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Abstract

Population growth is the most basic component of the physical production of a human society, driven
by energetic throughput that feeds back to further growth. The expansion of our population and
energy systems has significantly altered the climate system that enables human activities. The
objective of this study is to show that the changes in the human population and atmospheric COz,
over the last 220 years, can be understood through a sigmoid S-shaped dynamic model fueled by
global power and its growth rate. This study analyzed the time series of population size and
atmospheric concentration from 1800 to 2020 using a sigmoid model influenced by the power
dynamics. Population growth was driven by two forces: the long-term increase in power use and the
faster interdecadal changes in power growth rates, while the increase in atmospheric CO:
concentration growth rate is driven by the long-term increase in global power. Our expansionary
population dynamic is starting to reach its limits. Population size, atmospheric CO: concentration,
and power (energy/time) were engaged in a positive feedback loop that explained the dynamics of
our population system, making our present human societies increasingly vulnerable to collapse.

Keywords: human expansion; power; COz; hyperbolic growth; overlapped sigmoid-trajectories

1. Introduction

Human economic systems have always depended on the transformation of materials and energy
[1,2]. Industrial civilization is fundamentally rooted in the exploitation of unpaid work by
photosynthetic organisms, which converted solar energy and stored it as fossil fuels over millions of
years [3-5]. This reliance on power (energy/time) is central to understanding human population and
economic growth [5].

From a thermodynamic perspective, population growth is the most fundamental component of
the physical production of a human society [6]. Population growth is driven by energetic throughput,
which feeds back to further growth [7-9]. The global population is an open system that literally lives
off environmental resources and exports unusable energy and materials of low structure and high
simplicity —in other words, entropy [10]. In consequence, this intrinsic expansive and interdependent
dynamics could constrain the general sustainable development goals, in particular those related to
the joint achievement of economic growth, decent work, innovation, and climate action.

We face a key challenge: the massive growth of human societies over the past two centuries. This
global niche construction is driven by population dynamics, cultural evolution [11], and fossil fuel
energy [12,13]. During the Industrial Revolution, population growth was linked with increased
technological innovation, economic activity, and energy use [7,8,14,15]. As populations grew and
new energy gradients were used, health and life expectancy improved, enabling further population
growth. This created a feedback loop: growing populations increased demand for energy and
technology, which, in turn, drove further innovation, greater access to resources, and greater
environmental pressure. As a result, population and energy use continued to rise [16-18].
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The idea that human population size could stimulate its own growth by accelerating innovations
that increase the dissipation of energy gradients from nature was proposed more than 70 years ago
[19]. As the population grows, more minds and labor contribute to technological advances and
resource extraction, enabling greater use of energy and resources from the environment. Several
studies have examined the positive relationship between population size and growth rates in humans
[7,20-24]. Recent human population dynamics are best understood by considering this positive
feedback loop: growth enables innovation and expansion, which allow extraction of more resources,
in turn fueling further population increases [9,11].

Population growth patterns in various prehistoric societies mirror those during the Industrial
Revolution, indicating that this positive feedback loop has operated throughout much of human
demographic history, from hunter-gatherers to modern industrial societies [25]. Notably, periods of
rapid expansion appear as a “relay” phenomenon [21], with population trajectories following
overlapping sigmoid (S-shaped) curves. Hyperbolic dynamics emerge as the envelope of these local
curves, reflecting overall self-accelerated expansion.

The expansion of our population and energy system has significantly altered the ecosystems that
supply all the materials and energy for human activity [26]. Human societies evolve to maximize
usable power —net energy extracted per unit time—by selectively drawing more energy and doing
more work, which creates a strong feedback loop [16,27,28] and makes these systems apparently
unsustainable [4,11,29].

This article focuses on the relationship between the maximum power principle [29,30],
nonequilibrium thermodynamics of growth [10,31,32], and population dynamics theory [33-35] to
reveal how energy conversion processes have shaped human population dynamics and atmospheric
CO:z concentration over the past 220 years.

Thus, the aim is to show that the interconnected growth of population and atmospheric CO2 can
be better understood through a series of sigmoid S-shaped models fueled by power (energy/time)
dynamics. This article proposes that hyperbolic growth patterns in the human population and
atmospheric CO: concentrations result from an overlapping series of S-shaped trajectories,
highlighting the feedback loop between power and population expansion as the central process.

2. Materials and Methods

I defined the system using time series from 1800 to 2020 for population size (N), power (P), and
atmospheric CO2 concentration (COz). The decadal human population estimates (N) for the period
1800-2020 were based on Our World in Data (https://ourworldindata.org/population-growth), and
the human population data for the period 1950-2020 are from the UN POP in World Population
Prospects 2020. The time series of power by year in Terawatts (Pw) corresponds to the data
(https://ourworldindata.org/energy-production-consumption), which corresponds to the amount of

total energy consumption measured in Terawatt-hours/year [36], which was converted into an
estimation of annual mean power by dividing by the number of annual hours (8760 hours). The data
on atmospheric carbon dioxide (CO:) concentration, measured as dry molar fraction (ppm), averaged
over a calendar year, are from Antarctic ice core records for the period 1800-1850 (Etheridge et al.
1996, 2001) and from 1960-2020 at the Mauna Loa Observatory
(https://gml.noaa.gov/webdata/ccgg/trends/co2/co2 annmean mlo.txt).

