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Abstract: Mass and energy rate (ER) data have been col-
lected for a wide variety of (complex) systems from the
biological, cultural, and cosmological realms. They range
from the cytochrome oxidase protein (10* kg and 6x107"°
W) to the observable universe (1.5x10% kg and 10*® W)
and, thus, span 75 mass and 66 ER orders of magnitude.
Many of these systems are relevant for the big history (BH)
narrative, i.e., the development of complexity over “big
time” from the Big Bang up to the human society on Earth
of today. The purpose of this paper is not per se to describe
their history though, but to explore a master plot of ER vs.
mass. Notably, the development of systems over big time
has followed a rather tortuous path criss-crossing over this
ER vs. mass master plot. The true mass of the system as
a whole is used (for example trees including the non-liv-
ing wood, living organisms including their intrinsic water,
and social systems including the built constructs), because
these inactive parts are essential for the performance of the
system and facilitate its ER. A double logarithmic master
plot of all ER vs. mass data shows clusters of data points.
To some extent, this provides quantitative support for the
distinction between the (sub-)realms, which is based on a
qualitative description of their material structure and ener-
gy processing. In the master plot, small systems with low
mass and ER converge into larger systems with larger mass
and ER, which is typically accompanied by a decrease of
the energy rate density (ERD = ER/mass). Correlation of
ER with mass for various groups of systems demonstrates
both sub- and supra-linear scaling with the power law [3
constant varying between 0.5 and 4.0, showing that the
mechanisms of self-organisation are quite different for the
corresponding system groups. The combination of conver-
gence and scaling with B always larger than zero explains
why the ER & mass data points fall in a diagonal band with
a width of 17 orders of magnitude.
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ER and mass have changed over wide ranges during the
evolution of groups of systems, suggesting that evolution
can be viewed as a process of systems exploring a larg-
er ER vs. mass area until they run into ER and/or mass
limitations. Indeed, there is a diagonal ER vs. mass limit
for stable systems in all realms, corresponding to an ERD
value of around 10° W/kg. Systems with ER & mass com-
binations above this limit, such as bombs, super-novae and
cosmological transients, are unstable and “explosive”. This
raises the interesting question of whether such an ERD
maximum puts a limit on the development of complexity
over big time. It seems that the low, right side of the master
plot is empty. However, it is argued here that it is full of
systems with low ER, such as dormant, living organisms,
technological systems with their power adjusted or even
switched off, as well as cooling, cosmological objects.
Such systems are typically considered of less interest in a
BH context, but they are viewed here as simple, complex
systems which are out of equilibrium with matter, ener-
gy and information stored in their structure. While ERD
appears to increase with the ‘advancement’ of systems
over big time [5,51,52], there are quite some confound-
ing factors regarding the efficacy of ERD as a metric for
complexity in BH. For example, ERD decreases during the
lifetime of a human and the human society (the mass of
human-made constructs has grown faster than the global
energy consumption), as well as during the evolution of
living organisms and stars, whereas complexity is consid-
ered to increase. High ERD values of system parts may be
illustrative for the complexity of the larger system, but are
not representative for ERD of the system itself. Machines
with an increased efficiency of energy conversion have a
lower ERD, but could be considered more complex. The
smallest and largest ERD values observed for the various
realms appear to correlate with activity level and recipro-
cally with size, which do not per se reflect complexity. It
is hoped that the raw data collected and the major trends
observed in this paper will offer new insights into various
aspects of the evolution of the universe over big time, and
serve as an important resource for other related studies.
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1. Introduction
Our world is full of systems with sizes varying over a
very wide range [1,2] from the tiniest quarks (theoretical-
ly considered as point-like entities with zero size; experi-
mentally smaller than 10" m [3]) to the immense and still
expanding, observable universe (today 8.8x10% m in diam-
eter [4]). Our human eyes can visualise proximate systems
of intermediate sizes, including living organisms, such as
plants, animals, and other humans, as well as human-made
constructs, such as tools, machines, buildings, and infra-
structure. Advanced instruments enable us to observe and
study much smaller, as well as much larger systems in
and outside the visible light regime. Scattering and colli-
sion experiments, as well as spectroscopy and spectrom-
etry allow the study of very small physical systems, such
as fundamental particles, nuclei, atoms, and molecules.
Magnifying microscopes provide detailed pictures of very
small biological objects, such as microbes and cells of liv-
ing organisms. Powerful telescopes, operating in a range
of spectral frequencies, provide images of very large but
distant, cosmological objects, such as (exo-)planets, stars,
black holes, galaxies, and the cosmic web. In addition, our
human mind allows us to discern more abstract systems,
such as families, cities, nations, stock markets, the econ-
omy, and the world wide web. All the mentioned systems
are characterised by:
1) their composition, internal structure, and boundary
with their surroundings, as well as
i1) their processes for the transfer (internally and with
the external environment), conversion, as well as
storage of matter, energy, and information for their
origination, growth, maintenance, and decay.
The complexity of these systems is characterised by the
intricacy of their structure and processes, as well as the
emergence of new functions and performance on the sys-
tem level, which are not shown by their constituting parts.
Complexity is judged here not as a black vs. white dis-
tinction, but rather on a gradual scale from very simple
to very complex. The various systems from the physical,
biological, cultural, and cosmological realms, mentioned
above, not only show a strong variation in their size, but
also in their complexity. At the low end of the complexity
scale come systems which consist of just structured matter
in equilibrium; at the high end come systems with self-or-
ganisation, self-control, and adaptability*'. In a more
strict thermodynamic sense, complex systems are open,

out-of-equilibrium systems with some sort of self-organi-
sation. Energy and matter are flowing in, as well as thermal
energy (heat) and waste are flowing out to maintain energy
and matter gradients, respectively. The energy inflow from
the environment into open, complex systems facilitates
the local increase of entropy, while at same time a larger
amount of entropy is released to the environment and, thus,
global entropy increases [5]. Additional characteristics of
such complex systems are a certain stability of its material
structure and a certain steady state of its energy and mat-
ter flows. Emphasis of this paper will be on such active
and stable systems. Admittedly, dead and inactive systems
without energy flow, stability and steady state, as well as
unstable, “explosive” systems will be addressed too. It is
felt that this will make the discussion not just broader, but
also more interesting.

The purpose of this paper is to compare a wide variety
of systems from the biological, cultural, and cosmological
realms in terms of:

1) their mass (in kg) as a measure of the size of the sys-

tem*?, and

ii) their energy rate (ER** in W = J/s; equivalent to pow-

er) as a measure for the effort of the system to main-

tain its complexity [5,6].
The use of mass and ER data allows a quantitative compar-
ison and discussion of the qualitative aspects of systems
(structure, processes, and complexity). Quantitative data
on mass and ER have been collected for a vast collection
of systems with varying complexity from the biological,
cultural, and cosmological realms, as will be explained in
more detail in the next section on data collection. Many
of these systems of varying mass and ER are relevant for
the development of complexity over “big” time from the
Big Bang up to the human society on Earth of today, i.e.,
in cosmological evolution [5] and big history (BH) [7-9],
although the purpose of this paper is not per se to describe
their history. Systems from the physical realm that make
up matter, such as fundamental particles (including quarks
and electrons), nucleons (protons and neutrons), nuclei, at-
oms, ions, molecules, salts, and metals are characterised by
a certain energy density (in J/kg), but not by an energy flow
(ER = 0 W). Consequently, these particles as such are ex-
cluded from this inventory, which limits the lower mass of
the systems investigated to around 3x10” m. Systems pow-
ered by the conversion of such particles via nuclear and
(bio)chemical reactions, for example in stars and plants,

*1. Note that “complexity” is here defined in a broader fashion than typically done in complexity science; this does not have any con-

sequences for the storyline and the discussions below.

*2. The terms “small” and “large”, as used in this text, refer strictly speaking to size, whereas quantitative data are presented for mass,
i.e., “small” and “large” are used as synonyms for “light” and “heavy”, respectively.

*3. Alist of abbreviations is added at the end of the paper.
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respectively, which are accompanied by energy flows, are
included though. Physical phenomena at the border of our
current, scientific understanding, such as anti-matter, as
well as the elusive dark matter and dark energy, are outside
the scope of this overview. The same applies for abstract
systems without mass (and ER), such as consciousness and
the economy. The collected mass & ER datapoints have
been plotted in a so-called master plot of ER vs. mass with
“master” referring to the very wide variety of systems. Such
a master plot not only allows a straightforward presentation
of the strongly varying ER vs. mass data of all the systems
from the various realms, but also a direct comparison and
an in-depth discussion of the similarities of and differences
between the systems.

Plots of ER vs. mass are quite common in many disci-
plines, as indicated by the following non-comprehensive
overview. In biology, plots of metabolic rate (MR) and total
energy expenditure (TEE) vs. mass of living organisms are
used for allometric scaling for groups of biological species
[10-13]. Such plots are also used in the studies on the evo-
lution of hominins [14-16] and, in an even broader context,
the evolution of living organisms [17-20]. MR vs. mass plots
are applied in scaling studies of social systems, as in insect
colonies [21,22] and human cities [23]. In health sciences,
average dietary (read: energy) requirements are correlated
with mass as a function of sex, age, and physical activity
level [24]. In cycling and tracks, plots of power vs. mass of
sporters are used to compare their performance. Such plots
enable a distinction between short-distance sprinting with
emphasis on the power to accelerate vs. long-distance en-
durance and climbing with emphasis on the power-to-mass
ratio [25,26]. In technology, power vs. mass data are used
to compare the performance of machines and devices that
generate, store, and convert energy, such as cars, trucks,
motorcycles, boats, airplanes, pumps, batteries, and fuel
cells [27-36]. In cosmology, plots of luminosity (absolute
measure of radiation energy) vs. mass of main-sequence
(MS) stars are used to illustrate their well-defined lumi-
nosity/mass correlations [37-39]. Similar luminosity vs.
mass plots are used to illustrate the development of stars
over their lifetimes [40,41]. The latter plots are comple-
mentary to the well-known Hertzsprung-Russell (HR) di-
agram, more typically used to visualise the development
of stars with the logarithm of stellar luminosity plotted
vs. the negative logarithm of surface temperature with the
mass of stars as running parameter [37,42]. Luminosity/
mass planes are also used to position matter-accreting ob-
jects, such as black holes, quasars, and blazars, relatively
to their Eddington limits (explained in section 7.2) [43-48],
as well as the cooling of exoplanets [49,50]. The data of
all these studies from different disciplines and many more
have been collected, and form the basis for the ER vs. mass
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master plot presented in this paper.

Correlations between ER and mass are connected to the
concept of energy rate density (ERD), as introduced by
Chaisson as a practical metric for the complexity of sys-
tems in BH [5,51,52]. Note that ERD values as provided
by Chaisson are expressed in erg/s/g, which corresponds
to 10* W/kg. ERD of a system corresponds to the amount
of free energy flowing thermodynamically through that
system to maintain its complexity, normalised to its mass.
It is calculated as the ratio of ER and mass of the system
(in W/kg). Parameters identical to ERD, such as mass-spe-
cific MR and power, power density, power-to-weight and
-tonnage ratio, as well as luminosity-to-mass ratio, are used
in many other disciplines [53]. The elegance of the ERD
metric is that it captures the complexity of a system in a
single parameter that can be easily calculated and, thus,
allows the quantitative comparison of the complexity of
a very wide range of systems. In a BH context, Chaisson
has shown that ERD increases over “big time” from the
Big Bang up to the human society on Earth of today and
it does so at an accelerating rate. This corresponds fully
to the intuitive notion that complexity has increased in an
exponential fashion over big time [7-9], but now quantifies
this complexity increase. Aunger has applied Chaisson’s
ERD data over big time to establish a more rigorous peri-
odisation of BH [54]. ERD has also been used as a metric
for the complexity of systems in other contexts, such as for
binary star systems in accretion [55] and central processing
units (CPUs) [56]. ERD as a single and practical parameter
for describing the development of something so complicat-
ed as complexity over big time does have its issues though
[9]. For example, ERD is typically applied for mature sys-
tems in steady states, but not during their growth and decay
[57]. It does not apply to simple physical systems, such as
stable molecules or parked cars, without energy flow (ER
= 0). In addition, the definition of some systems and, thus,
the quantification of their corresponding mass is not trivial
(Earth: just mass of climasphere ? human society: just mass
of humans ? mass of economy ?). Some of these issues will
be addressed in this study. A drawback of ERD, being a
single parameter, is that the original ER and mass details of
the systems are lost. A master plot of ER vs. mass presents
the full variation and, thus, enables the observation of:

- the convergence of smaller systems into larger systems,

- the scaling of ER with mass for groups of systems, and

- the observation of an ERD threshold separating stable

from “explosive” systems over all realms.

The data presented by Chaisson [5,52] have provided a
good starting point for the current overview. Many more
data for a wider variety of systems have been collected
here, which allows a comparison and discussion from other
angles than just big time. Connections between the ER vs.
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mass master plot, as presented in this paper, and ERD will
be made where appropriate in the discussions below, espe-
cially in section 8.

This paper does not simply supply a large and, by it-
self, interesting collection of mass and ER data, varying
over a huge range, as well as the corresponding master
plot. The data and plot will be discussed with emphasis
on the material structure, as well as the processing (trans-
fer, conversion, and storage) of matter and energy in an
effort to enhance the understanding of systems in the world
around us. ER vs. mass data of (groups of) systems will be
discussed from various viewpoints in the sections below,
typically following the sequence from systems with lower
mass and ER to those with larger mass and ER. First, in
a zoomed-out fashion, it will be shown that the data be-
longing to the biological, cultural, and cosmological realms
form ER vs. mass clusters (section 3). The ER vs. mass
data for all systems appear to fall in a diagonal band of
the master plot, which is mainly the result of convergence
(section 4). Inspecting the data in the master plot in detail
is rather difficult, because of the very large number of mass
and ER data, varying over very wide mass and ER ranges.
Therefore, separate, zoomed-in versions of the ER vs. mass
master plot will be presented for the three realms. This al-
lows more in-depth discussions, for example on the differ-
ences in scaling of ER as a function of mass for groups of
systems (section 5). The development of ER vs. mass over
the lifetime of a single system, as well as over the evolution
of a group of systems also follows different trends for the
various realms (section 6). Next, minimum and maximum
ER values will be discussed for each of the three realms
(section 7). It will be argued that some systems with ER
= 0 have energy stored in their structure and, thus, could
still be considered as simple, complex systems. An ERD
maximum appears to limit the diagonal ER vs. mass data
in the master plot, which separates stable systems from
non-stable (“explosive”) systems. This paper ends with
some consequences of the preceding discussions with re-
spect to ERD (section 8).

2. Data collection**

A database has been set up in excel format with mass
and ER data, as well as the corresponding ERD values for
all sorts of systems, collected from original sources and
studies. Because of the wide variety and diversity of the
systems, this database is being updated almost on a daily
basis with new data for relevant systems, which in a way
is an open-ended exercise. A cleaned up and consolidated
version of the “living” database is provided in the supple-
mentary material (SM). The mass and ER data in the orig-

inal sources are expressed in a variety of units, including
pound, solar mass, horsepower, calory, erg, solar luminos-
ity, year, day, and hour. These have all been converted to
the corresponding International System of Units of kg, J,
and s with W = J/s. Since the values of the collected mass
and ER data cover a huge range, the scientific notation
with 10 as basis will be applied (for example 1,000,000 =
10% and 0.000001 = 10°) for convenience sake, except for
values between 0.001 and 1000. It has been tried to col-
lect data representing all types of systems without making
an effort to be comprehensive. Note that the spread of the
data over the various (sub-)realms is partly determined by
the availability and accessibility of quantitative data. For
living organisms, machines, and stars, large numbers of
mass and ER data are available, whereas for other systems,
such as cell organelles, cities, and planetary systems, just
a few data have been found (so far). The ERD data col-
lected by Chaisson for systems following the BH narrative
[5,52] have served as a useful checklist for the inventory of
this paper (SM VI). Admittedly, Chaisson has sometimes
followed a course-grained approach and, because of the fo-
cus on ERD, not all corresponding mass and ER date are
given. Preferably, data have been collected from original
studies. Note that ER is defined as the amount of free en-
ergy flowing thermodynamically through a system. Typi-
cally, either the amount of useful energy flowing in or out
is known:

- ER,: for example, food and molecular oxygen (O,)
consumption by a living, aerobic organism, fuel con-
sumption of vehicles, total energy consumption by a
city and society, as well as gravitational energy of an
accreting system;

-ER : for example, amount of carbohydrates produced
by photosynthesising plants, power of athletes, ma-
chines and energy-generating devices, as well as lumi-
nosity of stars.

Note that data on carbon dioxide (CO,) flow rates either
correspond to the uptake of building blocks for carbohy-
drate production in photosynthesising plants [58] or to the
exhalation of reaction products of the oxidation of organic
matter with O, [59]. Thus, these represent ER_ or ER_,
respectively. According to the first law of thermodynamics,
energy is conserved during the transfer and conversion of
energy [60]. However, ER_ is typically smaller than ER_,
because part of the useful, free energy flowing in the sys-
tem is not fully converted to useful energy and work by
the system. Part of ER__is dissipated as non-useful, non-di-
rectional energy, such as heat, light, and sound. In other
words, the energy efficiency defined as 100 * ER  / ER.

(in %) is typically (much) smaller than 100%. This agrees

*4. Readers, who want to keep track of the main story line, could skip section 2 and continue reading with section 3.
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with the second law of thermodynamics that in a closed
system entropy increases when energy is converted [60].
Thus, the amount of heat generated provides, in princi-
ple, a lower and crude estimate of ER. . Note that heat is
sometimes useful energy, such as for homeostasis of living
organisms, cooking of food, heating of a house, and gas
expansion in engines. Similarly, stellar light, radiating in
all directions is viewed as non-useful energy, though with
the exception of the 5x10® % of Solar light that is reaching
the Earth. There it heats the Earth surface, drives air and
water flow, as well as is partly captured by photosynthesis-
ing organisms. Since the conversion efficiency of nuclear
to radiant energy in stars is close to 100 %, stellar luminos-
ity as non-useful ER_ is more or less identical to stellar
nuclear energy as ER_ . This explains why stellar luminos-
ity, representing heat radiation ER_, is used as a measure
for energy production ER. from nuclear fusion. Another
example of an efficiency close to 100 % is the conversion
of electricity to heat in electric boilers, heaters, and irons.
Such high energy conversion efficiencies close to 100 %
are exceptions though, as illustrated by the (very) low en-
ergy efficiencies of:

- internal combustion engines: 30 to 40 % of chemical
energy of fuel is converted to mechanical energy;

- food metabolism in human beings: ~25 % of chemical
energy in food is converted to mechanical energy;

- silicon photovoltaic cells in solar panels: increased
over last 40 years from 15 to 25% for conversion of
infalling Solar radiation energy to electric energy;

- burning of wood in a stove: ~10 % of chemical energy
of wood is converted to useful heat for cooking;

- photosynthesis in green plants: ~1 % of absorbed Solar
radiant energy is converted to chemical energy stored
in carbohydrates;

- incandescent lamps: ~1 % of electrical energy is con-
verted to light.

Note that energy is often converted in a cascade, such
as nuclear fusion in Sun — radiation from Solar surface —
carbohydrates in plants — underground, fossilised coal —
heat of combustion in engine — locomotion of machines.
This results in a continuous loss of useful energy down the
cascade. For the purpose of this study, either ER, or ER
data should preferably be used and compared, but in lit-
erature and databases just ER. or ER data are typically
available. It is beyond the scope of this study to align all
the ER data from so many disciplines to the same defini-
tion. Therefore, ER, and ER_ data are used as they have
been found in the original sources, which does unfortunate-
ly result in an “apples-and-pears” comparison. Fortunately,
the energy efficiency of systems belonging to a particular
group is usually quite similar and, thus, ER data may be
compared. With energy efficiencies typically ranging be-
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tween 1 and 100 %, the effect of differences in efficien-
cies in the master plot with double logarithmic axes (see
below) are considerable (up to two orders of magnitude).
However, differences between systems belonging to var-
ious groups and (sub-)realms are even larger and, again,
comparisons are feasible.

Some notes on mass and ER data for living organisms
are in place. In biological studies often the dry mass or the
nitrogen content of archaea, bacteria, and plants is used, be-
cause these reflect the energetically active parts of such or-
ganisms [18,61]. Sometimes, the mass of trees is corrected
for the presence of wood, since the latter is viewed as just
a structural feature and not contributing to the tree metabo-
lism [18]. For animals corrections for the presence of water
and skeleton are typically not applied, although for humans
sometimes fat-free body mass is used [14]. Anyway, such
corrected masses do not represent the true systems, because
without water, wood and fat such systems would simply
not live. An effort has been made to use mass data that
have been corrected back to the wet masses of the actual
living organisms. Such corrections can be quite large, since
the water content for bacteria and plants is typically 70 %
and for gelatinous organisms even up to 95 % [18]. En-
dogenous and basal MR (EMR and BMR, respectively) are
typically used in biological allometry studies, because they
allow a sound scaling of ER of living organisms with their
mass, resulting in optimum fits of the experimental data.
EMR and BMR of micro-organisms and animals reflect ER
in the absence of growth, food digestion and physical ac-
tivities, as well as adjusted to a reference temperature (for
example [10,11,17,18]). For plants and trees BMR corre-
sponds to the respiratory rate, typically measured via CO,
production, in darkness in absence of photosynthesis. The
additional energy expenditure of living organisms as a re-
sult of growth, food digestion, physical activities and pho-
tosynthesis may vary quite a bit and, thus, results in more
scatter when scaled with mass. Although the E/BMR data
do not reflect the true, metabolic performance of living or-
ganisms in “real life”, they have still been included. When
available TEE, daily energy expenditure and field MR data,
i.e., average ER values for a full daily cycle, have been in-
cluded (for example [12,14]), which may be up to 30 times
larger than B/EMR (for more details see section 7.2). For
extinct dinosaurs (for example [62]) and hominin species
during human evolution (for example [63]), reconstructed
mass and ER data, obtained from theoretical models, have
been collected.

