Metals: iron, steel, copper, lead, zinc, aluminum

Fossil fuels: Coal, petroleum, natural gas, NGL

Biomass: dry weight of harvested and non-harvested components of major non-fuel crops
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Major inputs to GDP (fuels, metals, construction, chemicals & biomass):

in terms of exergy  (USA 1900-2004)
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Total mass of counted inputs to GDP

Inorganic: sulfur, lime, phosphate, chlorine, ammonia

Organic: ethylene, methanol, butadiene, propylene, benzene

Construction: cement, gypsum, brick, lumber, sand & gravel, stone, clay

Metals: iron, steel, copper, lead, zinc, aluminum

Fossil fuels: Coal, petroleum, natural gas, NGL

Biomass: dry weight of harvested and non-harvested major non-fuel crops
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Major inputs of fossil fuels (coal, petroleum, natural gas & NGL):

mass/capita and exergy/capita (USA 1900-2004)

3-4a

mass/capita ratio (left scale)

exergy/capita ratio (right scale)

Fossil fuels: Coal, petroleum, natural gas, NGL
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Major inputs of chemicals to GDP:

mass/capita and exergy/capita (USA 1900-2004)

3-4b

mass/capita ratio (left scale)

exergy/capita ratio (right scale)

Inorganic: sulfur, lime, phosphate, chlorine, ammonia

Organic: methylene, methanol, butadiene, propylene, benzene
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Major inputs of construction to GDP:

mass/capita and exergy/capita (USA 1900-2004)

3-4c

mass/capita ratio (left scale)

exergy/capita ratio (right scale)

Construction: cement, gypsum, brick, lumber, sand & gravel, stone, clay
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Major inputs of metals to GDP:

mass/capita and exergy/capita (USA 1900-2004)

3-4d

mass/capita ratio (left scale)

exergy/capita ratio (right scale)

Metals: iron, steel, copper, lead, zinc, aluminum
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Major inputs of biomass to GDP:

mass/capita and exergy/capita (USA 1900-2004)

3-4e

mass/capita ratio (left scale)

exergy/capita ratio (right scale)

Biomass: dry weight of harvested and non-harvested

    components of major non-fuel crops
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Total major inputs to GDP (fuels, metals, construction, chemicals & biomass):

mass/capita and exergy/capita (USA 1900-2004)
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mass/capita ratio (left scale)

exergy/capita ratio (right scale)

Inorganic: sulfur, lime, phosphate, chlorine, ammonia

Organic: ethylene, methanol, butadiene, propylene, benzene

Construction: cement, gypsum, brick, lumber, sand & gravel, stone, clay

Metals: iron, steel, copper, lead, zinc, aluminum

Fossil fuels: Coal, petroleum, natural gas, NGL

Biomass: dry weight of harvested and non-harvested

    components of major non-fuel crops







Major inputs to GDP of fossil fuel (coal, petroleum, NGL, & natural gas):

mass/GDP and exergy/GDP (USA 1900-2004)
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Coal, petroleum, natural gas & NGLs
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Major inputs to GDP of chemicals, major organic and inorganic:

mass/GDP and exergy/GDP (USA 1900-2004)

mass/GDP ratio (left scale)

exergy/GDP ratio (right scale)

3-5b

Inorganic: sulfur, lime, phosphate, chlorine, ammonia

Organic: ethylene, methanol, butadiene, propylene, benzene







Major inputs to GDP of construction materials (cement, gypsum, brick, limber, sand, gravel, stone, clays): mass/GDP and exergy/GDP (USA 1900-2004)
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3-5c

Construction: cement, gypsum, brick, lumber, sand & gravel, stone, clay







Major inputs to GDP of metals (Iron, steel, Al, Cu, Pb, Zn):

mass/GDP and exergy/GDP (USA 1900-2004)
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Major inputs to GDP of biomass:

mass/GDP and exergy/GDP (USA 1900-2004)
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Total major inputs to GDP (fuels, metals, construction, chemicals & biomass):

mass/GDP and exergy/GDP (USA 1900-2004)
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Exergy intensities: fossil fuels and total; US 1900-2005
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Inputs of exergy by source: US 1900-2004
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Inputs of exergy by source: Japan 1900-2004
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Exergy input sources as percent of total exergy input; USA 1900 - 2004