The global population, mean annual power, and atmospheric CO2 concentration growth rates
were estimated as follows:

Riy1 = log (x;ﬁ) 1),

t
x represents the corresponding estimates of annual human population size (N), mean annual

power (Pw), and atmospheric CO2 (COz) concentrations between decades. The complete dataset is
provided in the electronic supplementary material (Table S1).

Coupled dynamics of the energy, human population, and atmospheric CO2

When the cooperative social and technological pattern of self-accelerating development began,
humans began to spread throughout the world, and their population grew well beyond that of any
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other comparable species. Global human population dynamics over the last 220 years can be
considered a process of growth that, by using available energy reserves, can expand into new reserves
of materials and energy; this expansion creates positive feedback that further accelerates population
growth [7,8].

A key characteristic of historical human population dynamics data is a tendency toward hyper-
exponential population growth [19-24]. This kind of population process has been derived in the
literature in several different ways. Cohen [38] (1995) proposed two coupled Malthus-Condorcet
equations for the human population by arguing that human carrying capacity increases with
population size. In population ecology, this positive dependence of growth rates and population size
represents the classical Allee effect [34] or the “ Anti-Verhulst” equation [24]. The analysis began with
a diagnostic to determine the timing of hyperbolic growth in the three coupled entities: energy
consumption/year, population size, and atmospheric CO: concentrations. To illustrate hyperbolic
behavior, I plot the inverse power use (1/Pw), population (1/N), and CO: concentration (1/CO:) versus
time; the inverse values of the size of the growing entities under hyperbolic growth follow a
decreasing straight line [23,24]. Therefore, we can use this dependence to identify unique periods of
hyperbolic growth; a change to a slower growth rate (stagnation) will be indicated by an upward
bending away from the previous linear negative trajectory. On the other hand, a change toward a
faster hyperbolic trajectory will be indicated by the downward bending [24].

Hyperbolic or self-accelerated dynamic processes can arise from the “relaying” phenomenon, as
described by Meyer and Vallee [21], in which the dynamics are represented by a series of S-shaped
(sigmoid) curves, each corresponding to a local sigmoid curve. Still, the long-term hyperbolic
dynamic can be observed as an “envelope” of logistic curves [21]. Global human population and
atmospheric CO2 dynamics can be viewed as the “envelope” of two co-evolving open systems [32],
both fueled by power dynamics. The analysis began with a sigmoid logistic model [37] for population
size and atmospheric CO:z concentrations:

X

© (2).

-__ ¢
(t1=t)/T g

Where xw» is the value of the growing entity (population size and atmospheric CO:
concentration), ¢ is the carrying capacity of the population size and atmospheric COz, # is the time
where x(t1)) = c/2, and T is the growth time in years, or the inverse of growth rate T = 1/r, smaller values
of parameter T mean higher growth rates. In this study, power (energy consumption/year) (y:) and
power growth rates (ry,¢) were included as additive perturbation factors by varying the growth time
parameter T and the carrying capacity c for the population size and atmospheric CO:2 [33]. Equation
(2) can be modified to include this hypothesis as:

X - (Ctayp ®)
JL=/T+By ey Ty

the parameter o represents the positive effects of the power on the parameter c, the carrying capacity
of the growing entity (population and atmospheric CO: concentration. On the other hand, the
parameters fand y represent the potential negative effects of the power (y:) and power growth rates
(ry.t) on the growth time parameter T. More power or higher power growth rates decrease the growth
time parameter T, which means an increase in the growth rate of the population and atmospheric
CO:z concentration.

I fitted the time series of population and atmospheric growth rates to model 2 using the nls
(nonlinear least squares) function in the R programming language. Models were ranked according to
the second-order Akaike’s information criterion (AICc), and I calculated the Akaike’s weights (wi) to
infer the relative likelihood of each model [38]. I identified the variable(s) driving the system'’s
dynamics and quantified the probability that a given hypothesis explains the observed dynamics. It
is important to note that, for nonlinear models, the R? calculated for each model cannot be used to
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assess goodness of fit or model performance [39]. Consequently, I focused primarily on the AIC.and
wiresults..