In the technological sub-realm, the mass data for vehi-
cles, motorcycles, ships and airplanes are often curb and
dry weights, i.e., without driver, captain, pilot, passen-
gers, fuel, load and cargo. These have not been adjusted,
although especially fuel, as well as a driver, captain, or pi-
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lot are essential for their functioning. ER of these vehicles,
as well as for other machines and electrical equipment are
typically maximum and peak powers. Note that such val-
ues are (much) larger than the typical ER values in regular
use. For example, the maximum power of a 2012 compact
car with a performance engine is 1.5x10° W [64], while
the typical, useful energy output is calculated as 1.8x10* W
[65], which is eight times smaller. Sometimes the mass of
a device has been estimated to enable the calculation of ER
from ERD. For explosives and bombs the explosion time
has been estimated to calculate ER(D) from energy (den-
sity). In the social sub-realm, ER of the system is typically
discussed in terms of the number of individuals or their
corresponding mass. An interesting comment has been
made by Makarieva cs. that nests and buildings should not
be included when assessing MR of birds and humans, re-
spectively [66]. In this study the opposite approach is fol-
lowed, i.e., emphasis is on the system as it is in operation
and, thus, ER is correlated with the mass of the whole sys-
tem. Consequently, mass data of social systems have been
adjusted by including the mass of the constructs build and
used by the systems as a whole. Note that such a choice on
the precise definition of the system is are not about being
correct or incorrect, but is dependent on the purpose of the
study. For example, in metabolic studies on bee colonies
typically just the mass of the bees is given [21]. These have
been adjusted to include also the mass of the beehive and
the honey produced [67], which are both essential parts of
the living bee colony. Similarly, ER data for human social
systems are often normalised to the population expressed
in per capita units, i.e., ERD* in W/capita [68-70]. Chais-
son and also Barton have converted such per capita ERD*
data to W/kg by normalising to the total mass of the human
population, using an average mass of 60 kg [5,71]. How-
ever, ER of the human society is the resultant of the energy
flows through all the equipment, machinery, and industrial
plants. It is facilitated by all the infrastructure and archi-
tecture that have been developed, constructed and used by
humans. Therefore, the complete human energy-convert-
ing system and its full mass should be considered. Isalgue
et al. have done an elegant study on the scaling of ER of
cities with their true mass, by estimating the mass of cities
from corresponding data on city area and an average mass
per area [23]. For the human society as a whole, energy
consumption data [72] have been combined with the total
mass of human-made mass in use from 1900 until 2018, as
recently quantified by Elhacham et al. [73]. The mass of a
human, averaged over age, sex, site and time, is assumed
to be 50 kg [74].

Mass and ER data in the cosmological realm are typi-
cally given in solar mass (1 Mo = 1.99x10* kg) and solar
luminosity (1 Lo = 3.83x10% W), which have been con-
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verted to kg and W, respectively. Dark matter is excluded
in the mass of galaxies and the universe. Unfortunately, for
matter-accreting objects, such as white dwarfs and neutron
stars in binary systems, only the mass of the larger accret-
ing object is known, but not that of the smaller donor com-
panion [55]. Thus, the mass listed for these systems is on
the low side. The same holds for larger, matter-accreting
objects, such as (super-massive) black holes, but for these
the error due to the missing mass that is accreted from the
environment is probably negligible. Absolute magnitude
(M) data have been converted to luminosity (L) via:

L =3.01x10% * 10-04M),

ER predictions for matter-accreting objects [for example
[55]), stars over their lifetimes (for example [75]) and cool-
ing, cosmological objects (for example [76]) are based on
theoretical models in the original studies. The net heat radi-
ation (= ER) of brown dwarfs, some (exo-)planets, moons,
asteroids, meteoroids, and interstellar dust has been cal-
culated using the Stephan-Boltzmann law for black-body
radiation for spheres:

ER=4ncR*(T*-T}?
with ¢ is 5.67x10® Wm?2K*, R is radius (in m), and T and
T, are (surface) temperature of object and colder surround-
ing (in K), respectively [186]. In case of a surrounding with
a much lower temperature, the T * term may be neglect-
ed. Sometimes assumptions have been made regarding
the mass and/or luminosity of more exotic, cosmological
objects (for example neutron stars and white dwarfs in bi-
naries, magnetars, SN, hyper-novae, fast blue optical tran-
sients, and gamma-ray bursts), as indicated in SM III.

The SM provides the full mass and ER dataset as pre-
sented in the plots and discussed below, including com-
ments (for example on the use of non-standard units in the
original studies, ER being ER, or ER_, calculations nec-
essary to achieve the required ER data) and the references
to the original sources. Sometimes mass and ER data have
been estimated (SM: under-lined) or obtained via prelimi-
nary calculations (SM: in italic; especially for “explosive”
systems). For some groups of systems, ER data have been
calculated for the lower and upper mass systems, using fit-
ted ER vs. mass equations from the original studies These
calculated values have been used instead of the tens to
hundreds of individual data for practical reasons of data
collection, to limit the size of the dataset, and to reduce the
number of points in the master plot.

3. Distinction of (sub-)realms in master plot
3.1. General

A first inspection of the consolidated dataset in the SM
with around 3200 rows shows that the mass and ER data
span a range from:
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- 3x10* kg and 6x10" W for cytochrome oxidase, i.e.,
the large transmembrane protein serving as the last
enzyme in the respiratory electron transport chain in
archaea, bacteria, and the mitochondria of eukaryotes
[10], up to

- 1.5x10° kg and 10** W for the universe (only ordinary
matter and stellar luminosity, respectively), which is
the largest system that we can observe [77].

The data are distributed over the three realms as follows:
25 % biological, 40 % cultural, and 35 % cosmological.
The use of fitted ER vs. mass scaling correlations for many
groups of living organisms instead of the use of the original
data for the individual organisms has strongly reduced the
number of data for the biological realm. The distribution
is not representative for the actual abundance of systems,
but tells more about the practical availability of the ER and
mass data (cf. comment on red and brown dwarfs in section
3.4) and the personal interest, but it is still well balanced.

Martin van Duin

When the ER data are plotted against the corresponding
mass data on linear scales, the data points of all systems
disappear in the origin of the plot and only one point, i.e.,
that for the universe, is visible in the top right corner (Fig-
ure 1in SM). To have an effective presentation of all ER vs.
mass data in one plot and, thus, enable a meaningful com-
parison and discussion, both ER and mass data have been
plotted on logarithmic scales with 10 as basis (Figure 1).
All data points are now visible in one plot with the ER data
covering a range of 66 orders of magnitude and the mass
data 75 orders of magnitude. Additional advantages of such
a double logarithmic plot are that the issues of data choices,
mentioned in section 2, and possible errors in the data have
only minor effects on the observations and trends. A disad-
vantage of a double-logarithmic plot is that small but sig-
nificant differences in ER and mass data between systems,
as well as true scatter in the data are suppressed and be-
come invisible. Another disadvantage is that the logarithm

Figure 1: Double logarithmic plot of ER vs. mass for a wide variety of stable systems from the biological, cultural, and cos-
mological realms (green, red and blue data points, respectively). Diagonal, dotted lines of constant ERD of 10, 10° (= 1) and

10'"°W/kg are guides to the eyes.
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of zero is undefined and, thus, systems with ER = 0 cannot
be presented in the plot (see section 6). As a consequence,
the origin of the linear plot, characterised by both ER and
mass values of zero, is lost in the double logarithmic plot.
The origin of the latter plot corresponds to a system with
ER and mass of 10°=1 W and 1 kg, respectively.

The full plot of ER vs. mass with all the individual data
points is enormously crowded and, thus, hard to read, while
the overlap between the data points prevents a sensible dis-
cussion. Therefore, the data points in Figure 1 have been
clustered for the biological (green ovals at lower, left side),
cultural (red ovals in center), and cosmological sub-realms
(blue ovals at upper, right side**). The distinction between
these three realms is not just following what is commonly
used in BH [78], but emerges to some extent from the dis-
tribution of the data in the master plot itself. It seems that
the different (sub-)realms can be distinguished not only in
a qualitative way by considering their different material
structure and energy processing, but also quantitatively by
their ER vs. mass ranges and, thus, their positions in the
master plot. Note that the various sub-realms correspond to
groups of systems with the same type of material structures
and energy processes, which distinguishes them from oth-
er groups. In the next sections descriptions of these (sub-)
realms will be given with emphasis on the material struc-
ture and energy processing of the corresponding systems.
Also some details on mass limitations, resulting in mini-
mum and maximum masses for a particular sub-realm, will
be mentioned. Three zoomed-in versions of the master plot
for the biological, cultural, and cosmological realms will
be presented in section 5, enabling more in-depth discus-
sions. Table 1 provides an overview of the systems with
the smallest and largest mass and ER values for each sub-
realm. Note that often the system with the smallest mass
also has the smallest ER and that with the largest mass has
the largest ER, but this is not always the case.

3.2 Biological realm
The biological realm is situated on the lower, left side
of the master plot with relatively low mass and ER values,
ranging from:
- 3.3x10? kg and 5.8x10"" W for cytochrome oxidase
protein [10] to
- 2.5x10° kg and 1.1x10* W, as reconstructed for Tri-
assic ichthyosaurs, a group of extinct super-predators
[95], or
- alternatively, 1.2x10°kg and 4.4x10* W for the blue
whale, the largest animal living today [96].
Note that even larger mass and ER values are listed for

grass fields as well as plantations of pine and mahogany
trees (SM Ia), but those values do not reflect individual sys-
tems, but groups of systems. Three biological sub-realms
are distinguished, viz:

i) phototrophic organisms, powered by photosynthesis

(Figure 1: dark-green points; SM la);
ii) chemotrophic organisms, feeding on other organisms
(green points; SM Ib);
iii) smaller parts of living organisms of the other two
sub-realms (light-green points; SM Ic).
Social colonies of living organisms are discussed in the
cultural sub-realm (section 3.3).

Living, cellular organisms on Earth grow and are main-
tained by, amongst others, biochemical reactions with ad-
enosine triphosphate (ATP) and nicotinamide adenine di-
nucleotide (phosphate) as the intermediate energy carriers,
proteins as the biochemical catalysts, as well as (deoxy)
ribonucleic acid polymers ([D]NA) for storing information
[97,98]. Biochemical energy is required to perform not only
all the biological functions, such as maintenance, repair,
response to stimuli, growth, and reproduction, but also for
mechanical movement. The structure of living organisms
consists of organic chemicals and polymers, such as carbo-
hydrates, proteins, and fats based on carbon (C), hydrogen
(H), oxygen (O), and nitrogen (N), often combined with
calcium-based minerals (shells, bones). Liquid water (H,0)
is a major component of living organisms, acting as trans-
port and reaction medium. Two sub-realms of living or-
ganisms with different energy processes are distinguished.
First, phototrophic organisms (cyanobacteria, green algae,
plants, and trees; Figure 1: dark-green oval) derive their
chemical energy from radiant energy (Sun light) via pho-
tosynthesis, converting CO, and H,O to carbohydrates and
0O,. Secondly, chemotrophic organisms (many archaea and
bacteria as well as fungi and animals; green oval) typically
derive their chemical energy from O, used as oxidant [99],
though sometimes from nitrite, nitrate and sulphate, for the
oxidation of reducing chemicals. The latter can either be
inorganic (iron[II], H,, sulphide, sulphur, ammonia, and
nitrite), as well as organic of character (carbohydrates, pro-
teins, and fats produced by the phototrophic organisms).
Note that the C-based building blocks of living organisms
are derived from simple chemicals, typically CO,, for auto-
trophs, but from organic chemicals, such as carbohydrates
and proteins, for heterotrophs. Chemoheterotrophic organ-
isms use organic matter both as energy source and raw ma-
terial for their structure. Note that the “food pyramid” com-
bines both energy and C processing in one scheme with:

*5. These colour codes will be used consistently throughout this paper.
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Table 1: Mass and ER data of systems with smallest and largest mass and energy rate from all (sub-)realms in

dataset”.
realm sub-realm | smallest svs- mass ER (W) ref. largest system mass (kg) | ER (W) ref.
tem (ko)
biological phototro- Gloeobacter Tx1018, 20x10%; | 17 large tree 1n dark- | 5200; 200; 450 | 79,
phic or- violaceus and | 10V 8.5x10% ness (no photo- 4700 112
gamsms Coccochloris synthesis)
peniocystis
cyanobacteria
chemo- Francisella 1o 00x10™® | 17 Triassic 2.5x10% 1.1x10% 05; 94
trophic tularensis ichthyosaur; blue | 1.2x10° 4 4x10°
organisms | bacterium whale *
parts of cytochrome 33x10= 5.8x10% 10 human skeletal 27.0.72 14; 780 80: 17
living oxidase pro- muscle; Melea-
organisms | fein gris gallopavo
bird muscle
during take-off
flight
cultural techno- infegrated 2x10° 0.12 81 Eemshaven pow- | 10°%; 1.6x10°; 82;
logical circuit of Intel er plant; Saturn V 12x101 83454
systems 4004 space rocket 28x10°@
social bechive with 1.7 # 093 21&67.SM | human societvin | 1.1x10% 1.9x104 T2&73
systems 2000 bees b 2019 t
cosmological | stars SIMP 4 4x10°; 0 0x102; 85 Westerhout 49-2 5.0x10%; 1.7x10%; | 86:87
0136+0033 7.8x10% 1.7x10% ultra-massive 5 Tl
and star; Godzilla
J1237+6526 variable star 3%
ultra-cool
brown dwarfs
planets Earth and 6.0x10™; | 1.3x10'; | 88;:110 HE 87990 bé&c 1.9x10%; 7.6x10°; | 80
Uramus 8 Tx104 7 1x10% and 2M1207 b 1.5x10% 1.2x10#
exoplanets
matter VW Vul and 70x10%; | 4.0x10%; | 35 PES 1502106 8.7x10%; 2.0x10°%; | 90; 91
accreting V1454 Cyvg 1.5x10% 1.1x10% blazar; PKS 0558 | 6.0x10% 3.6x10%
objects white dwarf -504 active galac-
binaries in tic nucleus
accretion
planetary @@ Solar system 2.0x10% 38x10Pe | 92
system
galaxies dw 13124218, | 3.0x10% 3.1x10% 03 giant elliptical 3.0x10% 3.8x10% 04
dwarf galaxy = galaxy ===
nmiverse @@ observable 1.5x10% 10+ | 77
UNiVErse e

# As present in dataset, i.e., not per se system with smallest or largest mass or ER of all existing systems; * extinct and living today,
respectively; S rounded off mass of concrete, piles, cable. and steel; @ fully fuelled at lift off: ## mass of just bees without beehive: 0.23
kg: ** including human-made mass in use; mass of just humans without human-made mass: 3.5x10" kg: $% Godzilla is most luminous
star ever observed: mass is not known; (@@ only one example listed; ##% only ordinary matter (dark matter excluded); *** only total

stellar mass and luminosity (dark matter/energy, SN_ gamma-ray bursts and black holes excluded).
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- cyanobacteria, algae, plants, and trees as primary pro-

ducers at the bottom level,

- herbivores and carnivores as consumers at subsequent

higher levels, as well as

- fungi and bacteria as detritivores, recycling dead or-

ganic matter from all levels back to the environment
again.

A further sub-distinction of living organisms is made
between the three domains of cellular life, i.e., the archaea,
bacteria, and eukaryotes with differences in cellular struc-
ture, genetic code and chemical structures of cellular or-
ganelles. The former two domains consist of unicellular
organisms only, whereas the latter consist of both uni- and
multicellular organisms, including fungi, plants, and ani-
mals. From an energy perspective, warm- and cold-blood-
ed animals (endo- vs. ectotherms) are distinguished. Note
that for the latter, heat is not considered as lost, free energy,
but as useful energy for optimum performance and surviv-
al. Finally, the third biological sub-realm consists of small-
er parts of living organisms, such as molecular complexes,
organelles, cells, and (parts of) organs (light-green oval).

Living organism have lower and upper mass limitations,
which delimitate the borders of the ER & mass ovals of
the phototrophic and chemotrophic sub-realms in the hori-
zontal direction of the master plot. The smallest unicellular
organisms and single cells of multicellular organisms have
a lower mass limit of around 10 kg. This probably cor-
responds to the minimum cell size, which still contains all
the necessary biochemical systems resulting from biologi-
cal evolution and still allow the DNA in the nucleus to fit in
[100]. The maximum cell size is 107 kg, because the cell’s
surface area becomes limiting for mass transfer and the dif-
fusion distances become too long [19]. The minimum mass
of mammals is determined by restrictions in laminar flow
through the terminal capillaries of their branched, vascular
transport networks, which thus corresponds to ER limita-
tions [10]. Shrews have a mass of 2.5x10 kg just above
the predicted, lower mass limit of around 10~ kg. On the
other extreme, elephants as the largest animals living on
the land have a mass of 4000 kg, because of limitations of
mass (corresponds to volume and scales with dimension to
power three) vs. bone strength (corresponds to cross-sec-
tion and scales with dimension to power two) [101]. The
fictional Godzilla would simply collapse under its own
weight. It has been calculated that extinct dinosaurs had
even larger masses up to 2.5x10° kg for the Triassic ich-
thyosaurs [95], which is probably explained by their ec-
tothermal metabolism and unique bone structure with air
sacs. Blue whales with a mass of 1.2x10° kg are the larg-
est, living marine animals, which is close to the theoretical
mass limit of 10° kg resulting from quadratic scaling of ER
vs. mass [102]. The reconstructed weight of the extinct Pe-
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rucetus colossus whale is 1.8x10° kg is above the theoreti-
cal maximum though [187]. Energy constraints also predict
a maximum mass of 17 kg for birds to maintain flight [32].
Indeed, larger males of the kori bustard, the largest flying
bird today, weigh 16 to 19 kg with exceptional birds re-
ported to weigh 20 kg [188]. Ostriches, emus and extinct
dodos have masses above this limit, but these birds cannot
truly fly. Extinct pterosaurs were flying mesotherms and
weighted up to 250 kg [189].

3.3. Cultural realm
The cultural realm is situated in the center of the mas-
ter plot in between the biological, and cosmological realms
with intermediate mass and ER values (Table 1), ranging
from:
- 2x10° kg and 0.12 W for the integrated circuit (IC) of
the Intel 4004 CPU [81] to
- 1.1x10" kg and 1.9x10" W for the industrialised soci-
ety of today [72].
Two cultural sub-realms are distinguished, viz.:
i )sorts of energy conversions (Figure 1: red points;
hu-SM Ila) and
man-made technological systems, used for all
the biological realm and for human social systems
also with technological systems (orange points;
i1)SM IIb).
social systems, combining living organisms from

First, technological systems have driven the human revo-
lution and are essential today for converting free energy to
useful work. Many of the technological systems have me-
chanical energy as output, as in steam locomotives, motor-
cycles and cars on land, boats and ships in water, airplanes
and rockets in air, as well as pumps and compressors for
transporting fluids and gasses. Chemical energy from fos-
sil fuels is converted to thermal energy as useful energy
intermediate, which is converted to mechanical energy in
the combustion engines of the vehicles mentioned above.
Alternatively, thermal energy is first converted to electric
energy in generators and power plants. Electric energy is
also generated from nuclear energy in radio-active com-
pounds, kinetic energy as in the case of hydro (dams and
water mills) and wind energy (windmills), as well as So-
lar radiant energy (solar panels). Electric energy is a very
versatile energy type, easy to transport, as well as can be
stored in batteries and fuel cells. It is easily converted to
mechanical energy in the same vehicles mentioned above,
as well as in many smaller household appliances and elec-
tric tools. Electric energy is also used for heating (room
heater, bread toaster, electric oven), and lighting (incan-
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descent and light-emitting diode [LED] lamps), as well as
powering today’s communication (telephones), compu-
tation (computers), and information technologies (radio,
television, and again computers). Simple tools, such as a
knife, hammer, and hand saw, are excluded here, because
these by themselves have ER = 0 and require human, phys-
ical activities for their operation. All these technological
systems have a designed, material structure, composed of
(many) parts providing specific functions to the system.
Materials used in technological systems typically comprise
metals, mainly iron and aluminium for structural parts as
well as copper for electrical wiring, often combined with
plastics and glass. The lower mass of technological sys-
tems is limited by their production technologies. It has
decreased over time as a result of downsizing, as is illus-
trated by the size of today’s smallest IC being determined
by the wavelength of the laser used (micro-chips with 3
nm nodes using 13.5 nm extreme ultra-violet laser [103]).
There are even smaller technological systems, viz. molec-
ular nano-machines with molar mass as low as 450 atomic
units (au) corresponding to 7.5x10* kg. This mass is 450
times smaller than that of the natural cytochrome oxidase
protein (2x10° au ~ 3.3x10?2 kg) and may be close to an ab-
solute, lower limit of energy processing systems (a certain
number of atoms will be needed to generate a system with
the emergent property to process energy). These are syn-
thesised bottom-up from small chemical building blocks
[104], but unfortunately ER data are not available. The
maximum mass of many machines (ship, airplane, rocket,
crane efc.) is typically limited by:

- size vs. strength maxima, as detailed by Bejan’s con-
structal law, i.e., the design of systems and their de-
velopment over lifetime and evolution is result of the
optimisation of physical forces and energy flow [105],
and

- size vs. cost effectivity.

In principle, there seems to be no maximum limit for the
size of factories and production plants built on the surface
of our planet.

Secondly, social systems correspond to collectives of
living organisms from the biological realm. Insect colonies
are typically characterised by enhanced energy efficiency,
as a result of collaboration between and specialisation of
the individuals, as well as a hierarchical organisation of the
colony as a whole. Insect colonies are often characterised
by constructs build to live in, such as hills for ants, hives for
bees, and mounds for termites. These constructs do have a
certain mass, but do not consume energy. Our human so-
ciety has evolved further and consists of not only human
individuals, as well as buildings and constructions, but also
exploits domesticated plants and animals for chemical en-
ergy in food. In addition, pack animals are exploited for
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generating mechanical energy for ploughing, transport-
ing, and milling. From an energy perspective, our human
society combines these living organisms, which process
biochemical energy, with technological systems from the
technological sub-realm, which process predominantly
chemical energy from fossil fuels. Characteristic institutes
and functions of today’s human society, such as house-
holds, cities, nations, education, communication, leisure,
industry, trade, administration etc. all continuously require
energy (see above). In addition to the materials used for
the construction of technological systems, human society
is characterised by its buildings and constructions, which
mainly consist of stone, concrete, bitumen, but also steel,
plastic, wood, and glass. They are typically characterised
by large mass, but low or no ER. The lower mass limit of
social systems is determined by the number of individuals
of the smallest social system, which still shows some sort
of economy of scale. The upper limit is probably deter-
mined by the availability of resources, i.e., raw materials
and energy, as for example explored for the human society
in the “Limits to Growth” study (1972), as commissioned
by the Club of Rome, and its more recent updates including
“People and Planet” (2023).

3.4. Cosmological realm

The cosmological realm is situated in the upper, right
corner of the master plot with very large mass and ER val-
ues (Table 1), ranging from:

- 6x10%" kg and 1.3x10"” W for our Earth [88] and

- 10% kg and 10** W for the Universe as a whole [77].
Six cosmological sub-realms are distinguished (Table 1):

i) stars fuelled by nuclear fusion (Figure 1: steel-blue
points; SM Illa);

ii) spherical planets with flow patterns and in orbits
around stars (light-blue points; SM I1Ib);

iii) planetary systems (large blue point; SM I11d);

iv) matter-accreting objects, including stellar remnants
in binaries and (super-massive) black holes (purple
points; SM Illc);

v) galaxies (blue points; SM Ille);

vi) the observable universe itself (large, dark blue point;
SM I11f).