1900

1910

1920

1930

1940

1950

1960

1970

1980

1990

2000

2010

year

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

55%

60%

65%

70%

75%

% total exergy input









Coal





Oil





Natural Gas

Renewables





Nuclear

Food and Feed Biomass

3-7a







Exergy input sources as percent of total exergy input; Japan 1900-2004
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Percent of coal exergy consumed by type of enduse; USA 1900-2004
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Percent of coal exergy consumed by type of enduse; Japan 1900-2004















1900

1910

1920

1930

1940

1950

1960

1970

1980

1990

2000

0%

20%

40%

60%

80%

100%

percent of total petroleum and NGL consumption









Heat

Light

Electricity

Prime Movers

Non-fuel uses

4-2a

Percent of petroleum and NGL exergy consumed by type of enduse; USA 1900-2004
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Percent of petroleum and NGL exergy consumed by type of enduse; Japan 1900-2004
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Percent of natural gas exergy consumed by type of enduse; USA 1900-2004
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Percent of natural gas exergy consumed by type of enduse; Japan 1900-2004

(no usage prior to 1945)
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Percent of total fossil fuel exergy consumed by type of enduse; USA 1900-2004
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Developments in petroleum "cracking"  fractions US 1910-1972

1910

Data prior to 1958 from Ayres; Data from 1958 on from Lakhani, page 54
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Petroleum utilization efficiency: Percent used as fuel for prime movers US 1900-1982
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Percent of crude oil cracked to produce gasoline US 1910-1972

1910

Source: Lakhani, page 54
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Farm mechanization: Substitution of machinery for animals

millions  of farm animals
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Performance of steam engines: Fuel consumption and thermal efficiency
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Sources of mechanical drive in manufacturing establishments: USA 1869-1939
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Substitution of Diesel for steam locomotives in the USA, 1935 -1957
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Index of total electricity production by electric utilities (1902=1)

and average energy conversion efficiency: USA 1902-1998
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Household Electrification (I)
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Household Electrification (II)
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Compression ratio in auto engines: USA 1926-1975





1926

1925

1930

1935

1940

1945

1950

1955

1960

1965

1970

1975

4

5

6

7

8

9

10

11

12

13

ratio

maximum

average

4-14







Internal combustion engine efficiency
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Breakdown of energy requirements for a typical mid-size automobile (shown for US federal urban (highway) driving cycles as a percent of the energy content of the fuel)
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Exergy consumption by industrial processes: USA 1880-2000
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Secondary electrical work by function as percentage of total secondary electrical work USA 1902-2000
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Efficiencies in performance: secondary work from electricity by function, USA 1900-2000
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Vehicle fuel rates and energy conversion efficiency
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Energy(exergy) conversion efficiencies, US 1900-2004
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Energy(exergy) conversion efficiencies, Japan 1900-2004
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Useful work (U) for the US and Japan 1900-2004
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Aggregate efficiencies for the US and Japan 1900-2004
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Primary work and primary work/GDP ratio US 1900-2005
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Primary work and primary work/GDP ratio Japan 1900-2005









1900

1910

1920

1930

1940

1950

1960

1970

1980

1990

2000

2010

year

0

1

2

3

4

5

primary work exergy (eJ)

0

0.4

0.8

1.2

1.6

2

2.4

2.8

3.2

3.6

primary work to GDP ratio (eJ/$)

Primary work

(left scale)

Primary work to GDP ratio

 (right scale)

4-24b







Production-consumption systems
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Cost of power per hour as multiple of hourly wage
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Substitutibility in aggregate production functions
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GDP and factors of production, US 1900-2005
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GDP and factors of production, Japan 1900-2005
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US GDP 1900-2000; Actual vs. 3-factor Cobb Douglas function L(0.70), K(0.26), E(0.04)
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Technological Progress Function

and Solow Residual USA: 1900 - 2005
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Exergy to GDP ratio, US and Japan