The structures, dynamics and energy processing mech-
anisms of the systems from the first three cosmological
sub-realms are well-understood, whereas those from the
last three sub-realms these are currently less understood
[106,107].

The first sub-realm consists of stars, which are self-ra-
diating, cosmological objects which are powered by nucle-
ar fusion. The structural matter of active stars, i.e., main-
ly hydrogen (H), some helium (He), and even less of the
heavier elements (“metals™), is also the star’s source of
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nuclear energy. Stars have such a high mass that gravita-
tional collapse has resulted in core temperatures above 107
K, resulting in its turn in ignition of nuclear fusion. Nu-
clear energy is converted to thermal energy, which in its
turn is converted to radiant energy at the star’s surface. In
red, orange, and yellow dwarf stars in the MS with masses
larger than 1.6x10%, H is fused to He. The outward thermal
pressure balances the inward gravitational force, resulting
in stable stars in hydrostatic equilibrium (balance between
self-gravity and rigid body forces). Brown dwarfs with
lower masses between 2.5x10% to 1.6x10% kg are consid-
ered failed stars with temperatures reaching up to 10° K.
They still ignite nuclear fusion albeit not of H to He but of
deuterium and sometimes lithium to He, i.e., just a different
type of nuclear fuel. Objects with a mass below 2.4x10% kg
will not reach sufficiently high temperatures and, thus, nu-
clear fusion will not be ignited. These objects will not be-
come stars, but planets (see below). In (sub-, bright, super-,
and hyper-)giant stars in the giant branches outside the
MS, He is fused to heavier nuclei (C, N and O), and, some-
times, these are fused further to even heavier metals, such
as neon, magnesium and silicon up to iron. Depending on
the starting mass and life time, stars may consist of differ-
ent shells, either convective or radiative as well as varying
in elemental enrichment. There is no accepted mass limit
for stars, but the largest star ever observed, viz. Westerhout
49-2E, has a mass of 5.0x10% kg. It is hypothesised that
many of the first generation stars were super-massive stars
with masses up to10** kg [108]. Eventually when the nu-
clear fuel is consumed, nuclear fusion in all these stars will
terminate and the stars themselves will convert to stellar
remnants, such as:
- compact objects including white dwarfs (1.0 to
2.8x10% kg; composed of partially crystallised C and
0), neutron stars (2.8 to 6x10°° kg; all protons and
electrons converted to degenerate neutrons), and black
holes (>6x10°*° kg), as well as
- hypothetical blue and black dwarfs.
Compact, stellar remnants in isolation are just fading away,
whereas in proximity of other objects they may form mat-
ter-accreting objects (see below). Note that red and brown
dwarfs with relatively low ER & mass combinations are
hard to observe, but probably make up 90 % of all the stars.
The second cosmological sub-realm consists of planets,
which are defined as objects without nuclear fusion, in or-
bits around a star (note that so-called rogue planets, not
gravitationally bound to a star and wandering in interstel-
lar space, may outnumber planets in stellar orbits), as well
as with sufficient mass to assume hydrostatic equilibrium,
have a (nearly) round shape, and having cleared the neigh-
bourhood around their orbit [109]. Gravitational forces
are governing both the orbits and shapes of planets. The
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light-blue oval represents planets today, whereas the dot-
ted, light-blue oval represents much hotter planets in their
formative stage. The lower mass of planets (~6x10% kg) is
determined by the occurrence of hydrostatic equilibrium,
while the upper mass limit (around 13 times mass of Jupiter
~ 2.4x10% kg) is determined by the absence of any nuclear
fusion. Gas giants, like Jupiter and Saturn, are most distant
from their central stars. They are thought to consist of an
outer layer of compressed H, surrounding a layer of liquid,
metallic H,, with probably a molten rocky core inside. Ice
giants, such as Uranus and Neptune, are primarily com-
posed of low-boiling-point materials such as water, meth-
ane, and ammonia, with thick atmospheres of H, and He.
Rocky planets, such as Mercury, Venus, Earth, and Mars,
are most proximate to their central stars. These are com-
posed primarily of silicate rocks and metals, organised in
various liquid and solid layers. In astronomy, planets are
typically considered as inactive objects, because they lack
nuclear fusion in contrast to stars. However, most planets
are characterised by:

- a stable, elliptical orbit around their central star and ro-
tation around their polar axis, resulting from balanced
kinetic and gravitational energies;

- convection flow patterns in their atmospheres, oceans
and/or molten interiors, driven by temperature gradi-
ents, resulting from the cooling of the hot proto-plan-
ets, radio-active decay and infalling stellar radiation;

- recognisable climate zones and seasons, day & night
cycles and weather patterns as well as stable magnetic
fields.

Such planets are here viewed as active systems and in-
cluded as a second, cosmological sub-realm. Our Earth is
an illustrative example with an elliptical orbit around the
Sun of 365 days of 24 hr, while the Moon orbits around
the Earth in ~30 days. Hadley, Ferell, and polar circulation
cells as well as jet streams and trade winds (both driven by
the Coriolis force) in the Earth atmosphere govern the glob-
al climate zones, the local weather and the water cycle. The
thermohaline circulation determines the gulfstreams in the
oceans. Magma convection cells govern the plate tectonics
(these not only determine the Earth surface topology, but
also the subduction and recycling of minerals, water and
C), the spinning of the inner, metallic core and the con-
vection currents in the outer, metallic core, thus generating
the Earth magnetic field. The Earth surface provides the
geosphere, i.e., the lithosphere, cryosphere, hydrosphere,
and atmosphere, for living organisms and cultural systems
from the previous two sections.

Planetary systems, consisting of planets (with moons
and rings), orbiting around a central star in a plane, plus as-
teroids and comets, are hold together by gravitational forc-
es and comprise the third sub-realm. ER and mass data are
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listed for just one planetary system, viz. our Solar system.
As explained in section 4, ER and mass of the Solar system
and, probably, of all other planetary systems are governed
by the ER and mass of our Sun and their central stars, re-
spectively. Thus, the corresponding data points overlap and
cannot be distinguished in the master plot (Figure 1: large
blue dot for Solar system overlapping with point for the
Sun in the middle of oval of star points).

Compact objects, powered by the accretion of matter,
comprise the fourth sub-realm. These consist of:

- stellar core remnants in binary systems, such as white
dwarfs (1.0 to 2.8x10*° kg [Chandrasekhar limit]),
neutron stars including pulsars and magnetars (2.8 to
6x10% kg), accreting matter from a companion star,
and

- (super-massive) black holes (mass above 6x10*° kg to
as high as 10* kg), accreting all matter from their ga-
lactic surroundings, including gas and dust as well as
stars.

Two purple ER & mass ovals represent these two types
of matter-accreting objects in Figure 1 (dotted for stellar
remnants). White dwarfs and neutron stars have very small
diameters (~107 and 2x10* m, respectively) and, thus, are
extremely dense objects (~10° and 5x10'” kg/m?, respective-
ly). (Super-massive) black holes have such extreme densi-
ties that their centers are considered as singularities, where
the laws of physics break down. No light nor matter can
escape beyond their event horizons. They are characterised
by their mass, electric charge and spin rate. Super-massive
black holes (SMBH: mass above 2x10%¢ kg), including ac-
tive, galactic nuclei, quasars and blazars, consist of a disc
of accreted matter with strong magnetic fields shaping two
perpendicular plasma jets, and probably emit Hawking’s
radiation. They are typically found in the center of galax-
ies. For all these systems, gravitational energy from the at-
traction of matter by the very dense object is converted via
kinetic energy of the collapsing matter colliding into each
other, and, subsequently, heat to radiant energy.

The fifth cosmological sub-realm consists of galaxies,
such as our Milky Way, Andromeda and Whirlpool. These
are large, gravitationally bound systems composed of stars
(single, binary or multiple stellar systems), stellar rem-
nants, and other objects from planetary systems, as well as
interstellar gas and dust, typically rotating around a SMBH
in their centers. Galaxies are elliptical, lenticular, (barred)
spiral or irregular shaped. Two groups of galaxies are dis-
tinguished depending on their colour as an indicator for
star formation, viz. blue star-forming (mainly spiral) and
red, quiescent (mainly elliptical) galaxies. Hot gas is ex-
pelled by galaxies via strong stellar winds, SN explosions
and SMBH jets. It may be transported back to the galaxy
upon sufficient cooling and subsequent density increase in
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the circum- and intergalactic media, facilitating renewed
star formation [195]. SMBHs and galaxies co-evolve
[196]. The SMBH attracts and accretes matter from its host
galaxy, but also ejects energy into it. It seems to affect the
distribution of chemicals in the galaxy and star formation
in the galactic center [197]. Galaxies can be viewed as the
stellar “nurseries” and metal-generating “machines” in the
universe with stars converting H and He to heavier ele-
ments in a continuous cycle of stellar birth and death. The
ER & mass oval of galaxies is positioned at the upper, right
of that of stars and to the lower, right to that of matter-ac-
creting objects, as a result of convergence. Galaxy (super-)
clusters have not been included as separate sub-realms, be-
cause of the lack of available ER data.

The observable universe is the sixth and final, cosmolog-
ical sub-realm and comprises all the cosmological objects
visible from Earth and, thus, combines all galaxies and
the intergalactic medium. Its “foamy”, large-scale struc-
ture consists of “empty” bubbles surrounded by filaments
of galaxies and dark matter connected by nodes of galaxy
clusters, i.e., the cosmic web. The universe is not gravita-
tionally bound and expanding at an accelerating rate, due
to the action of dark energy. The ER & mass point of the
universe is more or less an extrapolation of the elongated
galaxy ER & mass oval, when dark matter and energy are
excluded.

In summary, the huge amount of mass and ER data col-
lected for the very large number of systems span enormous
mass and ER ranges over 67 and 75 orders of magnitude,
respectively, necessitating a double-logarithmic plot for
a sensible presentation of the data in the master plot. The
data points of the biological, cultural and cosmological
realms cluster for the various sub-realms. This shows that
these sub-realms are not only distinguished qualitatively by
their material structures and energy processes, but to some
extent also quantitatively by their ER vs. mass data. Note
that for stars and matter-accreting objects, matter not only
provides the structure to the systems, but also the energy
powering the system (nuclear and gravitational energy, re-
spectively). In contrast, the matter of the structures of liv-
ing, technological and social systems is separated from the
fuel used as energy source.

4. Systems parallel to the ER vs. mass diagonal

In a first approximation, the ER vs. mass data points of
all systems seem to follow the y = x diagonal from the low-
er, left corner to the upper, right corner of the master plot
in Figure 1. Indeed, prokaryotes (unicellular archaea and
bacteria) and unicellular eukaryotes with very small mass-
es have very small ER, while cosmological systems with
very large masses have very large ER. Often the system
with the smallest mass in a particular sub-realm also has

Page 41



A master plot of energy rate versus mass

the smallest ER and, vice versa, that with the largest mass
has the largest ER (Table 1). However, in the cultural realm
machines like space rockets and jet aircrafts, engines, and
generators, as well as ICs and CPUs have relatively large
ER for their mass. In contrast, human social systems, such
as cities and the human society as a whole, have relative-
ly low ER for their mass. This demonstrates that there are
other factors than just mass that determine ER. As a matter
of fact, the data points in Figure 1 do not fall on the y = x
diagonal line, but in a broad, diagonal band with a vertical
and horizontal width of approximately 17 ER and mass or-
ders of magnitude, respectively. Similarly, the ovals that
represent the clusters of datapoints, belonging to systems
of the same sub-realm, are oriented with their longitudinal
axis more or less in parallel to the y = x diagonal. Such a
positioning of (groups of) data in one diagonal band may
be somewhat surprising on first sight, since the systems in
the various (sub-)realms are characterised by very different
material structures and energy processes. However, the ob-
served diagonal positioning is simply the result of:

1) the convergence of small sub-systems (parts) with
low mass and ER into larger systems with higher
mass and ER, which in their turn converge into even
larger super-systems with even higher mass and ER
etc. and

2) the scaling of ER with mass for groups of systems
(see below and section 5).

Convergence is the result of complex systems being ther-
modynamically defined as open systems, requiring the in-
flow of matter and energy, as well as the outflow of waste
and heat through its boundaries from and to its environ-
ment, respectively. The latter can then be viewed as the
larger system. Admittedly, no complex system can exist
fully independent of its environment and, thus, a system
always converges into a larger system. Such a sequence of
converging systems corresponds to a nested hierarchy of
complex systems with the next-level system often showing
new, emergent functions and performance. The small sys-
tems converging into a larger system may be similar and
dissimilar, as illustrated by the following examples (the
systems in italic are not listed in SM nor shown in the mas-
ter plot; the starting systems are simple, physical systems
with ER = 0):

- biological realm: C, H, N, O atoms — cytochrome oxi-
dase protein + other biomolecules — respiratory com-
plex; + other associates — mitochondrion; + other or-
ganelles — neuron; + other cells — cerebellar cortex;
+ offier-braon/yeguaads— brdhas +othen)orghes paissues
+ bantomofilafsrugutdmttory — human body;

- technological sub-realm: metals, polymers, and glass
— engine + pumps + battery + lamps + radio + chas-
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- social sub-realm:

- bees + beehive — bee colony;

- human individuals + machines + buildings and con-
structions — city; + other cities + farms with cattle
and crops + power and chemical plants + roads
+ railways + other human-made constructs — to-
day’s, global human society;

- cosmological realm: H/He plasma — Sun; + planets +
moons + asteroids — Solar system; + other planetary
systems + stellar remnants + SMBH + interstellar me-
dium — Milky Way; + other galaxies + intergalactic
medium — universe.

The larger, next-level system does not only have a larger
mass, but also requires a larger ER to maintain its larger
structure and complexity, which consequently shows up
as a shift to the right and up more or less parallel to the
y = x diagonal in the ER vs. mass master plot. When the
sub-systems hardly interact and collaborate, the mass and
ER values can simply be added up, yielding the mass and
ER of the larger system. When the sub-systems do interact
and collaborate, the mass of the larger system is still the
sum of the masses of the sub-systems. However, ER is not
simply the sum anymore but will typically scale according
to some power law with mass (see section 5). Both mass
and ER values of the next-level system may be dominat-
ed by one very large sub-system. For example, the mass
and ER of the Solar system is dominated by the Sun with
negligible contributions of the numerous but much small-
er planets, moons, and asteroids. Thus, the ER & mass
point of the Solar system coincides essentially with that
of the Sun. Alternatively, the mass and ER values of the
next-level system may be dominated by a large number
of smaller sub-systems with hardly any contribution of
the largest sub-system. For example, the mass and ER of
a galaxy is dominated by the huge number of dwarf stars,
which have relatively low mass and low luminosity. The
very massive and luminous, SMBH at the galaxy center
has a negligible contribution. Thus, the ER & mass points
of galaxies are positioned to the right of the datapoints of
SMBHs and more or less in a diagonal extrapolation of the
ER & mass datapoints of stars. A next-level system may
also contain inactive sub-systems with a certain mass but
with ER = 0 in addition to active sub-systems. Such a sys-
tem will have a total mass derived from both the inactive
and active sub-systems, but an ER derived from the active
sub-systems only. For example, the mass of an automobile
is the sum of many parts (chassis, panels, wheels, engine
etc.), but its ER is just determined by the engine and its fuel
consumption. Therefore, the ER & mass point of a car is
simply to the right of that of the engine. Similarly, the mass
of our world system today is dominated by buildings and
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constructions that do not have any ER, whereas its ER is
the sum of the contributions of fuel for machines, industrial
plants etc. and food. As a result, the ER & mass point of
our human society is positioned far to the right of the ER &
mass datapoints for technological systems and the human
body. The combined result of all these different types of
convergences is that the ER & mass points are not perfect-
ly aligned parallel to the y = x diagonal line, but fall in a
diagonal band with a certain width.

Note that as a result of convergence of sub-systems into
larger systems, the distinction between the various bio-
logical, cultural, and cosmological (sub-)realms becomes
somewhat fuzzy. Living organisms with social behaviour,
such as ants, bees, and humans, form colonies and, thus,
are considered to be part of the cultural realm. Our human
society comprises not only human individuals, but also in-
cludes other living organisms. Plants and trees, cattle and
fish, but also bacteria and fungi are exploited for food (pro-
duction), construction materials, mechanical power, pets,
medicines, and other purposes. In addition, all the machin-
eries from the technological sub-realm are included. All
these biological and cultural systems are present on the
surface of the Earth with the Sun as main energy source.
Therefore, these are part of the Solar system, and subse-
quently of the Milky Way with the universe as the terminal
system of convergence through all realms.

The correlation of ER with mass parallel to the y= x
diagonal as a result of convergence and scaling in a way
explains why Chaisson has proposed to normalise ER to
mass, yielding ERD (= ER/mass) as a suitable metric for
complexity [5]. By definition the diagonals in the ER vs.
mass master plot correspond to iso-lines of constant ERD,
similar to diagonals of constant density in a plot of mass
vs. volume. In Figure 1 such diagonals for constant ERD
of 10, 10° (= 1) and 10'* W/kg have been drawn to guide
the eyes. The distance between the two ERD diagonals
encompassing all datapoints from all systems in Figure 1
corresponds to the range of ERD values of these systems,
which spans 17 orders of magnitude from 8.2x10"> W/kg
for Uranus [110] to 6.1x10° W/kg for the IC of the modern
Intel Core 17 CPU [81]. Note that ERD of a larger system
is not obtained by summing all ERD’s of the individual
sub-systems, but by ratioing the total ER and total mass of
all sub-systems, but is a weighted average.

In summary, the ER & mass data points follow a broad
diagonal band in the master plot. This is the combined
result of convergence of small systems with low ER and
mass values to larger systems with higher ER and mass
values as well as of scaling of ER with mass for groups of
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systems (next section). The width of this band corresponds
to ERD values varying over 17 orders of magnitude.

5. Scaling
5.1. General

When zooming in on the ER vs. mass master plots for
the various realms, correlations between the logarithmic
ER and mass data are observed for quite some groups of
systems. Typically, such scaling is captured via so-called
power laws [101]:

ER = o mass f.
with B is the power law constant (dimensionless) and o
is the proportionality constant, which in a way reflects the
intrinsic energy requirement of a group of systems. With
kg and W as units for mass and ER, respectively, a is the
group’s ER at 1 kg mass (in J/[s.kgP]). Note that a power
law assumes that there is no energy flow (ER = 0) at mass
=0, i.e., the correlation of ER vs. mass always goes through
the origin of the linear ER vs. mass plot. In a double loga-
rithmic plot as in Figure 1, the power law becomes:

log ER =log o + [ log mass.
A system composed of sub-systems without any inter-
action and collaboration is characterised by simple addi-
tivity of the individual mass and ER contributions of the
sub-systems. This results in linear scaling (B = 1), which
in a linear plot shows up as a linear correlation with the
slope a corresponding to a constant ERD. In a double loga-
rithmic plot, linear scaling shows up as a linear correlation
parallel to the y = x diagonal with an intercept of log a. In
contrast, a group of systems composed of interacting parts
shows non-linear scaling (§ # 1). Sub-linear scaling with 3
<1 results typically from collaboration, economy of scale,
and increased efficiency for the larger system as a whole.
It is indicative for self-organising behaviour®, following
a single, underlying mechanism [101]. The opposite, su-
per-linear scaling with B > 1 results from diminishing re-
turns, decreased efficiency and bureaucracy. Accordingly,
in a linear plot sub- and super-linear scaling show up as
concave or convex curves of ER as a function of mass, re-
spectively. In a double logarithmic plot, ER shows a linear
correlation with a slope less or more steep, respectively,
than the y = x diagonal. Note that in the case of sub- and
super-linear scaling for a group of systems, ERD of the
individual systems is not the same, but varies with mass.
Also note that super-linear scaling should not be confused
with exponential behaviour, as in:

ER =2 eb.mass
with e is Euler’s number (2.72).

6 Note that the term “self-organising” is somewhat misleading, as the organisation of sub-systems in a larger system does not happen
spontaneously, but requires matter, energy and information inflow [5,6].
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Table 2: Overview of power law constants § and proportionality constants o for scaling of ER vs. mass for groups of systems
from various (sub-)realms. Logarithms of ER and mass data from original studies have been refitted with a linear regression

model.
realm sub-realm group of systems power law con- proportionality reference
stant  (-) constant (W/kg?)

biological | phototrophic cyanobacteria # 1.12 123 18
eukaryotic micro-algae # 0.99 6.6
vascular plants: tree saplings # 1.02 14
vascular plants: seedlings # 1.06 2.1
above-ground plants and trees # 0.84 0.14 79
whole plants and trees # 0.86 0.13

chemotrophic | flat worms (single species) 0.74 0.024 111

prokaryotes*: active 1.93 3.4x10" 19
protists$: active 1.02 22
metazoans##: active 0.80 0.31
ectotherms 0.84 0.33 62
mesotherms 0.76 1.7
endotherms 0.75 3.4
dinosaurs 0.82 0.58
polar mammals 0.70 4.6 112
desert mammals 0.76 3.3
insects 0.81 0.6
ants 0.56 to 0.83 0.014 to 0.47 22
bees in rest 0.60 0.097 113
bees in flight 1.08 72
flightless birds 0.81 3.3 112
birds and bats in rest 1.13 48 114
birds and bats in flight 0.78 52

cultural technological (turbo-) propellor airplanes 1.13 69 32
jet transport planes 0.98 1200
ornithopters 0.92 66
model airplanes 1.53 250
internal combustion engine vehicles 0.97 60 115
hybrid vehicles 1.02 25
full electric vehicles 0.87 33
container ships 0.88 5.4 116
tanker ships 0.50 1800 117

social colonies of various ant species 0.60 to 0.79 0.23t0 11.2 22
bee colonies 0.70 2.6 21,SM
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bee colonies with beehive and 0.64 0.6 21,67,SM
honey
city with population 1.11 5.4 23,SM
city with population as well as 0.86 0.57
buildings and constructions
cosmolog- | MS stars mass < 8.6x10% kg 2.3 1.8x10* 118
ical
8.6x10” kg < mass < 4.0x10* kg 4.0 4.8x10%
4.0x10* kg < mass < 1.1x10* kg 3.5 5.9x10%
1.1x10* kg < mass 1.0 1.21
galaxies dwarf galaxies 0.97and 1.08 | 1.2x10° and 1.3x107 93,119
all data** 0.92 37

# in darkness, i.e., respiration, but not photosynthesis; * comprising archaea and bacteria; $ corresponding roughly to unicellular eukary-
otes; ## small, multicellular, aquatic animals; ** excluding data for “dead”, “explosive” and “unrealistic” systems.