1900-2005 excluding 1941-1947

7-1





































































































































































































































































































































































































































































































































































































































































































































































































































1900

1910

1920

1930

1940

1950

1960

1970

1980

1990

2000

0

10

20

30

40

50

60

Joules / million1990G-K$









USA





Japan







Useful work (U) to GDP ratio, US and Japan

1900-2005 excluding 1941-1947





7-2





























































































































































































































































































































































































































































































































































































































































































































































































































1900

1910

1920

1930

1940

1950

1960

1970

1980

1990

2000

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

2.2

2.4

2.6

2.8

3.0

3.2

Joules / million1990G-K$









USA





Japan







Exergy to work efficiencies (f): US and Japan

1900-2005 excluding 1941-1947

7-3













































































































































































































































































































































































































































































































































































































































































































































































































































1900

1910

1920

1930

1940

1950

1960

1970

1980

1990

2000

0%

2%

4%

6%

8%

10%

12%

14%

16%

18%

20%

22%

percent









USA





Japan







1900

1920

1940

1960

1980

2000

year

0

5

10

15

20

25

PRE-WAR COBB DOUGLAS

alpha=0.33

beta=0.31

gamma=0.35

POST-WAR COBB DOUGLAS

alpha=0.78

beta=-0.03

gamma=0.25





GDP estimate LINEX

GDP estimate Cobb-Douglas

Empirical GDP

US GDP (1900=1)

Empirical and estimated GDP, US

1900-2005 excluding 1941-1948

7-4a







1900

1920

1940

1960

1980

2000

0

10

20

30

40

50

PRE-WAR COBB DOUGLAS

alpha=0.29

beta=0.31

gamma=0.40

POST-WAR COBB DOUGLAS

alpha=0.39

beta=0.27

gamma=0.34





GDP estimate LINEX

GDP estimate Cobb-Douglas

Empirical GDP

GDP Japan (1900=1)

Empirical and estimated GDP, Japan

1900-2005 excluding 1941-1948

7-4b



























































































































































































































































































































































































































1900

1910

1920

1930

1940

1950

1960

1970

1980

1990

2000

-10%

0%

10%

20%

30%

40%

percent

Cobb-Douglas residuals; US and Japan

1900-2005 excluding 1941-1948

7-5a

year





USA

Japan























































































































































































































































































































































































































1900

1910

1920

1930

1940

1950

1960

1970

1980

1990

2000

-10%

0%

10%

20%

30%

40%

LINEX residuals, US and Japan

1900-2005 excluding 1941-1948

year

percent





USA

Japan

7-5b











1900

1910

1920

1930

1940

1950

1960

1970

1980

1990

2000

0.02

0.04

0.06

0.08

0.1

0.12

0.14

0.16

0.18

0.2

2

4

6

8

10

12

14

16

18

20

Parameters of the LINEX function

US 1900-2005

a(t)

b(t)

year

7-6a

b(t) right axis

a(t) left axis















1900

1910

1920

1930

1940

1950

1960

1970

1980

1990

2000

0.15

0.2

0.25

0.3

0.35

0.4

0.45

0.5

0.55

0.6

0.65

2.5

2.75

3

3.25

3.5

3.75

Parameters of the LINEX function

Japan 1900-2005

year

a(t)

b(t)

7-6b

a(t) left axis

b(t) right axis











1900

1910

1920

1930

1940

1950

1960

1970

1980

1990

2000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8





capital

Labor

Useful work

Elasticities of factors of production

LINEX function: US 1900-2005 excluding 1941-1947

year

Elasticity

7-7a











1900

1910

1920

1930

1940

1950

1960

1970

1980

1990

2000

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8





capital

Labor

Useful work

Elasticities of factors of production

LINEX function: Japan 1900-2005 excluding 1941-1947

year

Elasticity

7-7b







Simulated labor hire and fire rate, USA 1900-2000
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Simulated and empirical labor, USA 1900-2000
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Simulated and empirical capital, USA 1900-2000
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Energy intensity of capital, USA 1900-2000
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Energy Intensity of GDP, USA 1900-2000
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Logistic and bi-logistic S-curve fits

to the  trend of aggregate technical efficiency in the US 1900-2000
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Rate of change of aggregate technical efficiency

of primary exergy conversion US 1900-2000
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Sensitivity test results

varying the fractional decay rate of output exergy intensity
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Sensitivity test results varying both the fractional rate of output exergy intensity and selected parameters of the bilogistic curve controlling the rate of efficiency growth
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Historical (1950-2000) and forecast (2000-2050)