A non-comprehensive overview of scaling results of
ER vs. mass for groups of systems in the various realms is
presented in Table 2, with a particularly large number of
examples from the biological realm. For the scaling of ER
vs. mass data with a power law, the logarithms of the ER
and mass data have been fitted via linear regression, yield-
ing the power law constant 3 and the proportionality con-
stant a.. Because of this re-fitting of the data plus the use
of W and kg as units, the B and o constants listed here may
deviate from those reported in the original studies. Note
that the power law fits suggests good scaling, but in real-
ity there may be quite some scatter of the ER data around
the scaling correlation, sometimes as large as one order of
magnitude. Emphasis in the discussion will be on a com-
parison of the power law constants . A comparison of the
proportionality constants oo only makes sense when system
groups have the same f. For selected examples, the actual
scaling correlations are shown in zoomed-in versions of
the ER vs. mass master plot (Figures 2 to 4). Note that scal-
ing is only appropriate for a group of systems which are
qualitatively similar, i.e., with comparable material struc-
tures and energy processes, and in comparable stages of
their lifetimes and evolutions. Data for (groups of) systems
over their lifetimes and evolutions should not be used for
scaling purposes. The systems in such groups are not only
different in a quantitative fashion in terms of ER and mass,
but also in a qualitative fashion, because of growth, devel-
opment, and evolution, resulting in a change of o and/or
over their lifetime and evolution. Changes in mass and ER
over the lifetimes and evolution of (groups of) systems will
be discussed in section 6.
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5.2. Biological realm

In the biological realm allometric studies typically re-
late to the scaling of BMR and EMR with mass. Optimum
scaling fits are achieved by excluding fluctuations as result
of food digestion and physical activities. Kleiber was the
first to observe that MR of a wide variety of mammals,
ranging from a small mouse to a big elephant, scales with
mass with a power law constant  of 3/4 [120]. Accord-
ingly, the BMR vs. mass correlation has a less steep slope,
compared to the y = x diagonal and larger mammals need
proportionally less energy than smaller species. Kleiber’s
law was the first and is probably the most well-known of a
series of so-called quarter laws in biological scaling [101].
Numerous follow-up studies, covering more or less all bi-
ological taxa (unicellular organisms, plants, trees, reptiles,
amphibians, fish, mammals, insects, and birds), as well
as using more sophisticated, statistical fitting approaches,
have shown that [} often deviates from 0.75 and actually
varies between 0.6 and 1.9 (Table 2). For prokaryotes f3 is
as high as 1.9, while for phototrophic organisms and uni-
cellular eukaryotes B is more close to 1.0 [19]. For multi-
cellular eukaryotes, metabolic scaling is somewhat more
complicated. For animals there is a transition between
limiting effects upon increasing size [112]. For plants and
trees there is a change in structure from only metabolic
active parts to more structural parts upon increasing size.
These phenomena result in allometric scaling models with
two  power law constants, viz. B, is 2/3 (animals) or 0.75
(plants) and B, is 1.0 (both) [79]. This explains partly the
variation of  values for plants and animals in Table 2,
which have been fitted with a single power law. The de-
crease of B from prokaryotes (unicellular organisms with
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ATP production throughout their cells) via unicellular eu-
karyotes (ATP production in mitochondria) to larger, mul-
ticellular eukaryotes (specialised cells for metabolism and
energy/matter transport via vascular system) is explained
by the changes in limiting factors in their metabolism, i.e.,
energy processing (Figure 2: subtle change of slopes) [19].
A sound assessment of scaling is only possible when the
mass of the systems varies over a sufficiently large range.
Flat worms under starvation or fed on calf liver paste vary
in their mass over three orders of magnitude (5x10% to
3x107 kg), as a result of reversible (de)growth [111]. BMR
scales with mass within this single species with B = 0.74
(Figure 2), following Kleiber’s law.

From an energy processing perspective, a comparison
of animals with various levels of temperature regulation
are of interest. For ectotherms (cold-blooded organisms),
mesotherms (organisms with body temperature control in
between those of cold- and warm-blooded organisms) and
endotherms (warm-blooded organisms) [ is rather similar
(around 0.75). More interestingly, o increases from ecto-
therms via mesotherms to endotherms, showing that en-
hanced temperature regulation requires faster metabolism
(thick, upward arrow in Figure 2). The mass and ER data
of extinct dinosaurs (1 to 10* kg and 0.6 to 2000 W, re-
spectively) have been reconstructed. The scaling results in
Figure 2 show that dinosaurs fall in between mesotherms

Figure 2: Scaling ] .
and evolution of ER ERD (W/kg) = 10° 1
vs. mass for selected 1E+6 = -
groups of living or- endotherms, .
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and ectotherms. Similarly, mammals living in polar regions
have higher BMR than those in deserts [79]. Scaling also
applies for animals with higher activity levels such as for
flying birds, bats, and bees, resulting in an upward shift of
the scaling correlations observed for these species in rest
with a factor three to six [113,114] (thin, upward arrows).
Although, the empirical systematics of metabolic scaling
for living organisms is known for almost a century, their
origins are still under debate [13]. Most probably they re-
sult from a combination of isometric, geometric, and allo-
metric mechanisms, such as heat generation in the body vs.
heat loss at the surface, flow restrictions of energy resourc-
es in fractal-like transport networks, and proportionality to
actively metabolic parts, respectively [13,79].

5.3. Cultural realm

Scaling in the technological sub-realm is often applied
for engineering and design purposes. For example, ER of
(turbo-)propeller airplanes scales with a power law con-
stant B = 1.13 [32] (Figure 3). This is in good agreement
with the theoretical prediction from Bejan’s constructal
law [105] of B = 7/6 = 1.17, which is based on a combina-
tion of geometrical similarity (length and area characteris-
tics scale with mass to power 1/3 and 2/3, respectively) and
aerodynamic similarity (speed scales with mass to power
1/6). For jet transport planes, ornithopters, i.e., aircrafts
that fly by flapping their wings, and model airplanes, differ-
ent values for B (between 0.9 and 1.5) are obtained (Table
2). This shows that these types of airplanes have different
scaling behaviour than the propellor planes, because of the
differences in their flight principle and energy efficiency
[32]. Depending on the airplane type and its correspond-
ing P value, airplanes with larger mass have proportionally
larger (propeller planes and ornithopters: B > 1) or smaller
energy requirements (jet transports and model airplanes: 3
< 1) than those with smaller mass. Today, the automotive
industry is at the forefront of the energy transition with
hybrid vehicles (HV) and full-electric vehicles (FEV) re-
placing conventional vehicles with internal combustion en-
gines (ICEV). ER of these vehicles scales with mass over a
800 to 2700 kg range though with quite some scatter with
B varying between 0.87 and 1.02 [115]. For a given mass
of 2000 kg, calculated ER decreases from ICEV: 8.7x10*
W via HV: 5.9x10* W to FEV: 2.5x10* W, which reflects
an interesting reduction in energy consumption. Note that
for many groups of machines scaling is not possible, since
the ER vs. mass data are highly scattered instead of falling
on a single correlation. The point is that machines are typi-
cally designed in a conscious process, where mass and ER
are chosen and optimised more or less freely in a way that
matches best with the primary application requirements.
For example, for cars spanning a mass range of 800 to 6000
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kg:

- a passenger car should provide sufficient space for a
few passengers and some luggage, at low fuel con-
sumption, while also satisfying high safety standards
at a reasonable price;

- a limousine should provide much more space and lux-
ury to its passengers;

- a racing car should be as fast as possible for a given
minimum mass;

- a drag car should have maximum thrust for extremely
fast acceleration over short times.

For machines and devices that span a mass range of
2x107 to 6x10° kg (Table 1), the differences in design re-
quirements are even larger, because their primary functions
are completely different. For example, computer chips
should be as “fast” but also as small as possible, house-
hold appliances should combine effective functionality
with maximum comfort and good-looking design, while a
space rocket should have maximum thrust. These differ-
ent application requirements translate not only into a wide
variation of mass and ER values, but also into a decoupling
of ER and mass values, and, thus, scaling is absent.

In the social sub-realm, scaling of ER vs. mass has been
demonstrated for social colonies of insects, such as ants
and bees [21,22,121]. Typically, sub-linear scaling is ob-
served for the individual ants with § between 0.56 to 0.83,
as well as for the ant and bee colonies with  between 0.60
and 0.79 (Table 2). These B ranges scatter around Kleiber’s
B =0.75, suggesting that ER of both individual insects and
colonies are determined by similar, evolutionary optimisa-
tion, just like for other animals. The values of the propor-
tionality constant o for the ant colonies lie above those for
the individual ants, showing that the ant colonies collect
more energy resources. Note that in the original studies ER
is related to the mass of all insects, but the mass of the
ant hills and beehives, respectively, is not included. How-
ever, these constructs are critical for the performance and
survival of the corresponding colonies. Therefore, as ex-
plained in section 2, ER vs. mass data for bees [22] have
been extended with the mass of the corresponding beehive
and the honey produced [67,SM Ib]. The power law cor-
relation shifts to the right (orange arrow in Figure 3), as
is expected when the mass increases for a given ER. This
is accompanied by a decrease of o (Table 2). B decreas-
es from 0.70 to 0.64 (correlation in Figure 3 tilts slightly
clockwise), indicating an improved metabolic efficiency of
bee colonies living in beehives. For modern cities it has
been shown that usable, electrical energy scales with city
population with f = 1.07 (Germany) and electric energy
delivery to households with § = 1.00 (Germany) and 1.05
(China) [70,122]. However, city mass data are not avail-
able in the corresponding studies and, thus, scaling of ER
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Figure 3: Scaling and evolution of ER vs. mass for selected groups of technological and social systems in the cultural realm.
Diagonal, dotted lines of constant ERD of 105, 10*, and 10> W/kg are guides to the eyes. The red and orange, solid lines cor-
respond to ER vs. mass scaling. The rightward, orange arrows indicate the change in correlations for social systems, when
mass of constructs is included. The thick, dotted arrows represent the combined increase of ER and mass of machines during
technological innovation for early airplane engines (1919 to 1945), super-computers (last 70 years), prime movers (1700 until
today), and post-WOII jet aircrafts, as well as human society from 1.000.000 BC until today.

vs. true city mass is not possible. Fortunately, Isalgue ef al.
have collected ER data for cities, including consumption of
fossil fuels and electricity, as well as have calculated the
corresponding city mass [23]. As for the bee colonies, the
power law correlation shifts to the right (orange arrow) and
is tilted clockwise, when the mass of the city population is
adjusted to include human-made mass. The accompanying

Page 48

decrease of a is quite similar to that for the bee colonies
(cf. Table 2). B decreases from 1.11 to 0.86, therefore in-
cluding the human-made city mass results in a change from
super- to sub-linear scaling. The larger  value for human
cities, compared to that for bee colonies, is probably the
result of the human focus on growth during its cultural
(r)evolution (see section 6.2). This has resulted in in-
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creased energy requirements over time which overshadow
the increased energy efficiency (witnessed by B < 1). The
energy consumption of the human society as a whole has
grown faster over time than the human population itself.
In terms of scaling, one may even conclude that the ER of
human society scales super-linearly vs. human mass with 3
of 1.32. This is much larger than for insect colonies, which
suggests that the human society is an exception in this re-
spect. However, this super-linear correlation does not rep-
resent simple scaling of ER with mass, but the evolution of
human society over time, i.e., technological innovation, in
parallel to growth. In addition, when ER is scaled vs. hu-
man-made mass, which has grown even faster than human
ER, the apparent B becomes 0.67. The evolution of human
society will be further discussed in section 6.3.

5.4 Cosmological realm

In the cosmological realm, the scaling of the luminosity
of MS stars (not for red giants and white dwarfs) with their
mass is well-known with an average power law constant of
3.5 over the mass range of 4x10% to 1.1x10°? kg [118]. In
principle, this empirical scaling rule for MS stars is fully
rationalised and determined by stellar physics. More stellar
mass results in more adiabatic compression and the sub-
sequent higher temperature results in an enhanced nucle-
ar fusion rate and, thus, larger luminosity [37,107]. When
zooming in on data for MS stars, four different scaling re-
gimes can be distinguished. For stellar masses:

- up to 8.6x10% kg: B =2.3;

- between 8.6x10%° and 4x10°° kg: B = 4.0;

- between 4x10°° and 1.1x10%? kg: B = 3.5;

- above 1.1x10°* kg: B = 1.0 (corresponding to the Ed-

dington limit: cf. section 7.2).

In the mid mass range, B is the largest and, thus, ER fol-
lows the steepest dependency vs. mass, resulting in a /-
-shaped correlation of ER vs. mass over the whole mass
range (Figure 4) [118]. Scaling can also be applied for
dwarf galaxies [93,119], yielding 3 of 1.0. Apparently, the
underlying self-organisation mechanism of dwarf galaxies
(B = 1; probably simple convergence of stars with gravita-
tional binding force not affecting luminosity) differs from
that of its composing stars (B ~ 3.5: accelerated nuclear
fusion).

In summary, scaling of ER vs. mass data is observed for
many groups of systems in all three realms. In the biolog-
ical realm scaling depends on the taxon. For prokaryotes
super-linear scaling ( ~1.8), for phototrophic organisms
and unicellular eukaryotes linear scaling (§ ~1.0), and for
animals sub-linear scaling (B ~0.8) is observed. In the tech-
nological sub-realm scaling varies around unity (B ~ 0.9 to
1.5), whereas in the social sub-realm it is sub-linear (§ ~
0.6 t0 0.9). In the cosmological realm, scaling for MS stars
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is super-linear (B = 1 to 4; on average ~3.5), whereas for
dwarf galaxies it is linear (B ~ 1). Adjusting the mass of
social systems to include constructs results in a decreased
proportionality constant a,, while B tilts slightly clockwise.
The large variety of § values ranging from 0.5 to 4.0 shows
that the self-organising mechanisms of the corresponding
groups of systems are quite different, which is not sur-
prising considering the large differences in their material
structures and energy processing mechanisms. Although 3
varies for the different sub-realms, 3 has always a positive
value (> 0) and, thus, ER always increases with mass, i.e.,
larger systems need larger energy flows. This is the second
reason in addition to convergence, explaining why ER vs.
mass data of the systems from the three realms are all posi-
tioned in a band parallel to the y = x diagonal of the master
plot (section 4). Variations in B and o explain partly why
the ER vs. mass data points do not lie on one single diag-
onal line, but fall in a diagonal band. The scaling results
show that for one particular group of systems, ER always
increases with mass. Figure 1 shows that ER may be con-
stant or even decrease with increasing mass, when moving
from one sub-realm to another sub-realm in both cases re-
sulting in a decreasing ERD. Finally, scaling of the ER vs.
mass data of all systems in the dataset (excluding those for
“dead” and “explosive” systems) results in an excellent fit
(Figure ii in SM; R? = 0.98) with = 0.92. This is close to
unity and again confirms the alignment of the data more or
less parallel to the y = x diagonal. However, this finding
should not be over-interpreted, because it is the combined
result of convergence of smaller into larger systems and
scaling of very different groups of systems.

6. Lifetime and evolution
6.1. General
In the previous section, the scaling of ER as a function of
mass has been discussed for similar systems at comparable
stages of their development. Most systems in the biologi-
cal, cultural, and cosmological realms change over time:
- either as a single system over its lifetime from its orig-
ination (“birth”’) via maturity to its end (“death”) or
- as a group of similar systems with shared characteris-
tics, changing over successive generations during its
evolution.
The changes of a system (group) during its lifetime or evo-
lution are both qualitative in terms of material structure,
energy processes and, thus, complexity, as well as quanti-
tative, as illustrated by the changes in mass and ER values.
Complex systems require matter and energy for their orig-
ination, growth, and development, as well as to maintain
their complexity over their lifetime. During the evolution
of a group of complex systems, these matter and energy
requirements typically change to a much larger extent than
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A master plot of energy rate versus mass

Figure 4: Scaling and
evolution of ER vs. mass
1E+16 ERD (Wkg) = ICI‘* 1 i 10 for stars and dwarf gal-
e . axies in the cosmological
realm. Diagonal, dotted
lines of constant ERD of
1E+14 d I 104 1, 10* and 10 W/
o kg are guides to the eyes.
stal:s-.*'i.l 109 kg < mass o/ dvearf galaxies The blue, solid lines cor-
4 respond to ER vs. mass
|E£3) |10:2 scaling. The thick, blue,
- dotted arrow represents
stars: 4.0 10% kg <. the combined decrease of
— mass < 1.1 105{k§ g ER and mass during stel-
E 130 - lar evolution.
g [
[£5]
1E£28
1E+26 A stars: 8.6 10% kg < mags'= 4.0 10¥kg
1E£24
stars: mass 8.6 10% kg
1E+22
o=t = i Iy = a =
mass (kg)

during the lifetime of one particular system. The changes
of mass and ER over lifetime and evolution (Figures 2 to 4)
will be discussed here for some (groups of) systems repre-
sentative for each energy realm. The tracks of ER vs. mass
over the lifetimes of these systems cover only relatively
small ranges and are hardly visible, even in the zoomed-in,
double-logarithmic master plots in Figures 2 to 4. Thus,
they are just discussed in the text below, but not represent-
ed in the figures. In a dedicated paper the changes of ER(D)
and mass over the lifetimes of a low-mass star like our Sun,
a human, and the Roman empire will be discussed in much
more detail [57].
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6.2 Biological realm

Both mass and TEE of a human strongly vary during his
lifetime. First, the mass and TEE (average data for males)
increase strongly from a baby at birth (3.3 kg; ~10 W) via
a child at 7 yr (26 kg; 83 W) to an early adult at 20 yr (74
kg; 162 W) [123]. The human body is then full-grown with
its physical, reproductive, and possibly intellectual capa-
bilities at a peak. Next, both mass and TEE level off with
age up to 60 yr with mass increasing to 88 kg and TEE
decreasing somewhat to 155 W. These changes reflect a
slow decrease of the physical, reproductive, and intellec-
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tual capabilities of a human, though typically accompanied
by an increase of emotional and social capabilities. Finally,
both mass and TEE decrease substantially during senes-
cence, eventually reaching 63 kg and 88 W, respectively, at
94 yr, witnessing a faster physical and intellectual decline.
The ER and mass data of an average female follow similar
profiles. As a result of these changes over a human lifetime,
ER shows a ~"/ shaped correlation with mass. Note that
next to these gradual changes in mass and ER over the life-
time, there are strong, daily fluctuations in ER_ as a result
of food uptake (three daily meals and some snacks result
in ER, peaks), as well as ER_ as a result of the daily ac-
tivity cycle (active, relaxing, and sleeping). Still, a human
body in homeostasis, with temperature, heart rate, blood
pressure, and other factors varying within certain ranges, is
considered a stable system in balance.

The evolution of life on Earth can be characterised by
several main trends from ER and mass perspectives. First,
the evolution from asexual to sexual reproduction and from
unicellular to multicellular organisms has resulted in a dra-
matic increase of the mass of living organisms [124] and a
corresponding increase of ER. Indeed, the diversity of life
is largely a matter of size, spanning more than 20 orders of
magnitude [190]. These changes have been accompanied
by a differentiation and specialisation of cells, resulting in
more complex tissues, organs, and functional systems with
relatively large ER for a given mass [125]. Organs and tis-
sues differ both in mass and resting MR, as illustrated by
average values for a human [80]:

- skeletal muscles: 27 kg and 14 W;

- skin: 5.0 kg and 1.5 W;

- heart: 0.3 kg and 9.7 W;

- liver: 1.4 kg and 17 W;

- brain: 1.3 kg and 15 W;

- kidneys: 0.3 kg and 7.0 W.

For animals, the evolution of ectotherms via mesotherms
to endotherms has resulted in an increased ER for a given
mass to maintain body temperature [62] (thick, upward ar-
row in Figure 2). Finally, the evolution of animals living in
different environments with increased gravitational forces,
viz. first in water, next on land, and finally in air, has also
resulted in increased energy requirements for locomotion
[105]. Note that all these evolutionary changes have oc-
curred, while the same basic, organic material structure and
biochemical processes were exploited. The overall, com-
bined result of these evolutionary changes has been an in-
crease of ER and mass over 11 and 12 orders of magnitude,
respectively. Correspondingly, ERD has slightly decreased
during biological evolution, as witnessed by the slope of
the light-green, dotted arrow with a slope of ~0.9 in the
double-logarithmic ER vs. mass plot in Figure 2. Note that
this slope exceeds Kleiber’s power law constant of 0.75,
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but is smaller than unity. Apparently, the ERD decrease re-
sulting from sub-linear scaling of ER with increasing mass
has been slightly larger than the increase in ERD, result-
ing from increased complexity. Note that this arrow corre-
sponds to the overall evolutionary trend, while in parallel,
new organisms with mass and ER combinations within the
existing range have evolved. The evolution of hominins
has roughly followed a similar trend of increasing mass and
TEE, as shown by average data for male adults [126,127]:
- Australopitecus afarensis (3 to 4 Myr ago: 45 kg and
69 W) and Australopitecus africanus (2 to 3 Myr ago:
41 kg and 65 W) —>
- Homo erectus (0.5 to 1.6 Myr ago: 63 kg and 110 W)
and early hominin (0.2 to 0.5 Myr ago: 57 kg and 115
W) —>
- Neanderthals (0.5 to 0.04 Myr ago: 75 to 80 kg and
162 to 228 W) and the somewhat smaller, anatomi-
cally modern humans, living as hunter-gatherers (0.3
Myr ago: 66 to 70 kg and 152 to 214 W); ranges are
given for the latter two hominin species, showing the
dependence on climate zone.
Note that the increases of the hominin body mass and
ER have been accompanied by disproportionately larger
growth of both mass and ER of the hominin brain [128].
Also note that mass and ER (food consumption only) of
Homo sapiens did somewhat decrease in the early stages of
the agricultural revolution. It may even have been close to
subsistence, because of decreased food quality, spread of
diseases and crop failures [7,9,129]. They have increased
substantially again over the last centuries for modern hu-
mans living in developed countries (average male today:
81 kg and 148 W [130]). Obviously, the biological mass
and ER of humans has been surpassed by the non-biologi-
cal mass and ER (2700 W per capita) in our modern soci-
ety (see section 6.3).

6.3. Cultural realm

The changes of mass and ER over the lifetime of sys-
tems in the technological sub-realm are somewhat special
in the sense that these systems can be switched on and off
(see also section 7.1) and that ER can often be adjusted to a
desired value on a sliding scale. Both are rather unique fea-
tures. Despite these large variations of ER, technological
systems in operation are considered stable systems. As a
result of dimensional changes and wear during use, the en-
ergy efficiency of technological systems typically decreas-
es over its lifetime, resulting in a decrease of maximum
ER_  and/or an increase of ER, . The mass of technological
systems hardly changes over their lifetime, except for the
minor mass loss as a result of wear, as well as the mass
increase due the uptake of fuel, passengers, and cargo as
in vehicles. ER vs. mass over the lifetime of a technologi-
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A master plot of energy rate versus mass

cal system would be represented in the master plot by data
points moving up and down (varying ER) along a vertical
line (constant mass). The evolution of machines (innova-
tion) has dramatically accelerated during the Industrial
Revolution in both quantitative and qualitative aspects.
On the one hand, larger and more powerful machines with
higher mass and ER, respectively, have been developed.
On the other hand, the design, principle of operation, and
the energy efficiency of machines have further evolved.
The increase of the maximum power (= ER) during the in-
novation of prime movers over time is an illustrative exam-
ple, as shown by Smil [68]:

- field work: Chinese peasant hoeing cabbage field (50
W) — Italian peasant harrowing with old, weak ox
(200 W) — English farmer ploughing with two small
horses (1000 W) — North Dakota farmer ploughing
with six powerful horses (4000 W) — Californian
farmer using 32 horses to pull combine (2.2x10* W) —
French farmer harvesting with small tractor (5.0x10*
W) — Manitoba farmer ploughing with large diesel
tractor (3.0x10° W);

- land transportation: two oxen pulling cart (700 W) —
four horses pulling coach (2500 W) — English steam
locomotive (2x10° W) — fastest American steam lo-
comotive (10° W) — powerful German diesel loco-
motive (2x10° W) — French TGV train by Alstom
(9.6x10° W) — N700 series high-velocity Shinkansen
train (1.7x107 W).

For both types of prime movers, ER has increased with time
from 1700 until today over four orders of magnitude. The
mass of both types of prime movers has also increased, viz.
over three orders of magnitude, but not as strictly as ER.
For example, the mass of prime movers actually decreased
by a factor ten, when machines pulled by large horse teams
were replaced by small tractors and steam-powered ma-
chines. As a result, ER does increase together with mass
during the evolution of prime movers (dark-purple, dotted
arrow in Figure 3), though with quite some scatter. Koh
and Magee have shown that the evolution of early airplane
engines from 1919 to 1945 corresponds to a nearly con-
tinuous increase of both ER and mass over two and one
orders of magnitude, respectively [106] (light-purple, dot-
ted arrow). This evolution towards more powerful and
corresponding heavier engines facilitated the development
of larger and more load-carrying airplanes. However, the
evolutions of the passenger car and its engine from 1896 to
1994 show different trends. The engine ER increased over
more than two orders of magnitude, whereas the mass of
both engine and car was more or less constant after a small,
initial increase before 1920 [131] (SM Ila). This evolution
reflects more powerful car engines for cars carrying a sim-
ilar number of passengers, but at higher speeds. The inno-
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vation of jet aircrafts shows a substantial increase of ER by
a factor ten, while the mass shows a modest increase by a
factor four [52] (pink, dotted arrow). The development of
both ER and mass during the evolution of super-computers
from the Z3 in 1943 to the HPE Cray Frontier in 2022 are
also somewhat erratic [132]. The overall increase of both
ER and mass over four and two orders of magnitude, re-
spectively, (purple, dotted arrow) has been interrupted by
the down-sizing from radio-tubes via transistors to chips.
Interestingly, ER has grown faster than mass for all these
technological innovations, resulting in slopes somewhat
larger than unity. As in the biological realm, the general
evolutionary trend in the technological sub-realm has been
towards new machines with larger mass and ER combina-
tions. In parallel, new tools and machines with mass and
ER combinations within the existing range have been de-
veloped with a more recent trend towards miniaturisation
with smaller mass and ER (see section 7.2).

Our human society, as the example of the social sub-
realm, has known a series of energy revolutions over its
lifetime, such as the use of fire, the domestication of ani-
mals, the implementation of agriculture, the use of water-
and wind energies, the Industrial Revolution driven by the
use of fossil fuels, the electrification of industry and soci-
ety, the use of nuclear energy and today the change to the
use of sustainable energy resources (especially solar and
wind energies). The development of the human society is
strongly interconnected with technological innovation as
described above [68,69]. Note that many of the primary
energy sources of the human society in the past and today
(food, wood, peat, coal, oil, and natural gas) act as reducing
agents, releasing the chemical energy stored in O, as oxi-
dant [99]. Also note that these primary energy sources plus
water, wind, and solar energies are all derived from Solar
radiant energy (tidal energy and energy from radioactive
decay are some exceptions). The total human energy con-
sumption (= ER) has grown exponentially over its lifetime,
as a result of both an increased world population and an in-
creased ER per capita. The global human ER in 1,000,000
and 10,000 BCE are estimated at 2x10° and 5x10% W, re-
spectively [133]. The agricultural revolution resulted in
an accelerated growth not only of the global population,
but also of ER per capita, yielding an estimated global ER
of 1.4x10" W at the start of the common era [133]. Since
the Industrial Revolution, global power consumption has
grown even stronger from 6.5x10"" W in 1800 via 1.4x10"
W in 1900, 3.2x10"> W in 1950 and 1.3x10" W in 2000
to a gigantic 1.8x10" W today [72]. The growth of the
global ER on a per capita basis has levelled off over the
last decades as a result of energy saving measures, which
is fortunate considering the depletion of fossil fuels and
global warming. Human-made mass is defined as the accu-
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mulated mass embedded in inanimate, solid objects made
by humans, excluding waste and unused, excavated mass
(mine waste efc.), i.e., the total mass of concrete, aggregate,
bricks, asphalt, metals, plastics efc. used in buildings and
constructions. It has grown exponentially from 3.6x10" kg
in 1900 via 8.2x10" kg in 1950 and 5.7x10™ kg in 2000 to
1.1x10" kg today (no data before 1900) [73]. Note that the
raw data, mentioned above for the human energy consump-
tion and human-made mass from the original sources, have
been corrected in SM IIb for the chemical energy in food
consumed by humans and the mass of humans themselves,
respectively. These corrections are rather small though,
compared to total human ER and human-made mass, and
have decreased over time (1900: 10 and 0.19 % — 2019:
4 and 0.03 %, respectively). Plotting the changes of global
ER and mass of just humans with time from 1900 onwards
results in an increase of ER correlated with an increase of
mass, but with the former growing faster (more steeply
than y = x diagonal). Plotting ER vs. human-made mass
instead results in a shift of the correlation to the right (or-
ange arrow) and a clockwise tilting (similar as observed
for bee colonies and cities; cf. section 5.3). Despite large
fluctuations in ER over its lifetime (resulting from daily,
seasonal, and conjunctural cycles), as well as temporary
hick ups (related to natural disasters, pandemics, and wars),
human society is considered a stable system.

6.4 Cosmological realm

The luminosity (= ER) of a star is fully determined
by its surface temperature and radius, according to the
Stephan-Boltzmann law (section 2). It shows major fluc-
tuations when it develops through its lifetime (in cosmol-
ogy termed “evolution”) as will be illustrated for our Sun,
which is a star with a starting mass of 1.99x10*°kg and con-
sisting mainly of H and He (low metallicity) [75,134,135].
As a result of gravitational attraction, an initial molecular
cloud of gas and dust contracts and, subsequently, collaps-
es to a protostar. At the same time the internal pressure
and temperature increase dramatically with as net result a
luminosity strongly decreasing to 10%® W. Once the stel-
lar core temperature surpasses 107 K, nuclear fusion of H
to He is ignited, resulting in hydrostatic equilibrium. The
low-mass star has become a stable, yellow dwarf in its MS
with a luminosity that increases somewhat from 2.7x10%
W via 3.8x10% W after 4.6 Gyr (our Sun today) to finally
8.5x10% W after 11 Gyr. Then H in the core of the star be-
comes depleted and the star changes into an expanding red
giant, accompanied by a strong luminosity increase. After
a series of dramatic He shell flashes with the luminosity
strongly fluctuating between 5x10% and 2x10°° W, the low-
mass star turns into a strongly expanding planetary nebula
and loses about half of its original mass. The stellar residue
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becomes a white dwarf with a luminosity of 5x10* W at
12.5 Gyr. The white dwarf does not show nuclear fusion
anymore but is simply cooling, resulting in a strong lumi-
nosity reduction over time until it becomes a cold, black
dwarf. In a double-logarithmic plot the ER vs. mass profile
of a low-mass star, like our Sun, shows a strongly fluctuat-
ing ER with a mass which is hardly changing [57]. The lu-
minosity of a low-mass star slowly increases with a factor
three during its 11 Gyr MS. In addition, there are smaller
fluctuations, as evidenced by temperature differences on
the Solar surface, the 11 yr Solar spot cycle, as well as So-
lar flares and coronal mass ejections. Still, MS stars includ-
ing our Sun are in hydrostatic equilibrium and considered
as stable systems.

The lifetime of a galaxy (again in cosmology, typical-
ly termed evolution) will be described qualitatively [136].
Spiral galaxies are formed bottom up from smaller matter
clumps. They have a black hole in their centers and are
star forming. Spiral galaxies grow by colliding and merg-
ing with other galaxies, eventually resulting in an elliptical
galaxy with a SMBH in its center and with both larger mass
and ER. In parallel, the most massive stars in a galaxy die
quickly and the overall metallicity increases. Less and less
gas remains to be concentrated from the environment and
initiate new star formation. As a result, blue, star-forming
galaxies change into red, quiescent galaxies. Star formation
in galaxies has peaked at around 3 Gyr after the Big Bang.
ER of an older galaxy will eventually decrease at more
or less constant mass. In summary, ER vs. mass follows
a > shaped profile during galaxy lifetime. On very short
time scales, ER of a galaxy shows huge fluctuations, re-
sulting from SN explosions, tidal disruption events (TDE)
and gamma-ray bursts (GRB). The universe as a whole has
probably the most exotic history of all systems discussed
in this paper with dramatic steps occurring in the first sec-
onds, minutes and years after the Big Bang, such as in-
flation, bifurcation of the fundamental forces, formation
of the fundamental particles, as well as “freezing out” of
nucleons, nuclei and atoms, to name a few. Expansion of
the universe has resulted in a larger radius, a lower ener-
gy-matter density, as well as a lower temperature, which
corresponds to a continuous decrease of ER.

True evolution of stars is best described following the
evolution of stellar populations, which proceeds while the
galaxy of which stars are part develops simultaneously,
as described above. Three stellar populations are distin-
guished, each characterised by a huge variety of stars with
different masses, compositions, luminosities, and lifetimes
[37,107,136]. Population III stars are the first and oldest
stars. These stars were formed from the primordial gas,
which consisted mainly of H and He with only traces of
metals (Z/H ~10'%) and originated from nuclear fusion

Page 53



A master plot of energy rate versus mass

when the primordial universe had sufficiently cooled (100
Myr after Big Bang). Nuclear H fusion in these stars re-
sulted in higher levels of He and traces of metals. Popu-
lation III stars were most probably of very high mass (1.2
to 6x10*kg; may be 2x10°* to 10* kg [40] or even 10** kg
[108]), because higher temperatures are required to ignite
H fusion at low metallicity. This resulted in very fast, nu-
clear fusion reactions, accompanied by very large luminos-
ities, and, consequently, in very short lifetimes (<5 Myr).
As aresult, population III stars are hypothetical, since they
do not exist anymore today (age of universe is 13.8 Gyr)
and have not (yet) been observed. Population II stars have
on average lower mass (typically 4x10°' to 2.6x10°? kg).
They are formed from gas and dust of primordial origin,
but also as distributed by stellar winds, planetary nebulae
and SN explosions of population III stars. Thus, population
11 stars are characterised by a higher metallicity (Z/H ~ 10
to 10"), which further increases upon nuclear fusion of H
and He. They have relatively long lifetimes (1 to 10 Gyr)
and are the oldest stars that have been observed today. In
our Milky Way they are mainly located in the spiral bulge,
the galactic halo, and globular clusters. Finally, popula-
tion I stars are the youngest generation of stars, which are
formed from a mixture of gas and dust originating from
the primordial universe, as well as dispersed by population
IIT and II stars. Population I stars, including our Sun, have
the highest metallicities (Z/H ~ 10" to 107°), the lowest
masses, the lowest temperatures, the smallest luminosi-
ties and, thus, the longest lifetimes. Numerically, they are
dominated by small, red dwarfs and, possibly, even smaller
brown dwarfs. Population I stars are mainly located in the
spiral arms of the galactic disc and most likely orbited by
planets. Overall, the evolution of stars from population III
via population II to population I stars corresponds to a de-
crease of mass and a corresponding decrease of luminosity,
following the J track from the scaling of stellar ER with
mass (section 5.4). In addition, the increase of the stellar
metallicity results in an increased opaqueness and, thus, in
a decreased surface temperature and luminosity for a giv-
en stellar mass. Consequently, the ./ track shifts to lower
luminosity values, thereby reinforcing the overall trend of
luminosity decreasing during stellar evolution (blue dotted
arrow in Figure 4).

In summary, both qualitative (structure, processes,
and complexity) and quantitative aspects (mass and ER)
of (groups of) systems change during their lifetimes and
evolutions in all three realms with the details varying with
the particular system (group). Mass and ER of “mature”
systems, such as humans between 20 and 65 year, as well
as stars in their MS, show only relatively small variations
during their lifetimes, and these are stable systems indeed.
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For technological systems ER can be varied reversibly
from 0 to maximum power at constant mass. In contrast,
ER and mass change over wide ranges during the evolution
of groups of systems either towards much larger ER and
mass (living organisms, machines, and human society), or
to smaller ER and mass (stars). In a way, evolution can be
viewed as the process of systems trying to explore a larger
ER vs. mass area until they run into ER and/or mass lim-
itations, which is the topic of the next section. Note that in
all three realms the general evolutionary direction does not
exclude the evolution of new types of systems with mass
and ER combinations within the existing range.

7. Minimum and maximum values of ER

ER and mass are often correlated, as was shown in the
discussions on convergence and scaling as well as on life-
times and evolutions of (groups of) systems in the previ-
ous sections. Focus will be here on systems in the various
(sub-)realms with minimum and maximum ER values in
relation to their mass (Figure 5), which partly corresponds
to a discussion on minimum and maximum ERD (= ER/
mass ratio).

7.1. Minimum ER values

In the biological realm, low ER values are found for liv-
ing organisms in the absence of any (physical) activities.
Plants and trees in darkness, i.e., in the absence of pho-
tosynthesis, are characterised by low ER values. For mi-
cro-organisms and animals, a relatively low ER (= BMR)
is measured, when in rest, quite some time after food diges-
tion, and at ambient temperature. Animals that are sleeping
have a relatively low MR value, which is not zero though
but close to BMR, since even while sleeping energy is re-
quired for homeostasis and repair. The same goes for ani-
mals that have a “pause and play control”, resulting in the
freezing of all movement, stopping or reducing of breath-
ing, and slowing down of heart rate [191]. Animals during
daily torpor, i.e., a state of decreased activity and tempera-
ture lasting less than 24 hr to conserve energy, have MR
values that have decreased by a factor of 2 to 30 relative
to their BMR [137]. Animals during seasonal hibernation
(a state of minimal activity, slow breathing and heart-rate,
and low body-temperature in order to survive longer peri-
ods of reduced food availability), have a size-independent
specific MR of ~0.2 W/kg [17,137,138]. This corresponds
to a decrease by a factor 6 to 100 compared to BMR of the
non-hibernating species and is comparable to the specific
BMR of the largest animal (blue whale: 0.18 W/kg). Many
deep-water microbes have MR reduced by a factor two to
five, due to high-pressure effects [139]. Living organisms
in the absence of O, (anoxia) have a specific MR of around
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Figure 5: Double logarithmic plot of ER vs. mass for a wide variety of stable systems from the biological, cultural and cos-
mological realms (green, red and blue ovals, respectively; cf. Figure 1), extended with systems with low and no activity.
Diagonal, dotted lines of constant ERD of 10, 1, and 10'° W/kg are guides to the eyes. The red, dashed curve indicates a
“soft” lower limit of ER vs. mass. Coloured, vertical arrows indicate possible variations of ER below this lower limit for sys-
tems in the various realms (solid, double-pointed arrows: reversible ER variation; dashed and dotted arrows: continuously
decreasing ER; for further explanations, see text). “Dead” systems with ER = 0 are at the bottom of the plot, but cannot be

positioned in a logarithmic fashion.

0.07 W/kg, corresponding to a MR decrease with a factor isms over six orders of magnitude below BMR are repre-
of 20 to 300 [17]. Micro-organisms in extremely cold con- sented by the green, vertical, double-pointed arrow in Fig-
ditions, as in arctic bore cores, have a very low MR, which ure 5. Spores do not have any detectable metabolism (ER
is a factor thousand smaller than BMR and just sufficient to < 10° BMR), do not show any signs of life [141,142] and,
repair random cellular damage [ 140]. Predictions using so- thus, are considered cryptobiotic. They can lie dormant for
phisticated models have shown that microbes (both chemo- extended periods up to centuries even under extreme con-
trophic archaea and bacteria), living in quaternary-age ditions, but can be “revived” again under suitable condi-
marine sediments (spongy, dense mud and detritus, accu- tions to become fully vegetative, bacterial cells (Figure 5:
mulated at bottom of oceans and extending for kilometers light-green arrow). Viruses cannot generate or store energy
beneath ocean floor) have MR around one million times in the form of ATP themselves, but derive their basic build-
smaller than cells in surface habitats. They are living very ing blocks, energy, and all other metabolic functions from
slowly and barely divide [192]. ER per cell ranges from their host cells [143]. Therefore, viruses are considered to
a 10" (minimum power level for cell to remain viable to be-organisms at the edge of life or simply replicators. Only

1077 W [193]. All these variations of ER for living organ- when a living organism dies, ER truly and typically very
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quickly drops to zero. Upon death, the mass of an organism
is also affected and decreases via decay by decomposers
and digestion by consumers at different levels in the food
pyramid. The combined decrease of both ER and mass to
zero for dead organisms is shown by the dashed, green ar-
row, pointing left, downwards in Figure 5. As mentioned
earlier, the logarithm of zero is ill-defined and, thus, this
light-green arrow is just indicative.

As already mentioned in section 6.3, technological sys-
tems can typically be switched on and off (ER = 0) and their
power can often be adjusted to a desired level on a sliding
scale. Reducing the speed of a vehicle, dimming a lamp
and lowering room heating are typical examples. Note that
a idling car still consumes ~20% of its maximum power,
while the alarm installation of a parked car still consumes
0.5 W. Typically, the lowest, practical ER of a machine
is ~1% of its maximum power, i.e., two orders of magni-
tude, as indicated by the short, red, double-pointed arrow
in Figure 5. The long, red, double-pointed arrow represents
the switching on and off machines. These are rather unique
features of machines, since biological and cosmological
systems are either in operation with some fluctuations in
ER around a steady state or they are dead and inactive.
Only machines that are discarded or broken down, such as
a worn-out car with a broken engine and a lamp with its
filament burned through, are “dead” (Figure 5: red, dashed
arrow). From a thermodynamic point of view, systems with
ER =0 are inactive, explaining why Chaisson has excluded
systems with ER(D) = 0 from his overviews [5]. He did
not consider such systems to be true systems, because there
is no energy flow that maintains an energy gradient and
complexity. It seems somewhat odd though to define, for
example, a running car and a burning lamp as complex
systems (with their complexities actually changing when
their speed and light intensity, respectively, varies), while
excluding the same car when temporarily parked and the
same lamp when not burning. Instead of introducing anoth-
er term, like “complicated system”, here a preference is for
a less stringent definition of complex systems following a
gradual complexity scale. At the bottom of this scale come
systems with zero ER(D), but through which energy has
flowed in the past or can flow in the future. It is argued that
such systems are also out of equilibrium and matter, ener-
gy, and information has been stored in their structures with
the potential to still be used in the future.

In the social sub-realm, ER and to a lesser extent mass of
social systems are continuously fluctuating over their life-
times. History is full of examples of dramatic ER decreases
to zero. For example cities have been destroyed by enemy
armies or earthquakes, as well as states and civilisations
have declined due to enemy invasions or climate changes
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(orange arrow). Still, some people do survive these disas-
ters and continue to live in the same area. Thus, ER will
not fully dwindle to zero and often new cities and nations
emerge over time in the same location. There is no guaran-
tee though that such a rebound will always occur, so there
is no reason why today’s human society might not fully
succumb to a nuclear winter or excessive global warming.

In the cosmological realm, matter is often powering
the system (gravitational and nuclear energies in stars and
matter-accreting objects, respectively.) and, thus, ER re-
lates in a very direct fashion to mass. Therefore, the dis-
cussion on minimum and maximum ER will be partly a
discussion on minimum and maximum ERD (= ER/mass
ratio). The lowest ER values of stars are found for those
with the lowest mass. Red dwarfs have ER values between
10% and 3x10* W with masses of 10% to 10°° kg, corre-
sponding to ERD of 7x107 to 2x10° W/kg. Brown dwarfs
have even lower ER of 2x10*' to 8x10% W with masses
of 2x10%® to 1.8x10% kg, corresponding to ERD of 2x10*
to 3x10° W/kg. Ultra-cool, brown dwarfs have ER values
of 2x10?! to 10* W with masses of 4x10% to 1.8x10%* kg,
corresponding to ERD of 2x10® to 5x10°¢ W/kg. Stellar
remnants, such as white dwarfs, neutron stars, and black
holes are the relicts of explosions of stars at the end of their
lifetimes. They do not show nuclear fusion anymore and, in
1solation, do not accrete matter and, thus, are considered as
inactive systems. These stellar remnants with a very high,
initial, surface temperature will cool over time, as result of
the conversion of thermal energy to heat radiation at their
surface. Note that such radiative cooling is simply the re-
sult of the very large temperature difference between these
inactive cosmological objects and the cold, interplanetary
and interstellar space. In other words, “dead” cosmological
objects do not “die” immediately, in the way living organ-
isms do, but they fade away. For example, the luminosity
of a neutron star of 4.0x10°° kg decreases from 1.6x10*” W
at 200 yr after its formation in a convex fashion over time
via 1.4x10°° W after 10* yr to 4.5x10** W after 3x10° yr
[144]. This corresponds to an ERD decrease from 4x10*
via 4x107 to 10° W/kg. Isolated, white dwarfs and neutron
stars with mass between 10°° and 8x10°*° kg (Figure 5: grey
squares) show a decreasing ER, as indicated by the dashed,
grey arrow. Stellar remnants accreting matter from a com-
panion star belong to the matter-accretion sub-realm. Black
dwarfs are hypothetical, inactive stars that have cooled to
~5 K, corresponding to an estimated ER of 10'° W for a
mass of 10°° to 2x10°° kg (grey circles). Similarly, star for-
mation in elliptical galaxies is eventually quenched, result-
ing in decreasing ER (blue arrow).