GDP

for alternate rates of  decline of the energy intensity of output, USA
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Historical (1950-2000) and forecast (2000-2050)

technical efficiency of energy conversion

for alternate rates of technical efficiency growth, USA
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Figure 9.1: Plot of GDP-gap against EnergyPolicy-gap, all countries, all years
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Figure 9-5b: Weighted regressions for Group 8 (oil factor=0.15)
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Figure 9-6a: Development tracks of group A countries
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Figure 9-6b: Development tracks of group C countries
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Figure 9-7a: Development tracks of catch-up countries (oil factor = 0.00) 
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Figure 9-7b: Development tracks of catch-up countries (oil factor = 0.10) 
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Figure 9-7c: Development tracks of catch-up countries (oil factor = 0.15) 
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Figure 9-7d: Development tracks of catch-up countries (oil factor = 0.20) 
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Figure 9-7e: Development tracks of catch-up countries (oil factor = 0.25) 
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Figure 9-8a: Simulation results for catch-up countries (oil=0.00) 
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Figure 9-8b: Simulation results for catch-up countries (oil=0.10) 
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Figure 9-8c: Simulation results for catch-up countries (oil=0.15) 
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Figure 9-8d: Simulation results for catch-up countries (oil=0.20) 
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Figure 9-8e: Simulation results for catch-up countries (oil=0.25) 







Figure 9-9a: Changes of catch-up elasticity of GDP with respect to EP

for two models using weighted regression results 
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Figure 9-9b: Changes of catch-up elasticity of EP with respect to GDP

for two models using weighted regression results 
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Figure 9-10: Development Trajectory (GDP vs EP) of the US from 1960-2001
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Figure 9-11: Annual percentage change in US GDP and EP indices, 1960-2001
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Figure C-1: relationship between GDP and electrification for 1997-2001
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Figure C-2: relationship between GDP and urbanization for 1997-2001
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Figure C-3a: Processes of urbanization and electrification
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Figure C-3b: Processes of urbanization and electrification

 Brazil and China 1971-2001
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Figure C-3c: Processes of urbanization and electrification
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Figure C-3d: Processes of urbanization and electrification

Sweden and UK 1960-2001
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Figure C-3e: Processes of urbanization and electrification

USA 1960-2001
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ELI Workshop, Nov. 18-19, 2021

* This talk has two major messages.

* The first #Part 1) is that capital and thermodynamic work are the only
factors of production, and both are composed of the same substance — the
substance of the universe -- namely Energy (Exergy). Energy can neither be
created nor destroyed by human activity, so it makes no sense to think of
energy as a product of capital or labor, or of any other sectoral outputs.
Therefore, energy cannot be considered an intermediate product.

* The second message (Part Il) is that the key to stopping global climate
change due to the accumulation of greenhouse gases FGHGS) in the
atmosphere, is to increase the energy (exer%y) efficiency (the ratio of useful
output to input) of our economy. There is a lot of room for improvement.
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Schematic of a star structure
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The structure of an "old" red giant before exploding as a supernova
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Periodic Table showing origin of elements
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Source: https://en.wikipedia.org/wiki/Stellar_nucleosynthesis



Nuclear binding energy (potential) per nucleon (MeV)
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A gas cloud giving birth to new stars

A gas cloudin Casieopera, 7000 light years from Earth. The red
color indicates that organic compounds are present.
http-/photojournal. jpl nasa gov/catalog/PI403096.