Sagittarius A*, the SMBH (8x10%* kg) in the center of
our Milky Way galaxy, has an interesting characteristic,
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which resembles machines with adjustable power. It has a
very low luminosity of just 10 W (purple point in Figure
5), which is very small for a SMBH of its mass and the
result of a very small matter accretion rate. Indeed, Sagit-
tarius A* would not be visible, if it were not so proximate
to Earth. Sagittarius A* is not an active, galactic center as
most other SMBHs, which have much larger matter accre-
tion rates and correspondingly larger ER (10% to 6x10% W;
SM Ilc; purple oval). Sagittarius A* has a continuous radio
and infra-red flux, but with strong fluctuations and X-ray
flares sometimes brightening up to 400 times its normal
luminosity. 200 yr ago it was at least 1 million times more
brighter than today [198]. These ER fluctuations are indi-
cated by the purple, double-pointed arrow.

Planets take a somewhat intermediate position in this
context. They are here considered as active systems in a
separate, cosmological sub-realm, because they have a
stable orbit and convective flow patterns. However, over
the long run planets are also cooling just like stellar rem-
nants, resulting in a decreasing ER from hot planets in
their formative stage (dotted, light-blue oval) via planets
today (light-blue oval) to ageing planets (dotted, light-blue
arrow). In the Solar system, Uranus (8.7x10% kg) is the
second furthest planet away from the Sun. Consequently,
it has a very low temperature of just 60 K, a small ER of
just 7x10" W and a correspondingly small ERD of 8x10'
W/kg. Our Earth (6.0x10** kg) is more proximate to the
Sun with a higher average temperature of 287 K (14 °C),
a larger ER of 1.3x10" W, and a larger ERD of 2.1x10*
W/kg. The Earth has cooled over its lifetime. A hot planet
was formed 4.5 Gyr ago via matter accretion in the pro-
toplanetary disc around the young Sun. The Theia impact
some 20 to 100 Myr later not only resulted in the creation
of the Moon, but also in a dramatic increase of the Earth’s
temperature to as high as 2300 K. Since then, the Earth has
been cooling again and will cool even further, when our
Sun will become a white dwarf in 8 Gyr (unless the Earth
in the meantime has been swallowed by the Sun when
the latter is in its red giant phase). For smaller, inactive,
cosmological objects (moons, asteroids, meteoroids, and
interstellar dust), the surrounding temperature (T ) is not
precisely known. Therefore, ER has been estimated using
the Stephan-Boltzmann law, neglecting the T * term, result-
ing in maximum ER values (cf. SM IIIg). Because of the
uncertainty in these ER values, these data are not shown in
Figure 5. The grey and black, downward arrows in Figure 5
do reflect the decreasing ER as a result of cooling of these
smaller, inactive objects:

- larger moons in the Solar system (10*' to 10* kg) with
estimated ER values below 10'* to 10'®* W (dotted,
grey arrow);

- larger asteroids in the Solar system (10'°to 107! kg)
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with estimated ER values below 10! to 10'* W (dotted
& dashed, grey arrow);

- meteoroids (200 to 500 kg) with estimated ER values
below 10 to 10* W (dashed, black arrow);

- interstellar dust (50 to 500 um; 10-'° to 107 kg) with es-
timated ER values below 107! to 10 W (dotted, black
arrow).

A consequence of many of the cosmological objects
cooling and fading away is that most of them are invisi-
ble for human observation. As mentioned before, red and
brown dwarfs are probably the most abundant stars, but
typically cannot be observed because of their low luminos-
ity. Exoplanets are probably present around most stars. The
combination of a relatively small luminosity and a huge
distance from Earth results in a very low magnitude, which
prevents direct observation. Most exoplanets have been de-
tected via small decreases of their stars’ luminosity, when
they pass in front of their stars, and the wobbling of their
stars’ orbit, due to gravitational interactions [145]. Note
that only a few rogue planets, i.e., planets that have been
kicked out of their stellar orbits, are wondering through
interstellar space, and may outnumber planets which are
orbiting stars with a factor 20, have been observed so far
[146]. Even ER of the universe will decrease, as it further
expands and cools. The ultimate fate of the universe may
be heat death (Big Chill), viz. a state of zero thermodynam-
ic free energy as well as unable to sustain processes that in-
crease local entropy and, thus, maintain complexity [147].

In summary, the area on the lower and right side of the
ER vs. mass master plot in Figure 1 looks empty. Howev-
er, it is actually filled with a huge number (probably even
more abundant as active systems) of dormant, living or-
ganisms, machines operating below their maximum power
or temporarily switched off, as well as inactive, cosmolog-
ical objects fading away (indicated by the various coloured
arrows, pointing downward in Figure 5). These could be
viewed as simple, complex systems, which are out of equi-
librium and with matter, energy, and information stored in
their structure. There is no clear boundary between active
and inactive systems in the ER vs. mass master plot. In BH
studies such simple systems are typically ignored, perhaps
because they are less interesting than the active systems in
the diagonal band and are lost out of sight when the focus
is on increased complexity over big time. Note that many
“dead” systems are used as energy source and converted
back to raw materials for “living” systems in all realms.
Well-known examples are the decomposition of dead or-
ganisms to small organic molecules by bacteria and fungi
in the biological realm, the recycling of scrap metal, glass
and plastics from worn cars and other machines in the cul-
tural realm, as well as H, He and metals being distributed
in space by stellar winds, planetary nebulae, and SN in the
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cosmological realm (“we are all made of star dust”).

7.2. Maximum ER values

For the biological realm, mass and ER data have been
collected for a variety of living organisms with very high
activity levels (cf. SM). Because ER correlates with mass,
focus will be on systems with the largest ERD (= ER/mass).
For example, the average daily BMR of a male human at
20 yr (76 kg) in rest is 87 W, corresponding to ERD of 1.2
W/kg [123]. As aresult of physical activities, average daily
TEE is almost two times larger, viz. 160 W, corresponding
to an ERD of 2.2 W/kg. The track sprinter Usain Bolt (86
kg) has reached maximum power (= ER) levels of 2800 W
over the less than 10 s sprint over 100 m, corresponding to
ERD of 33 W/kg [148]. Similarly, cyclist Mathieu van der
Poel (76 kg) reached maximum ER values of 960 W, when
climbing on very steep mountain tracks, and 1540 W in
the final meters before the finish, corresponding to ERD of
13 and 21 W/kg, respectively [149]. Top athletes can only
achieve such very high ERD values for very short times,
because of limitations in conversion and transport rates of
biochemical energy in the human body. The peak ERD val-
ues of these two athletes are 6 to 15 times larger than the
average daily ERD, which may not seem that impressive.
However, here ER for sport performance is compared
with ER, from food and, thus, the energy efficiency of res-
piration also needs to be considered. When exposed in an
environment of 50 °C and 50 % relative humidity, BMR of
humans increases with a factor 1.6, which is accompanied
by an 1 °C increase of core temperature and increased heart
rate [150]. A variety of flying animals, such as birds and
bats (0.008 to 0.03 kg) have a MR in flight which is three
to six times larger than MR in rest with ERD reaching max-
imum values of 160 W/kg [114]. Megachile rotundata bees
(107 to 4x10° kg) have a MR in flight which is three to
six times larger than MR in rest, reaching maximum ERD
values of 32 W/kg [113]. Similarly, a variety of (non-)pas-
seriformes birds (0.0055 to 3.9 kg) have a MR in flight,
which is two to five times larger than MR in rest, reach-
ing maximum ERD values of 120 W/kg [32]. Also simi-
larly, perch-hunting insectivorous Rhinolophus bats (0.011
to 0.013 kg) achieve even higher ERD values of 160 to
200 W/kg, which is related to the high energy costs of ma-
noeuvring in flight [151]. Apparently, all these animals at
maximum activity outperform human, top athletes in terms
of ERD. Escherichia coli (E. coli) bacteria during growth
reach ERD values of 5800 W/kg. Plants and trees have 5 to
30 times higher MR in light than in darkness [152], yield-
ing maximum ERD values of approx. 600 W/kg. Note that
these MR values of plants and trees are measured via CO,
production and correspond to the respiratory processes
in which carbohydrates are converted to CO,. Therefore,
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these are not representative for and probably substantially
smaller than ER of plants and trees during photosynthesis
in which CO, and H,O are converted to carbohydrates plus
O,. For some reason, ER data for photo-synthesising plants
are hard to find. Based on “CO, incorporation, sugarcane
varieties have ERD_  values of 1.5 to 4 W/kg [58]. Chais-
son has calculated ERD_ values of 0.05 to 1.0 W/kg for
grass, pine tree, mahogany tree, corn, and sugar cane by
converting biomass build up to ER using the correspond-
ing heats of combustion [5]. These values seem all rath-
er small. Note that ERD, for photosynthesising plants is
much larger, considering the low energy efficiency of just a
few percent [153]. The largest ERD values in the database
are for the muscles of animals at take-off for flight or jump
with 8900 W/kg as the maximum for the muscles of the
Galago senegalensisa primate [17]. In summary, (parts of)
living organisms at highest activity levels have ER values
up to 30 times larger than BMR, but their ERD never ex-
ceeds 10* W/kg.

For the technological sub-realm, ERD data have been
collected for the most powerful machines (cf. SM Ila). For
example, early cars (mass up to 500 kg) typically had ERD
values up to 10 W/kg [27]. Today’s passenger cars (up
to 2500 kg) have ERD up to 250 W/kg [154], and racing
cars (up to 1000 kg) up to 2000 W/kg [27]. However, the
largest ERD values of cars are found for the world-record,
land-speed cars (up to 10* kg) with ERD up to 2.5x10* W/
kg [27]. Transport airplanes (up to 3.5x10° kg) have ERD
values up to 250 W/kg, with just the engines (up to 2x10*
kg) reaching values of 3000 W/kg [27,155,156]. Military
fighter planes (up to 2.5x10* kg) reach 500 W/kg [27,157].
Space rockets (3x10° kg mass at lift off when fully loaded
with propellant) with ERD up to 6x10* W/kg (cf. SM Ila)
have the largest ERD value for all vehicles listed. The main
engine fuel turbopump of the space shuttle has an ERD as
high as 1.5x10° (W .kg) [158]. Actually, the propulsion of
space rockets can be viewed as “controlled explosions”
(see section 7.3). Interestingly, very large ERD values have
also been collected for very small, technological devices.
This shows that maximum energy performance in the tech-
nological sub-realm is not only achieved via up-scaling,
but also via down-scaling (miniaturisation). Recent inno-
vation in rechargeable batteries has resulted in superca-
pacitors and aluminium electrolytic capacitors with ERD
values as high as 10* and 1.5x10° W/kg, respectively [159].
The development of CPUs has reached a temporary record
ERD of 2.6x10* W/kg for the Intel Core i7 (estimated mass
of 0.01 kg and ER of 260 W) [56,81], which is the most
modern processor for a gaming computer produced with
14 nm lithography. The corresponding IC (4.3x10*kg and
the same 260 W) has an extremely high ERD of 6.1x10° W/
kg. It will be interesting to see where Moore’s law will lead
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us in the future in this ER vs. mass perspective. In sum-
mary, maximum ERD of machines is not exceeding 10°
W/kg with smaller parts reaching the highest ERD values
(cf. section 8.4). Systems in the social sub-realm have very
large ER (SM IIb: New York: 1.6x10'° W; world in 2019:
1.9x10" W). However, because of their very large mass
(1.6x10" and 1.1x10'"® kg, respectively), the correspond-
ing ERD values (0.012 and 1.7x10° W/kg, respectively)
are relatively low and much smaller compared to those for
systems in the technological sub-realm. Interestingly, the
largest ERD for the social sub-realm is found for a rather
small beehive with 2000 bees (0.54 W/kg).

ER of stars scales super-linearly with mass (see section
5.4) and, thus, the largest ER is found for the largest stars.
However, when stellar ER exceeds the Eddington luminos-
ity limit:

L., = 6.3 * stellar mass (in W),
the hydrostatic equilibrium between the outward radi-
ation and the inward gravitational forces is disrupted
[37,160,161]. Very intense, stellar winds develop, that
will blow away the outer stellar layers. ER of MS stars
increases with mass, according to the super-linear scaling
discussed in section 5, up to a mass of around 1.1x10*? kg,
which corresponds to an ER of 7x10%* W. At stellar mass
above 1.1x10°? kg, ER as a function of mass follows the
Eddington limit (Figure 4), which corresponds to a maxi-
mum stellar ERD of 6 W/kg. Outside the MS, red, yellow,
and blue hyper-giants have masses ranging from 10°' to
2x10°* kg, and ER from 3x10* to 7x10°> W, corresponding
to ERD ranging from 0.2 to 10 W/kg [162]. Luminous blue
variables are very rare, unstable hyper-giants at the top of
the HR diagram with masses from 2x10°! to 2x10°*? kg, ER
from 10* to 4x10% (exceeding their Eddington limits for
brief times) and corresponding ERD from 1 to 60 W/kg
[163]. The most luminous star, dubbed Godzilla, has an
average ER of 7x10% W [87], yielding an ERD of 150 W/
kg for an estimated mass of 5x10% kg. The first stars in
the universe, i.e., population III stars, with masses up to
2x10% will have had very large luminosities up to 10* W
[164] with a maximum ERD up to 5 W/kg. The very first,
but hypothetical, super-massive stars may have had ER of
6x10%* W, which with an estimated mass of 10** kg yields
ERD of 60 W/kg.

Many matter-accreting objects have larger ERDs than
(giant) stars, because of their very energy-efficient, mat-
ter-accretion mechanism combined with their relatively
small mass (mass is in ERD denominator). Transient black
holes with masses ranging from 5x10°° to 3x10*' kg have
ER from 10% to 10 W and corresponding ERD from 1 to
2000 W/kg [55]. SMBHSs, including active galactic nuclei,
quasars, and blazars, are the most luminous, stable cosmo-
logical objects with extremely high ER (10% to 5x10%W).
They also have extremely large mass (10% to 10* kg), re-
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sulting in “moderate” ERD of 103 to 10* W/kg. Accreting
neutron stars in binary systems have estimated masses of
2.8x10°° kg, ER ranging from 2x10°' to 10*, and corre-
sponding ERD from 8 to 3000 W/kg [55]. The matter-ac-
cretion rate of these objects and, thus, their luminosity is
theoretically limited by the Eddington limit, but ultra-lu-
minous X-ray sources exceed this limit. For example, M82
X-2 probably consists of a neutron star of 2.8x10* kg with
a donor star of at least 10> kg. It has an ER of around 103
W, yielding an ERD of 78 W/kg (see SM). The young stel-
lar object V866 Sco with a mass of 2.7x10°° kg and an ER
0f 2.9x10%* has the largest ERD of 1.1x10* W/kg [91] of the
matter-accretion objects listed. Dark stars and quasi-stars
are hypothetical objects. They are not true stars, because
they are not powered by nuclear fusion, but by matter ac-
cretion. They have quite exotic structures, but have mod-
erate ERD values (0.2 and 7 W/kg, respectively). Planets,
planetary systems, galaxies, and the universe as a whole
have much smaller ERD than stars and matter-accreting
objects. In summary, the largest ERD of cosmological ob-
jects is around 10* W/kg.

In conclusion, upper ERD limits are observed in all
three realms. There seem to be no stable systems in the
biological and cosmological realms with ERD exceeding
10* W/kg nor in the cultural realm exceeding 10° W/kg.
Indeed, a plot of ERD vs. mass for all systems (SM — Fig-
ure iii) shows a maximum ERD of around 10° W/kg. This
maximum ERD value corresponds with the observation of
an upper limit of ER vs. mass, running diagonally from the
lower, left corner to the upper right corner of the master
plot (red line in Figure 6). Given the very different prin-
ciples of material structures and energy processing of the
systems in the various realms, such a shared upper limit for
ER vs. mass is far from obvious. Kempes et al. observed
that ERD goes through a maximum and does not exceed
10* W/kg during the evolution of systems over big time
[20], but did not consider this as a threshold.

7.3. “Explosive” regime

There seem to be no stable systems above the diago-
nal in the ER vs. mass master plot, corresponding to ERD
~10° W/kg (Figure 1). Still, data have been found for sys-
tems with even higher ER & mass combinations, which
are positioned above this apparent ERD limit (Figure 6).
However, these systems, which include explosions, implo-
sions, and collisions, are unstable. Thus, they should not be
considered true systems. First, two hypothetical examples
with extremely high ERD values will be discussed (SM V
- downscaling). Today, our Sun (2.0x10* kg) has an ER of
3.8x10% W. The corresponding ERD of 1.9x10* W/kg lies
far below the upper ERD limit of 10° W/kg and, indeed,
the Sun is considered a stable system. Now assume a hypo-
thetical, downscaled system with just four H nuclei fusing
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to one He nucleus at the same rate as in the Sun. Then 4.1x
102W energy would be released for a system with a mass
of just 6.7x10?7 kg, corresponding to an ERD of 6.2x10™
W/kg. This yields an ER & mass data point (light-purple)
in the left, lower corner of Figure 6 far above the diagonal,
upper ERD limit. However, nuclear fusion will not occur
in such an isolated system, because its temperature will not
reach 107 K required for ignition of H nuclear fusion. Thus,
this extreme ER & mass data point represents an unrealistic
system. Similarly, in a modern, electrical power plant coal
is combusted in the presence of O,, yielding mainly CO, as
product. Secondly, the new coal-fired Eemshaven power
plant in the Netherlands (NL) has an estimated mass of 10°
kg and a scheduled ER of 1.6x10° W [82]. The correspond-
ing ERD value of 1.6 W/kg lies well below the upper ERD
limit. Now assume a downscaled system of just one C atom
reacting with one molecule O, at the same rate as coal in
the power plant. Then 7.1x10" W would be released by a
system with a mass of just 7.3x10% kg, corresponding to

an ERD of 9.7x10° W/kg. This yields another light-purple
datapoint in the left, lower corner of the master plot above
the diagonal ERD limit. However, this C combustion sys-
tem is neither realistic nor useful, since the equipment to
drive and control the combustion, as well as for converting
the released thermal energy to electricity is missing. Note
that in the real systems a large amount of matter is needed
to provide the conditions and structure for stable systems
with a steady ER.

There are real systems that have ER vs. mass combi-
nations (far) above the diagonal ERD limit. In the tech-
nological sub-realm, humans have developed all sorts of
powerful explosives and bombs. These are based on the
conversion of chemical and nuclear energy, respectively,
to kinetic energy (useful blast and heat, but also flash and
sound). ER vs. mass data have been calculated for chemical
explosives, such as gun powder, trinitroglycerin, and dyna-
mite (SM Ilc). The corresponding ER & mass data points
lie well above the diagonal threshold (Figure 6: pink dia-
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Figure 6: Double logarithmic plot of ER vs. mass for a wide variety of stable systems from the biological, cultural, and cosmo-
logical realms (green, red and blue ovals, respectively; cf. Figure 1), extended with unstable, “explosive” systems. Diagonal,
dotted lines of constant ERD of 10", 1, and 10"*W/kg are guides to the eyes. The red, diagonal line represents a “hard” upper
ER vs. mass limit of ~10° W/kg. The purple data points above this upper limit represent unstable systems, both, unrealistic

and “explosive” systems.
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monds) and the estimated ERD values, ranging from 10° to
10" W/kg, are indeed far above the upper ERD limit. Such
systems are literally used as explosives and should not be
considered as stable systems. The ER & mass data points
for nuclear bombs, such as the Little Boy atomic bomb
and the Tsar Bomba hydrogen bomb (pink triangles) with
ERD values of 10'® and 10*' W/kg [66], respectively, lie
even further above the upper limit. This shows that nuclear
bombs should also be considered as unstable systems and
confirms that they are more powerful and destructive, com-
pared to conventional explosives. Note that in the techno-
logical sub-realm “controlled explosions” find widespread
applications. In some devices chemical energy is converted
to kinetic energy in a controlled fashion without damaging
the device. Typical examples are the use of high-energy
density fuel in space rockets, the fuelling of internal com-
bustion engines in vehicles, and the firing of guns.
In the cosmological realm, similar unstable, “explosive”
systems are known. Four types of these so-called cosmo-
logical transients (SM IIIh) are distinguished here:
1) super-nova (SN) explosions (Figure 6: purple trian-
gles);
ii) other stellar explosions that may be related to SN
(purple squares);
iii) disruptive events resulting from matter-accretion by
SMBHs (purple x symbols);
iv) collisions and mergers of compact objects (purple
points).
SN Ib, Ic, and II are the blasts of giant stars at the end of
their lifetime, when the star is not able anymore to pro-
duce sufficient energy from nuclear fusion to counteract its
own gravity [165]. So much heat is generated during the
subsequent contraction, which cannot be contained with-
in the stellar structure anymore, that the star collapses and
implodes. SN Ia explosions are the result of the re-ignition
of white dwarfs in binary systems. The star’s temperature
is raised so much that runaway, nuclear fusion is triggered,
completely disrupting the star. The mass of the precur-
sors of the SN types I and II ranges from 2x10°° to 10*
kg, while the SN themselves have ER values ranging from
6x10* to 2x10* W. This yields ERD values between 103
and 3x107 W/kg. The corresponding ER & mass datapoints
partly overlap and partly lie above the upper ERD limit.
So-called failed SNs are astronomical events in which stars
suddenly brighten, as a result of core collapse as in the ear-
ly SN stage, but then do not continue as SN explosions
[166]. These failed SN combine mass (2x10°' to 10*? kg)
with ER values (3.5x10°! to 10** W) that yield ERD values
of 2 to 11 W/kg. These ERD values are below the ERD
threshold, corroborating that these systems are indeed not
“explosive”. Other cosmological explosions that are less
well understood, but may be related to SN, comprise the
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second group of cosmological explosions. Fast blue opti-
cal transients are very high-energy phenomena thought to
be some type of SN with ERD between 10* and 10® W/
kg [165]. Hyper-novae are believed to be very energetic
SN, resulting from extreme core-collapse scenarios [165]
with ERD between 10" and 10'* W/kg. Pair-instability SNs
are hypothetical SNs of massive population III stars [165]
with ERD of 10" to 10" W/kg. The estimated ERD val-
ues of the latter three types of cosmological transients are
(far) above the 10° W/kg limit. These are surpassed though
by long GRBs, which are exceptionally bright phenome-
na, supposed to be the immediate after-glow following on
the collapse of a massive star (>5x10°' kg) to a black hole
[165]. The recently observed long GRB 221009A is the
“brightest of all time” (BOAT; ER around 4x10* W and
ERD around 10'7 W/kg) [167], outshining for a short time
all stars in the universe. Note that He shell flashes in the
later stages of stellar lifetimes do result in very strong ER
fluctuations with high ER peaks (for example: Sun today:
1.9x10* W/kg vs. He shell flashes: 1 to 2 W/kg [75]), but
not to the extent that the corresponding ERD values cross
the diagonal threshold. These are typically viewed as pre-
ludes to stellar “death”.

Matter accretion by SMBHs causes the disruption of in-
terstellar gas clouds and stars, comprising the third group
of ultra-luminous transients. The very recently observed
AT2021Iwx, also called Scary Baby, is an explosive event
lasting for three years now and probably caused by the ac-
cretion of a gas cloud by a SMBH [168]. TDEs are similar,
but more short-lived explosive events, resulting from mat-
ter-accretion by SMBHs from stars [169]. When just the
mass of the disrupted cloud and stars is considered, ERD
values of 2x10° to 3x10° W/kg are estimated, which fall
above the explosive ERD limit. When using the mass of
the full system, including the SMBH, ERD values between
0.01 and 0.7 W/kg are estimated. These systems then be-
have like “regular” matter-accreting objects and, indeed,
the ER & mass points shift to the corresponding oval
(Figure 6: rightward, purple arrow). Mergers of compact
objects, such as neutron stars and black holes, comprise
the fourth and last group of cosmological transients. Short
GRBs are brief, brilliant flares of gamma radiation releas-
ing as much energy as our Sun will produce in 10'° yr, but
compressed into bursts of less than 2 s [165]. Short GRBs
probably result from the collision of two massive stellar
remnants (neutron stars and black holes) and are charac-
terised by huge ERD values between 10'* and 10'7 W/kg.
Compact binary mergers resulting from collapsing binaries
of neutron stars and black holes, as recently detected via
their gravitational waves [170], have extreme ERD values
estimated around 10'® W/kg. These represent the largest
ERD values of all systems listed and, indeed, these systems
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are positioned farther above the diagonal ERD limit than
any of the other unstable, explosive systems discussed.
Interestingly, the biological realm lacks this type of
unstable, “explosive” systems, positioned above the up-
per ERD limit. Maybe, living organisms are per defini-
tion stable, have intrinsic routines to prevent too high ER
values, and/or simply die with subsequently ER falling to
zero, before they could reach or surpass an ERD value of
10° W/kg. Makarieva et al. have suggested that biological
evolution has resulted in optimised ERD values of 1 to 10
W/kg [17], which is far below the threshold. The mantis
shrimp is a marine crustacean of approximately 10 g that
can take “punches” with its claw, reaching speeds of 23
m/s and creating 1500 newtons of force per punch [194].
This corresponds to an ERD of 7x10° W/kg, which is above
the ERD limit though just for a fraction of a second. Note
that the shrimp itself and its claw are not disrupted, but
its preys are. “Exploding” beetles and termites, releasing
noxious gases for their defenses [171], may be viewed as
“controlled explosions” with local rupture of tissue, and do
not relate to particularly high ERD levels of the insects as
a whole. Epidemics and pandemics of diseases, as well as
plagues of mice, rats, and locusts may grow exponentially
over time under favourable conditions and could be consid-
ered as biological “explosions”. However from an energy
processing perspective, the increasing ER will typically
scale sub-linearly with the increasing number of organisms
and, thus, with the increasing total mass (cf. section 5.2).
For such “exploding” biological systems ERD will actually
decrease with size and remain far below the ERD limit. For
social systems “explosions”, as in revolutions and wars,
relate to the disruption of their abstract, non-materialistic
structures and boundaries, but not to excessive ERD values.
ER of the human society has increased exponentially with
time, which may result in energy depletion issues. Interest-
ingly, human society ER scales supra-linear with human
population, but ERD has decreased over time because of
even faster increasing human-made mass, thus remaining
far below the ERD threshold outside the explosive regime.
It appears that the border line of ER vs. mass, running
diagonally through the master plot and corresponding to
a maximum ERD of around 10° W/kg, separates stable
systems below the limit (section 7.2) from unstable, “ex-
plosive” systems above the limit. Chaisson has also not-
ed that complex systems require sustained order with an
“optimised” energy flow and that too large ER results in
damage, breakdown, and catastrophic destruction of sys-
tems [5]. Indeed, for a system with a particular material
structure and, thus, mass, ER cannot be increased infinite-
ly. Heat is always generated during energy conversions,
because the efficiency of energy conversion is always (far)
below 100 %. With increasing ER, it will become increas-
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ingly difficult to remove this heat fast enough from the sys-
tem. As a result, the temperature of the system will increase
to the point that the system’s structure may start to soften
and melt, as well as thermally degrade and oxidise in the
presence of air, thereby weakening the system’s structure
and boundaries. Increased temperature may also result in
an increase of the internal pressure up to the point that the
boundaries of the system will rupture. With increasing
heat, the mechanical stresses between parts of the system’s
internal structure and in the system’s boundaries will in-
crease, which may eventually lead to failure. Similarly, a
large energy flow may result in a high speed of a system,
which in turn may lead to enhanced friction and, thus, in
heating and wear. Eventually, the combined effects of a too
high temperature and pressure as well as too much wear
will lead to disintegration of the system, resulting in an up-
per ER value for a given mass. When ER is far above this
limit, the rate of disintegration will be so fast, that the sys-
tem will explode. These considerations may partly explain
the difference in maximum ERD values of 10* W/kg ob-
served for stable biological and cosmological systems vs.
10° W/kg for technological systems. Similarly, they may
explain the difference in minimum ERD values of 10° W/
kg observed for technological explosions vs. 10° W/kg for
cosmological explosions. Notably, the heat and oxidation
resistance as well as the physical strength of biological
structures (made from organic molecules and polymers
with covalent bonds as well as interacting via dipolar inter-
actions and H-bonding) are lower than those of machines
(made out of metals, such as steel and aluminium, thermo-
set resins, as well as composites). In contrast, cosmological
systems are typically held together by gravitational forces,
which are viewed as the weakest of the fundamental forces.
In addition, true material boundaries, which can degrade or
rupture at elevated ER, are absent. Note that the instability
and disintegration of a system above the ERD limit is a
consequence of a disbalance of forces and energies, similar
to the mechanical restrictions in the maximum size of sys-
tems [101,105] (section 2).

The ERD threshold at around 10° W/kg separates the
stable systems with smaller ERD from the unstable sys-
tems with larger ERD. The latter are viewed as explosive
and self-destructive. Note that not only explosive systems,
but also stable systems may be destructive for other sys-
tems in their neighbourhood. Energy may be transferred
from a first system to a second, proximate system, resulting
in an ERD increase of the second system depending on the
amount of energy transferred and the mass of the second
system. When the increased ERD of the second system ex-
ceeds the ERD threshold, it will become unstable, dam-
aged and even destructed. For the explosives and nuclear
bombs in the technological sub-realm, this energy transfer
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is the purpose of their applications. All the vehicles from
the technological sub-realm, ranging from cars, ships to
airplanes, are by themselves stable systems with ERD up
to 10* W/kg, i.e., below the ERD threshold. They may be-
come highly damaging though, when they impact another
object, depending on the mass of this object. Similarly, in
the biological realm excessive energy transfer as in a pred-
ator jumping on, flying into or setting their teeth or claws
into a prey, a snake constricting its prey, as well as a buf-
falo stampede over-running other animals, are harmful and
often lethal. Principally, all living organisms in the higher
levels of the food pyramid should be viewed as destructive.
Although being stable systems themselves, they obtain
their energy and raw materials from feeding on organisms
from the lower levels.

Cosmological explosions are self-destructive, but may
also be destructive for other cosmological objects, such as
planets, stars, and even galaxies, when these are in prox-
imity and sufficient energy is transferred. Matter-accreting
systems are considered here as a class of stable, cosmolog-
ical systems with ERD between 10~ and 10* W/kg. How-
ever, calculating ERD for just the matter in accretion yields
ERD values far above 10° W/kg and, thus, is destructive
from that perspective (cf. various ERD data for OJ 287
blazar in SM Illc). Similarly, TDEs are positioned as sta-
ble matter-accreting systems, when they are considered as
SMBHs being fuelled with accreting matter. On the other
hand, they are positioned as explosions, when the disrup-
tion of the donor stars with low mass is emphasised (Fig-
ure 6: compare purple >k symbols in matter-accreting realm
and explosive regime, respectively). The ERD threshold
around 10° W/kg may help to have a better perspective of
certain cosmological events, which are characterised by the
release of huge amounts of energy. For example, an impres-
sive amount of 2x10** W of energy was released during the
CIZA J1358.9-4750 merger of two galaxy clusters [172].
Considering the combined mass of two galaxy clusters (es-
timated at 10* kg), the corresponding ERD of 2x107 W/kg
is small and shows that the merger is not in the explosive
regime. It will not be self-destructive for the two merging
clusters themselves, but the resulting shockwave will be
highly destructive for cosmological objects in proximity.

Amongst the Earth systems, asteroids are stable systems
when in flight in space, but they may incidentally impact
Earth. Asteroids with diameters of 100 to 1000 m have an
estimated impact ER of 10" to 10 W [173]. When only the
mass of the asteroids themselves (1.4x10° to 1.4x10'? kg)
is considered, ERD values ranging from 107 to 10®* W/kg
(SM 1V) are estimated, which are above the 10° W/kg lim-
it (Figure 6: purple diamonds). Indeed, asteroids are fully
destroyed themselves upon impact and, thus, are explosive,
self-destructive systems. However, because of the transfer
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of kinetic energy from the asteroid to the Earth surface, the
latter is also affected by the impact, resulting in crater for-
mation and other damage. The kinetic energy of impacting
asteroids, which is determined by its mass and velocity,
govern the damage on the Earth surface. The Chicxulub
impactor may have had a mass of 10 to 5x10'® kg and an
impact ER of 10* to 6x10?® W [174], yielding an estimated
ERD ranging between 10% to 10° W/kg. This explains its
huge impact on Earth, probably triggering the Cretaceous
mass extinction and wiping out of the dinosaurs 6.6x107
yr ago. From an ERD perspective, impacting asteroids are
in a way the opposites of machines. As discussed above,
machines are systems with ERD > 0 when in operation.
They can be switched off to ERD = 0 though and then could
be considered as simple, complex systems. In contrast, as-
teroids are moving at very high, but more or less constant
speed and, thus, have ERD = 0 from a mechanical energy
perspective (no acceleration/deceleration). However, upon
impact a huge amount of kinetic energy is transferred with-
in a very short time, resulting in an extremely large ERD.
Thus, asteroids in flight could be considered as simple,
complex systems, that are switched on upon impact. Hur-
ricanes are stormy weather systems with high-speed winds
rotating around a low-pressure “eye,” occurring in tropical
and mid-latitude regions and comprising another Earth sys-
tem. Hurricanes are energised by the condensation of water
vapour, which has previously evaporated at warm sea wa-
ter surfaces. The mass and ER values of a large hurricane
are impressive (2.4x10'' kg and 6.0x10 W, respectively)
[175, SM 1V]. However, the corresponding ERD of 2500
W/kg is well below the ERD threshold, confirming that
hurricanes by themselves are stable systems. When hurri-
canes contact buildings and constructions with relatively
low mass on the Earth surface, energy transfer may again
result in very substantial damage including loss of human
lives. Other natural phenomena on Earth, such as earth-
quakes, volcano eruptions and lightnings release enormous
amounts of energy in relatively short times (SM IV: esti-
mates between 10° and 10'* W). Unfortunately, it is hard to
define the corresponding mass of these natural phenomena.
As a result, ERD cannot be calculated and these phenom-
ena cannot be positioned in the ER vs. mass master plot.
Because of their highly destructive nature, they probably
are explosive systems with ERD values above the diagonal
ERD limit.

In summary, a diagonal, upper limit of ER vs. mass
is observed for stable systems in the master plot, corre-
sponding to a maximum ERD of around 10° W/kg. Sys-
tems below this limit are stable. Unstable and “explosive”
systems from the technological and cosmological realms
are characterised by ERD values above this threshold. The
material structure of such systems with a given mass is not

Page 63



A master plot of energy rate versus mass

able to withstand the strong forces corresponding to their
relatively large ER. For the biological realm such “explo-
sive” systems do not seem to exist. Both explosive and
stable systems with large ERD values may be destructive
to other systems in neighbourhood, if sufficient energy is
transferred and/or the latter have sufficiently low mass.
Controlled explosions are known for the technological and
biological sub-realms. It is finally noted that systems may
be damaged and destructed for other reasons than exces-
sive energy transfer, such as poisoning and neural diseases
in living organisms, as well as electrical short circuit and
computer failure for technological systems.

8. Connections with ERD

In this final section, further connections between the
ER vs. mass master plot and ERD will be discussed. The
master plot shows the full details of ER vs. mass for a
wide variety of systems from all energy realms with di-
agonals corresponding to lines of constant ERD. Chaisson
has introduced ERD as a single and practical metric for
complexity in BH [5,51,52]. He has shown that ERD of
systems representative for the BH narrative increases at an
increasing rate, confirming in a quantitative way the intui-
tive notion that complexity has increased over big time. Ta-
ble 3 provides an overview of systems with minimum and
maximum ERD values (for details see SM) for the various
sub-realms, which can be viewed as an extension of Table
1 with minimum and maximum mass and ER values and is
helpful in the discussion below.

8.1. ERD threshold and complexity

First, the observation of an ERD threshold, as shown
and discussed in sections 6 and 7, will be further elaborated
upon. It seems that the evolution of systems has resulted in
a very wide coverage of the ER vs. mass area in all energy
realms, until systems ran into principal ER and mass lim-
itations. Only by considering the full collection of ER &
mass data of “all” systems from all realms as shown in the
master plot, the ERD threshold at 10° W/kg becomes appar-
ent. Systems with ERD values above the ERD limit are not
stable and typically “explosive”. This raises the interesting
question, whether such an ERD maximum corresponds to
a maximum complexity that systems can achieve, not only
in the past and today but also in the future.

A way to increase complexity beyond this apparent ERD
limit may be via completely different principles for mate-
rial structures and energy processes. In the biological and
cosmological realms this seems quite unlikely since the
structures and processes are given. For the technological
sub-realm this may be a different matter, since understand-
ing of the ERD limitations may allow scientists and en-
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gineers to develop new systems based on different design
principles with larger ERD values. A high concentration
of energy is possible by itself, as illustrated by the very
large ER values of unstable, “explosive” systems. It is the
stability of the system’s structure and its boundaries that
is limiting and, thus, should be addressed. Maybe larger
ERD values can be obtained by going to smaller systems
with smaller masses. The heat generation in a system scales
with its dimension to the power three, whereas heat transfer
scales with dimension to the power two. Therefore, smaller
systems with more efficient cooling and less heat build-up
will allow performance at higher ERD values, as witnessed
by the trend towards downsizing, i.e., miniaturisation [176]
as shown for CPU’s and chemical micro-reactors. Small-
er systems may be built up via chemical synthesis, as has
been shown for nano-machines [104]. Alternatively, new
materials with higher melting temperature, heat resis-
tance and (specific) strength, such as super-metal-alloys,
super-thermosets or super-composites, may enable larger
ERD values. The development of new technologies for
compartmentalisation of systems may also overcome to-
day’s stability limitations. For example, efforts to use nu-
clear fusion for power generation are limited by the fact that
there are no materials able to withstand the extremely high
temperature (> 10® K) of the nuclear plasma. Exploiting
strong magnetic fields to shape and control the plasma in
so-called tokamak reactors may be a way out. Yet another
possible way for by-passing the ERD limit is by exploring
new energy realms, which differ from the realms discussed
here and may have different material structure demands.

It also seems possible to increase the complexity of sys-
tems, but remain below the ERD threshold by simultaneous
growth of ER and mass. This is to some extent how biolog-
ical, technical and social evolution seem to have operat-
ed until today. New, more complex systems have evolved
over time which are larger in size and have a larger mass
and, thus, require larger ER. However, as long as ER does
not grow (much) faster than mass, the system will not run
into ERD limitations (cf. dotted arrows in Figures 2 and 3).
For example for animals, sub-linear scaling (section 5) has
resulted in larger size but smaller ERD. For technological
systems, increasing energy efficiency allows larger mass at
smaller ERD (cf. section 8.3). For social systems ER grows
slower than mass indeed(sections 5.3 and 6.3), resulting in
smaller ERD. Convergence of smaller systems may result
in the creation of a larger system, which typically results in
a smaller ERD (cf. section 8.4) but with emerging perfor-
mance and, thus, higher complexity.

Kardashev has proposed a logarithmic scale for the
development of a civilisation over time with energy con-
sumption as a complexity metric [177]. A civilisation may
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Table 3: Systems with smallest and largest ERD for all (sub-)realms in dataset”.
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realm sub-realm smallest ERD system ERD (W/kg) | largest ERD system ERD
(W/kg)
biological phototrophic organisms | large tree in darkness 0.038 Gloeobacter violaceus cyano- 28
bacterium
chemotrophic Chrysemys picta tortoise 6.3x10* E. coli fastest growth 5800
organisms in anoxic hibernation
parts of living human adipose tissue 0.22 Galago senegalensis primate 8900
organisms muscle during jumping take-
off
cultural technological systems first steam water pump by 0.02 Intel Core 17 processor 6.1x10°
Savery
social systems New York 0.012%* bechive with 2000 bees 0.54
cosmological stars J1237+6526 ultra-cool, 2.2x10® Godzilla variable star 150
brown dwarf
planets Uranus 8.2x1012 Jupiter in formative stage 0.003
matter accreting objects | V1454 Cyg white dwarf 7.6x10* V866 Cco young stellar ob- 1.1x10*
binary ject
planetary system Solar system $ 1.9x10*
galaxies dwarf elliptical galaxy 1.3x10° JADES-GS-z13-0 0.035
universe observable universe $ 6.7x10° @

# As present in dataset in SM, i.e., not per se system with smallest or largest ERD of all existing systems; * including human-made mass
in use; $ only one example listed; @ only ordinary matter and stellar luminosity (dark matter/energy, SN, gamma-ray bursts and black

holes excluded).

develop from type 1 (able to access and harness all energy
available on its planet) via type 2 (able to directly consume
all energy of its star) to type 3 (able to capture all energy
emitted by its galaxy). As a result, the corresponding ER
will dramatically increase from 1.3x10'” W (Solar luminos-
ity at Earth) via 3.8x10%® W (Solar luminosity) to 6.3x10%¢
W (luminosity of Milky Way). Global ER of our human so-
ciety today corresponds to a score of 0.73. One may won-
der whether a civilisation with a much higher score will
run into ERD limitations ? However, applying different
principles for material structures and energy processes or
increasing the civilisation-build mass simultaneously with
ER may be ways out to prevent such issues.

A third way of increasing complexity without running
into an ERD limit may be by applying the current princi-
ples of material structure and energy processing and, thus,
stay within the ERD = 10° W/kg limit, but advancing in
information processing. Processing (transfer, storage, and
conversion) of matter, energy, and information is viewed
here as the key characteristic of active, complex systems.
In a way, the ER vs. mass master plot only describes com-
plexity in the 2D surface, set up by the first two characteris-
tic. This leaves room for increasing complexity in the third
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dimension of the 3D complexity space, i.e., via evolution
and innovation of information processing within the ERD
limit. The average human brain [80] has roughly the same
ERD 0f 0.012 W/kg as the IBM AN/FSQ-7 computer from
1958 [178], but probably a better information processing
performance, showing that complexity is not just deter-
mined by energy flow. Further development of the world-
wide web and artificial intelligence will correspond to a
further increase of complexity via the information dimen-
sion without requiring an ERD increase.

8.2. Change of ERD over big time and evolution

A second observation is that the development of com-
plexity over big time from the Big Bang to our human so-
ciety, as presented in BH narratives [7-9], did not proceed
via cosmological systems with the highest ERD values.
Our Sun has a relatively low ERD value (1.9x10* W/kg),
compared to other cosmological objects (SM I1I), such as:

- MS stars with higher masses, for example, 1.2x10°* kg

MS star of spectral type O: 2.5 W/kg;

- giant stars beyond MS, like Godzilla: 58 W/kg [87];

- neutron stars in binaries: 10 to 500 W/kg [55];

- black holes: 10 to 1000 W/kg [55,91];
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- SMBHs: 300 to 8500 W/kg [91].

Our Earth also has an ERD value (2.1x10® W/kg) which
is relatively low compared to other (exo)planets (2x107 to
8x107 W/kg [89]) and planets in formative stage [5] that
are larger and/or hotter, because they:

- are either younger and, thus, had less time to cool,

- are more proximate to their stars and, thus, receive

more heat, or

- still have more internal radio-activity and, thus gener-
ate more heat.

Apparently, the evolution towards living and cultural sys-
tems with increasing ERD, as we know them on Earth to-
day, did not occur on nor in the neighbourhood of such cos-
mological objects with very high ERD. Amongst others,
the development of living and cultural systems is prevented
by the high temperatures and high levels of radiation (in
the neighbourhood) of these cosmological objects and re-
quired environments with more suitable conditions (hab-
itable zone, Goldilocks conditions). In this respect, it may
not be coincidental that life on Earth originated:

- in a galaxy with a SMBH with low activity at its center,

- in a planetary system with in its center a star with rel-
atively low mass and luminosity (considering the full
mass and luminosity ranges of stars), as well as

- on a planet with a medium temperature.

Homo sapiens is often viewed as the hallmark of biological
evolution, but humans have a modest ERD value (20 year
old male: BMR- and TEE-based 1.2 and 2.2 W/kg, respec-
tively) compared to other living organisms (SM I):

- cyanobacteria: up to 28 W/kg [18];

- chemotrophic archaea and bacteria: up to 500 W/kg

[19];

- plant and tree seedlings: up to 14 W/kg [18];

- aquatic invertebrates: up to 12 W/kg [18];

- insects: up to 14 W/kg [112];

- small endotherms, mammals, and primates, such as
shrew, deer mouse, and Microcebus: up to 40 W/kg
[SM Ib];

- birds (in flight): up to 40 (100) W/kg [SM Ib].

In terms of an ERD vs. time plot, ERD does progress
to higher values over big time, as shown by Chaisson
[5,51,52], but not necessarily from the highest peak to the
highest peak. Actually, the development of complexity
over big time has followed a rather tortuous path through
the ER vs. mass master plot over big time, viz. from the cos-
mological realm on the right side via the biological realm
on left side to the cultural realm in the middle. Finally, the
ERD ranges as set up by the minimum and maximum ERD
values in the cosmological, biological and cultural realms
(Table 3) are very broad, resulting in substantial overlap
between these three realms. Given these wide ranges, it is
remarkable that systems in all three realms have evolved
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in parallel to a maximum ERD value of approximately 10°
Wikg.