Dust particles as chemical factories

Illustrations of ice-covered silica grains in dust clouds where
chemical reactions can take place, driven by UV radiation
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The carbon-nitrogen cycle and the proton-proton chain

_JSoureer https://en.wikipedia.org/wiki/CNO_cycle




Calvin Cycle for photosythesis
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Schematic model of the Chemoton: A self-replicating

chemical system
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Phylogenetic "Tree of Life" (J. D. Crofts)

Bacteria Archaea Eukaryota
Green
Filamentous sli
Spirochetes bacteria Entamoebae m;’;;i Animals
Gram Methanosarcina e
_ \ positives|  mpathanobacterium Halophiles
Proteobacteria Plants
g Methanococcus
Cyanobacteria Ciliates
T. celer
Planctomyces Thermoproteus Flagellates
Pyrodicticum
Bacteroides Trichomonads
Cytophaga
Microsporidia
THermologa
: Diplomonads
Aquifex = Extrame

hyperthermophiles \
Last rial

Commaon Ancestor

Source: https:}/Lé".Jvikipedia.org/wiki/Tree_of_ life



Biodiversity




We have seen how the universe evolved after the

Big Bang (assuming it did happen while the universe
expanded and cooled). From a thermod

perspective, all the wonc
of civilization, has been c

ynamic

erful complexity of life and
riven by dissipating fluxes

of exergy. As the exergy is dissipated —some say
“destroyed” — both the entropy of the u
its complexity, increase. We have both disorder

from oro
slides ex
better.

er and “order from disorder” T

nlain how we can learn to use t

niverse, and

ne next
nose fluxes




Solar and infrared radiation fluxes
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Monthly CO, concentrations on Mauna Loa (NOAA) 1958 - 2015

Monthly CO, variation (yearly average deviation)
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RECENT TEMPERATURE TRENDS (1990-2020)

Change in temperature (" F/decade) NOAA Climate.gov
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GLOBAL AVERAGE SURFACE TEMPERATURE
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Economy=wide energy intensity
{Total primary energy supply [Btu/$PPP 2000]

Figure 1
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Exergy efficiency China-US-UK 1971-2010
20.0%

15.0%

Aggregate exegry efficiency %

10.0% ===China
UK
5.0%
0.0% ] ] ] I [ I

D P > >0
QQ%QQQQN

Sources: Brockway et al (2014); Brockway et al (2015)



Cost of power per hour as multiple of hourly wage
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Exerqy consumption by industrial processes: USA 1880-2000
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Energy price indices vs GDP index for the UK 1700-2010

Energy price indices (1700=100)

220
200 GDP
per capita
‘ Y (1700=1)
|
HTAVRIVALA N
150 l\, ' | oearelg i 15
100 A i 10
>0 ‘ ! I\ 5
b"
Iron heating k\ ._“
10 p— ‘-h—-‘_ ooyt 1
0] T T T T T T T T T T T T T TT70
1910 1930 1950 1970 1990 2010

17001710 1730 1750 1770 1790 1810 1830 1850 1870 1890

Source: Fouquet (2011), Broadberry et al (2013) updated and indexed by Ayres 2000-2010



Generator efficiency:
Electric power output per unit mechanical power output
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Electricity production by electric utilities
and average energy conversion efficiency USA 1900-1998
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Breakdown of energy requirements for a typical mid-size automobile (shown for US
federal urban (highway) driving cycles as a percent of the energy content of the
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Lithium-ion battery pack cost & production
2010-2030
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Average levelized cost of onshore wind, 1984-2012

Cost

per MWH
(2012 Euros)
500

10

100 1000 10000 100000 1000000
MW

Note: Learning curve (blue line) is least square regressions: R2=0.88 and 14% learning rate
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Global cumulative installed PV capacity and price, 1977-2015
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At this point we come to an intellectual dichotomy. On one side (my
side) energy is the substance and the essence of the universe. It cannot
be created or destroyed by human activities. What we can do is to
capture and utilize it for our purposes, as fluxes of exergy from nature
(the sun) or from nuclear fissions in the center of the earth. On the
other side are economists who divide the economy into “sectors” —
picture the Input-Output table — of which most do not use exergy from
nature but only as embodied indirectly in other products or services.
The result of this alternative view is to exaggerate the productivity of
human labor (i.e. people who are employed and create “value added”
in the sectors) while greatly under-estimating the productivity of energy

(exergy).
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