8.3. Change of ERD during lifetime and evolution

A third observation is that ERD does not always increase
monotonously, but often decreases over the lifetimes and
during the evolutions of some (groups of) systems in the
biological, cultural, and cosmological realms. This raises
some questions on the efficacy of ERD as a metric for com-
plexity in big time. Starting in the biological realm, both
mass and ER increase strongly when a human grows over
its lifetime from a baby to a young adult, but mass grows
more strongly than ER (section 6.2: 22 vs. 16x). As a result,
ERD decreases from 3.1 W/kg at birth to 2.2 W/kg at 20
years, whereas one would state that complexity in terms
of social, emotional, and, intellectual performance of the
young human has increased [57]. Because ER is more or
less constant, but mass somewhat increases further up to 65
yr, ERD decreases somewhat more to 1.7 W/kg for an el-
derly. This does not correspond with the generally viewed
opinion of more life experience, stability, and wisdom,
which suggest increased complexity. ER scales sub-linear-
ly with mass with a power law constant § of around 0.75
for animals (Table 2). i.e., larger animals need proportion-
ally less energy than smaller animals. The consequence is
that ERD, defined as the ratio of ER and mass, scales re-
ciprocally with mass to the power -0.25 (= 0.75 - 1). For
example, for endotherms ERD decreases from 14 to 0.2 W/
kg with increasing size, for mesotherms from 2.0 to 0.4 W/
kg, and for ectotherms from 1.2 to 0.2 W/kg [62]. Thus and
as already noted by Makarieva ef al. [17,18], ERD has ac-
tually decreased when living organisms evolved within the
same taxon from smaller to larger species during biological
evolution. These authors have also concluded that specific
MR (= ERD) has reached a constant value of around 1 to
10 W/kg for all biological taxa during biological evolution.
This was explained to be the result of biologically evolu-
tionary optimisation in the context of thermodynamic and
physical constraints [18]. DeLong et al. have shown that
ERD increases with mass for prokaryotes (archaea and bac-
teria), next levels off for unicellular eukaryotes with higher
mass, and then decreases for small, multicellular, aquatic
animals with the highest mass. The power constant 3 for
ER vs. mass scaling (Table 2) changes from ~1.8 via 1.0
to 0.75 and, thus, the power law constant for ERD vs. mass
scaling changes from +0.8 via 0.0 to -0.25 [19]. First of all,
this shows that the metabolic mechanisms and limitations
are different for various biological taxa. In addition, it also
shows that ERD went through a maximum of around 50 W/
kg for unicellular eukaryotes during biological evolution
from prokaryotes via unicellular eukaryotes to multicellu-
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lar eukaryotes. In summary, these variations in ERD and
especially the absence of a continuous ERD increase are
not aligned with an increase of complexity during biolog-
ical evolution. Interestingly, the changes of TEE (just bi-
ological food requirements and excluding energy for tech-
nological uses) and mass during the evolution of hominins
from the early, rather small hominin species via the larger
Neanderthals to today’s, somewhat smaller Homo sapiens
(section 6.2), correspond to a continuous increase of ERD
(1.5t022 > 221029 — 2.5 to 3.1 W/kg). Again, this
does align with the apparent, increased complexity.

For small tools, big machines, as well as huge power
and chemical plants in the technological sub-realm, there
has been a continuous drive towards increased energy ef-
ficiency, often because of economic reasons. Typical ex-
amples of the last decades are the improved fuel efficiency
of car engines (with a factor larger than two over the last
fifty years [179]) and the increased efficiency of thermal
power plants (from 32 to 36 % from 1990 to 2015 [180]),
both motivated by increased energy prices. A higher en-
ergy efficiency may allow a better performance in terms
of increased energy output for a given energy input, but
also a decreased energy input for a given performance out-
put, i.e., energy savings. In the first case, ERD typically
increases (larger ER for same mass, for example increased
efficiency of solar panels). However, in the second case
ERD decreases (smaller ER for same mass; for example
replacement of incandescent by LED lamps), whereas
more refined and optimised technology to save energy, re-
sulting from innovation, could be considered as increased
complexity. Indeed, Kempes considers a large ERD as an
indication of energy inefficiency [20]. Similarly, there is a
drive to maximise the carrying load of machines used for
the transport of goods, such as trucks, cargo planes, as well
as container and tanker ships. The combined result of max-
imising load mass and minimising energy consumption is
again a decreased ERD, while the complexity of the trans-
port machines has increased. Innovation may also result in
the simplification of the design of products, for example by
reducing the size of over-designed components or leaving
out redundant parts. Interestingly, the product complexity
is then reduced, while ERD may increase because of mass
reduction.

In the cultural sub-realm, ER of bee colonies and human
cities scale sub-linearly with colony and city mass with 3 =
0.64 and 0.86, respectively (section 5.3). As a result, ERD
scales inversely with mass with a power law constant of
0.36 and -0.14, respectively. Indeed, ERD decreases with
city size from 0.025 W/kg for Vic (France) to 0.012 W/kg
for New York (USA) [23]. This is rather counter-intuitive
in view of increased social complexity, but makes sense
when one realises that larger cities have economy of scale
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and improved energy efficiency. Early Homo sapiens had
an ERD of 2 to 3 W/kg, based on just chemical energy
from food and mass of the human body. Making a jump
to our modern, industrialised society, both mass and ER
have dramatically increased over the last 120 years (Figure
3). Because human-made mass has grown faster than ER,
ERD has decreased from 0.043 W/kg in 1900 to 0.017 W/
kg today. In contrast, the general opinion is that complex-
ity has increased strongly, when the human society devel-
oped from:

- the first humans, living rather isolated and from what

nature had to offer, via

- the steam-powered society in 1900, still somewhat fo-

cussed on regional affairs with the telephone as most
efficient communication technology, to

- the electricity-powered society of today, characterised

by its global economy and internet communication.

Note that this conclusion is in strong contrast to those of
Chaisson (increased ERD over human [r]evolution from
hunter gatherer to human in industrialised world) [51, 52]
and Barton (strong increase of ERD of human society since
1900, but levelling off since 1980) [71]. Both Chaisson and
Barton have normalised the increasing, global energy con-
sumption to the mass of the human population only. How-
ever, humans do not eat coal, do not drink oil, and do not
inhale natural gas, while high-voltage electricity is harmful
to them. The only energy that flows through human bodies
is chemical energy from food and oxygen, corresponding
to the average, daily 2500 kcal dietary energy requirement
per person, which has hardly changed over time. It is here
argued that the mass of the whole human system should be
considered for the calculation of ERD, just as ER is consid-
ered for the whole system. Without the human-made mass
in buildings and constructions, human society would not
be able to achieve such a high ER. This then results in the
question whether ER itself and not ERD is a better measure
for social complexity ?

Finally and as explained in section 5.4, ER of MS stars
scales super-linearly with mass with an average 3 of 3.5.
As a result, ERD scales with mass with an average pow-
er law exponent of 2.5 and, thus, a larger-mass star will
have a larger ERD. This is in agreement with a higher
complexity, as witnessed by the production of higher-mass
elements via nuclear fusion and the presence of more, el-
ement-enriched layers. Since the average mass of stars
formed during the evolution of stars from population III
via population II to population I has decreased, ERD of
stars also has decreased. This is another example showing
that evolution, in this case stellar evolution, has resulted in
smaller ERD.

Inspection of the smallest and largest ERD values for
systems in the various sub-realms in Table 3 shows two
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general trends:

- a very small system often has a very large ERD (cyano-
and E. coli bacteria, the Intel Core 17 micro-processor,
and a beehive with a small number of bees), whereas a
very large system often has a very small ERD (a large
tree, the first steam water pump, and New York city);
this is probably due to sub-linear scaling of ER vs.
mass (B < 1) in the corresponding sub-realms;

- a system with very low activity often has a very small
ERD (a tree in darkness, a tortoise in hibernation, ad-
ipose tissue, and an ultra-cool dwarf star), whereas a
system with very high activity often has a very large
ERD (fast growing E. coli, primate muscles during
jumping, and Jupiter in formative stage); this is simply
because higher activity levels require more energy.

For both ERD trends it is questionable whether the com-
plexity of the systems varies accordingly. The calculation
of ERD of a system by normalising ER by mass makes
sense in a first approach, but inexplicitly assumes 3 =1 for
all groups of systems, which is not correct (section 5). Ac-
tually, B = 1 applies to systems with linear scaling with the
system as a whole being simply the sum of its parts, where-
as the key feature of complexity is that a complex system
as a whole is not just the sum of its parts. Possibly, ERD
values of systems in normal operation should be compared,
similar to the use of BMR in biological scaling studies. Six
out of eleven maximum ERD values in Table 3 are (much)
larger than those of a young-adult male (food energy only:
1.2 W/kg) and our society (0.017 W/kg). However, it is
questionable whether the complexity of the six correspond-
ing systems is larger than those of a human and the human
society.

8.4. Use of ERD of parts to represent complexity
of systems

A fourth observation connecting ERD with the ER vs.
mass master plot relates to a warning for using sub-systems
(parts) with high ERD values as indicative for the com-
plexity of the larger system. Such pars pro toto reasoning
often gives a wrong impression. First some examples for
the biological realm will be presented. It may be obvious
that the cytochrome oxidase protein and the respiratory
complex with very large ERD values (1700 and 1200 W/kg
[10], respectively) are not representative for living, aerobic
organisms. But in the same way, high-energy-demanding
organs of the human body (heart, kidneys, liver, and brain)
with large resting ERD values (32, 23, 12, and 11 W/kg,
respectively [80]; similar data in [181]) are not representa-
tive for the human body as a whole. The skeleton muscles
in rest have a low ERD of 0.5 W/kg, while the abundant
but inactive adipose tissue acting as energy reservoir has
an even lower ERD of just 0.2 W/kg. The ERD data of all
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these organs and tissues converge to a basal ERD of the
human body as a whole of just ~2 W/kg. It is interesting
to note that the human organ with the highest ERD is not
the brain, i.e., the center of the nervous system considered
to be the most complex organ responsible for cognition,
intellect, and emotions, but the heart which is “just” the
pump continuously conveying blood through our body! In
his respect it is also interesting to note that ER during play-
ing chess is hardly different from BMR [182], whereas ER
during physical activities (physical labour, sports) is much
larger (cf. section 7.2).

In the technological sub-realm there is often just one
part of a technological system that is processing energy
and, thus, governing ER, but its relatively large ERD is not
representative for the system as a whole. The main engine
fuel turbopump of the space shuttle has an ERD of 1.5x10°
(W .kg) [158], while the space shuttle itself has an ERD of
“just” 1.4x10* W/kg. Similarly, the engines of other vehi-
cles have ERD values which are four to twenty times larg-
er than those of the machines themselves (SM Ila). ERD
values of ICs for the old Intel 4004 and modern Intel Core
i7 CPUs of 6x10° and 6x10° W/kg, respectively, are much
larger than those of the corresponding CPUs themselves,
viz. 12 and 2.6x10* W/kg, respectively [81]. When con-
verging from the technological sub-realm into the social
sub-realm, the very large ERD values for electrical house-
hold appliances (0.3 to 4000 W/kg), cars (70 to 250 W/kg)
and super-computers (3 to 250 W/kg) are indeed illustrative
for the high complexity of our modern society [5]. Howev-
er, the high ERD values of such devices are not representa-
tive for ERD of the human social systems as a whole. The
admittedly high ERD values of the machines mentioned
are averaged out, when considering the huge amount of in-
active, human-made mass of buildings and constructions.
This results in modest ERD values of 0.012 to 0.031 W/kg
for cities and 1.7x10-° W/kg for the human society of today.
For the same reason in the cosmological realm ERD of (su-
per-massive) black holes (1 to 9000 W/kg) do not represent
ERD of a galaxy (2x10° to 4x102 W/kg) nor that of the
universe as a whole (10 W/kg). This brings us to another
question: how to compare systems from different realms ?
Which parts and which whole systems may be compared ?
This question will be addressed in another study by making
a rigorous distinction between sub-realms and examining
ERD over their corresponding complexity hierarchy [183].

8.5. ERD in converging systems

A related and final observation is that the subsequent
convergence of smaller sub-systems to larger systems and
these in their turn to even larger super-systems efc. cor-
responds to a natural system hierarchy. Intuitively, this
should also correspond to an increase of complexity, be-
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cause the super-systems consist of a number of smaller
systems, which in their turn consist of a number of even
smaller sub-systems. In addition, the transition from such
smaller to larger systems is often accompanied by the emer-
gence of additional properties and functions, which are not
present at the previous level, i.e., “the sum is often greater
than the parts”. Also, for this reason it can be stated that
complexity increases when following the natural hierarchy.
Bonner has elaborated exactly on this point for biological
and social systems [125]. Reeves has done the same for
systems, ranging from quarks to organisms, in his pyramid
of increasing complexity [184]. However, the ER vs. mass
data for small systems merging into larger systems (section
4), show that ERD does not simply increase, but in a way is
averaged out. Note that in contrast to mass and ER, ERD of
a larger system is not the sum of the ERDs of its parts, but
the weighted average. The larger systems typically consist
of various smaller systems representing a whole range of
ER’s and masses, including inactive systems with ER =0
but a certain mass. As a result, ERD decreases when going
up in the complexity pyramid. In this respect, ERD of the
universe of 7x10¢ W/kg is the ultimate average, which is
very low ERD value for an active system indeed. Vice ver-
sa this also means that ERD increases when going down
in the complexity pyramid, which may partly explain why
parts of a system span a wider range of ERDs than the ERD
value of the system itself. This is illustrated by the exam-
ples of convergence as presented in section 4, but now with
ERD data in W/kg between brackets.

- biological realm: cytochrome oxidase protein (1730)
— respiratory complex (1170) — mitochondrion (310)
— neuron (27) — cerebellar cortex (15) — brain (11)
— human body (2.0);

- technological sub-realm: car engine (800) — car (130)
(1990 data);

- social sub-realm:

- bees (41) — bee colony in beehive (0.54);
- humans (2.0) + machines (~250) — cities (~0.02)
— today’s, global human society (0.017);

- cosmological realm: Sun (1.9x10*) — Solar system
(1.9x10*) — Milky Way (2.1x10°) — universe (7x
10°).

In summary, ERD is admittedly a very elegant metric
for the development of complexity over big time. How-
ever, there seem to be some issues related to decreasing
ERD over the lifetime of a human and the human society,
as well as during the evolution of larger, living organisms
and stars. In addition, increased energy efficiency of ma-
chines results in decreased ERD, but innovation is viewed
as increasing complexity. Care should be taken to include
the correct mass of the full system through which energy
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flows including the mass of inactive parts, which for social
systems results in significantly lower ERD values. High
ERD values of parts of systems are not representative for
the system as a whole. The anthropocentric view on BH
developing via Sun, Earth and human does not reflect the
path of highest ERD values of stars, planets and living or-
ganisms, respectively. In general, focussing on ERD as a
single parameter for systems which are only relevant to BH
[5], does not allow the full interpretation of ER vs. mass
details for “all” systems in the universe.

9. Conclusions

Convergence and scaling: As a start and in response to
the question in the title: much can be learned from a master
plot of ER vs. mass for a wide variety of (complex) systems
from the biological, cultural, and cosmological realms ! Es-
pecially when plotted in a double-logarithmic fashion the
full details of the ER and mass data (spanning 67 and 75 or-
ders of magnitude, respectively) become visible and allow
a discussion that is not possible when just considering ERD
(= ER/mass ratio) data. The ER & mass datapoints of sys-
tems belonging to the various (sub-)realms form clusters,
which provide a quantitative distinction of the sub-realms
and is aligned with their qualitative distinction in BH with
respect to material structure and energy processing. Small
sub-systems with low mass and ER converge into larger
systems with larger mass and ER, which in their turn con-
verge into super-systems with even larger mass and ER. In
addition, ER scales with mass for various groups of sys-
tems in sub- and super-linear fashions. The value of the
power law constant is dependent on the particular group
of systems (B varies between 0.5 and 4.0), showing that
the self-organising mechanisms of these groups of systems
are quite different. The combination of convergence and
scaling with P always larger than zero explains why the ER
& mass data fall in a broad, diagonal band from the lower
left to the upper right side of the master plot with an ERD
width of 17 orders of magnitude.

Lifetime and evolution: Typically, both ER and mass vary
during the lifetimes of systems, but with a steady state in
their mature stage with minor fluctuations around stable
ER and mass levels. The human society is an exception
though, because, so far, its ER has increased, but its mass
even more so. Note that in contrast to Chaisson [5,51], the
mass of a social system is defined here as the sum of the
mass of the living organisms plus that of the built con-
structs, which are essential to achieve its particular ER
value. ER and mass vary over the lifetime of systems, but
even more during the evolution of groups of systems, either
to larger ER and mass (living organisms, machines) or to
smaller ER and mass (stars). Notably, the development of
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complexity over big time has followed a rather tortuous
path criss-crossing over the ER vs. mass master plot.
Minimum and maximum ER: The area on the lower and
right side of the master plot seems empty. However, it is
filled with a huge number of dormant, living organisms,
machines with the unique features that their power can be
switched on & off and adjusted to a desired level, as well
as cooling, cosmological objects (stellar remnants, planets,
asteroids efc.) that are fading away. In a BH context, such
systems are typically considered less interesting compared
to active systems. It is argued here that these are all simple,
complex systems, which are out of equilibrium and with
matter, energy and information stored in their structure.
Evolution can be viewed as the process of systems trying
to explore a larger ER vs. mass area until they run into ER
and/or mass limitations. There seems to be an upper ER vs.
mass limit for stable systems running diagonally through
the master plot, corresponding to a maximum ERD of
around 10° W/kg. In the technological and cosmological
realms, systems with ER vs. mass values above this limit do
exist, but these are “explosive” and are considered as un-
stable. Such “explosive” systems in terms of energy trans-
fer do not exist for the biological and social realms. The
observation of an ERD limit for all systems over the whole
master plot, raises the interesting question of whether such
a threshold puts a limit on the development of complexity
over big time.

Consequences for ERD as complexity metric: While
ERD appears to increase with the ‘advancement’ of sys-
tems over big time [5,51,52], there are quite a number con-
founding factors regarding the efficacy of ERD as a metric
for complexity in BH. The tracks of ER vs. mass of some
(groups of) systems over their lifetimes (human body, hu-
man society) and evolutions (living organisms, stars) show
that ERD decreases, whereas their complexity is believed
to increase. The convergence of parts to a larger system
often comprises the inclusion of inactive parts with a cer-
tain mass but with ER = 0. As a result, ERD decreases
from parts to systems with the observable universe as the
ultimate convergence having a very low ERD. Note that
high ERD values of system parts may be illustrative for the
complexity of the larger system, but are not representative
for ERD of the system itself (e.g. heart > body, engine >
machine, SMBH > galaxy, efc.). Also machines with an
increased efficiency of energy utilisation can be more com-
plex, but have a smaller ERD. Finally, the smallest and
largest ERD values for the various realms appear to cor-
relate with activity level and reciprocally with size, which
do not per se reflect complexity. The anthropocentric view
on BH developing via Sun, Earth and human does not re-
flect the path of the highest ERD values of stars, planets
and living organisms, respectively.
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It is hoped that the raw data collected and the major
trends observed in this paper will offer new insights into
various aspects of the evolution of the universe over big
time, and serve as an important resource for other related
studies.

10. Follow up

The current dataset of mass and ER values of systems is
very large, but not complete and can still be further expand-
ed by including data for important groups of systems that
are missing For example, enzymes, cell organelles, photo-
synthesizing plants, tumors, virus-infected cells, eco-sys-
tems, molecular nano-machines, chemical plants, countries,
and galaxy clusters are but a few other systems that warrant

i) identify missing (groups of) systems and providing
additional ER vs. mass data to update the master plot;

i) provide more in-depth analyses of the data;

iii) suggest other viewpoints for discussing and interpre-
tating the data.

inclusion. In addition, the comparison and interpretation of
the data along the various angles can be done more in-depth
than sketched in the various sections of this paper. In a way,
this paper should be considered as an invitation to readers to:
Mass and ER are just two dimensions of the 3D complexity
space. It would be interesting to explore the full 3D space
by including information flow and using a corresponding,
suitable metric. Admittedly, the author of this type of broad
studies cannot be an expert in all the underlying disciplines
nor can (s)he have read all relevant papers. Therefore, com-
ments on factual descriptions and argumentation are also
welcome. In a subsequent study the development of ER(D)
and mass of a low-mass star like our Sun, a human, and the
Roman empire will be explored over their lifetimes in more
detail, showing some more limitations of ERD as a metric
for complexity [57]. In another study, a rigorous distinction
of systems in different sub-realms will be made and the
change of ERD over their corresponding complexity hier-
archy will be examined [183]. In yet another study, the col-
lected ER and mass data will be correlated with additional
data on lifetime of systems, resulting in a mass-invariant,
total energy density for different groups of systems [185].
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Supplementary material

The supplementary material provides all mass and ER
data as well as the corresponding ERD values of the sys-
tems ,as presented in the master plot and discussed in this
study. Also calculations, sources, and other comments are
included. Data have been categorised as follows:

I: living organisms: la: phototrophic; Ib: chemotrophic;
Ic: parts of living organisms;

II: cultural systems: Ila: technological systems; IIb: so-
cial systems; Ilc: human-made explosives;

III: cosmological objects: Illa: stars; IIIb: planets; Illc:
matter-accreting objects; IIId: planetary systems;
le: galaxies; IIIf: universe; Illg: dead cosmological
objects; III: cosmological explosions;

IV: Earth systems;

V: simple systems;

VI: Chaisson’s dataset.

Also figures referred to with roman numbers, but not shown
in the main text are included:

- Figure i: linear plot of ER vs. mass, showing just one
datapoint e.g. for universe, while datapoints of all oth-
er systems disappear in origin;

- Figure ii: ER vs. mass scaling of all data in double-log-
arithmic master plot except for dead, explosive and
downscaled systems, yielding an overall power law
constant f of 0.92; and

- Figure iii: plot of ERD vs. mass, showing ERD limit
of 10° W/kg, separating stable from unstable systems.

Volume VII Number 1 2024

Martin van Duin

Abbreviations

au atomic unit

ATP adenosine triphosphate
BH big history

BMR basal metabolic rate

C carbon

CPU central processing unit
(D)NA  (deoxy)ribonucleic acid
E. coli  Escherichia coli

EMR endogenous metabolic rate
ER energy rate

ERD energy rate density

EV full-electric vehicle

GRB gamma-ray burst

H hydrogen

He helium

HR Hertzsprung-Russell

HV hybrid vehicle

IC integrated circuit

ICEV internal-combustion engine vehicles
L luminosity

LED light-emitting diode

M absolute magnitude

MR metabolic rate

MS main sequence

N nitrogen

NL Netherlands

O oxygen

SM supplementary material
SMBH  super-massive black hole
SN super-nova

TDE tidal disruption event
TEE total energy expenditure
T temperature of colder surrounding
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