3. Results

3.1. Temporal Change in the Hyperbolic Growth Rates

Figures 1a-f depict the overall inverse and total trajectories of global power, population size, and
atmospheric CO: levels. If the negative straight line in the inverse plots remains unchanged, then
there is no change in the mechanism of growth. For example, the inverse power plot (1/Pw) showed
a negative linear slope between 1800 and 1970 (y = 16.90 -0.00852x; F1,16 = 3358; p = 2.2e-16; R? = 0.995),
and an important decreasing trend in growth rates from 1980 and 2020 (y = 3.179 -0.00155x; Fi4 =
62.62; p = 0.0014; R? = 0.925) (Fig. 1a). Power growth rate decreased by a factor of five between these
two periods. The inverse population size plot (1/N) showed a negative linear slope, indicating a
hyperbolic growth rate from 1800 to 1980 (y = 8.593e-03 -4.211e-06x; F1,17=2759; p =2.2e-16; R? = 0.994),
for the period 1990-2020, the population growth rate decreased by a factor of two (y = 4.181e-03 -
2.008e-06x; F12 = 164.9; p = 2.2e-16; R? = 0.982) (Fig. 1b). In contrast, the inverse CO: plot (1/CO:)
showed changes toward a faster hyperbolic trajectory indicated by the observed downward bending
trend (Fig. 1c). The first sequence between 1800 and 1860 showed a weak negative slope (y = 4.485e-
03 -5.295e-07x; F1,5=45.15; p = 0.0011; R? = 0.880), an increasing growth rate between 1870 and 1940 (y
=1.036e-02 -3.683e-06x; F16 = 974.4; p = 7.18e-08; R? = 0.993). The ratio between growth rates showed
an increase by a factor of seven in the atmospheric CO: concentrations (Fig. 1c). From 1950 to 2020,
the growth rate of the atmospheric CO: even increased further, by a factor of three (y = 2.600e-02 -
1.166e-05x; F16 = 468; p = 6.37e-07; R? = 0.985). In sum, atmospheric CO:2 growth rates increased by a
factor of twenty-two since 1860.

In Figure 1d, we find that power data Pw from 1800 to 1970 can be well fitted using a hyperbolic
model (red broken line) with parameters T = 1384 years, ¢ = 0.092 Terawatts, and the singularity year
t1=1987,

E

( (4).

C
0= o,
On the other hand, power dynamic Pww from 1980 to 2020 was fitted by a logistic model (blue
broken line; equation 5) with parameters T = 32.63 years, ¢ = 38.80 Terawatts, and time when ¢/2, ti=
2017.5,

E

© (5).

_ C

T et/
In Figure 1e, we find that population size data N from 1800 to 1980 can be well fitted using a

hyperbolic model (red broken line) with parameters T =-313.22 years, ¢ = -515.06 million people, and

the singularity year 1=2018.4,

N

( (6).

f) = ;

e(tl_t)/T_1

On the other hand, population size N from 1990 to 2020 was fitted by a logistic model (blue
broken line) with parameters T = 34.76 years, ¢ = 12110 million people, and time when c¢/2, t:=1999,

N

© (7).

_ C

T e(t=t)/T
Finally, in Figure 1f, we find that atmospheric CO: concentration data COzw from 1800 to 2020

can be well fitted using a hyperbolic model (red broken line) with parameters T = -64.61 years, c = -

279.80 ppm, and the singularity year #; =2092.83,
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Figure 1. Inverse plots of (a) global power use (1/Pw), (b) global population size (1/N), and (c) atmospheric CO:2
concentration (1/CO:) time series, revealing the different hyperbolic trajectories represented by decreasing
(increasing) straight lines (red, blue, and black dotted lines; see text). Time series plot of (d) power use
(Terawatts), (e) population size (million people), and (f) atmospheric CO2 concentration (ppm) time series during
the period 1800-2020. Red broken lines are the fitted hyperbolic models, and blue lines are the fitted logistic

models (see text for details).

3.2. Coupled Dynamics of the Energy Conversion, Human Population, and Atmospheric CO:2

A model for the temporal pattern of population growth rates that includes the positive effect of
global power (y:) on parameter ¢ and the negative effect of power growth rate (ry:) on parameter T
was the best model according to AICc values and Akaike’s weights (Table 1). High global power
expands human population carrying capacity, while decades-long power growth rates shorten the
growth period, thereby increasing the population growth rate. This model is supported by the
cumulative w;, indicating a high summed probability (93%) that it is the best model compared with
the competing model. This can be interpreted as follows: the expansion of the human population was
driven by two forces: the continuous long-term increase in power and faster interdecadal changes in
power growth rates, which shifted the temporal pattern of population growth as a series of self-
limiting (S-shaped) curves that overlap [21] (Fig. 2a; Table 1).

The best model for the temporal pattern of atmospheric CO:2 concentration includes global power
(y+) and power growth rate (ry) as negative effects on parameter T, the growth time in years (Table
1). High global power and an inter-decadal power growth rate decrease the growth time, which in
turn increases the CO:z growth rate. This model is supported by the cumulative w;, indicating a high
summed probability (52%) of being the best model compared with the competing model. The second-

© 2026 by the author(s). Distributed under a Creative Commons CC BY license.
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best model was a simpler model with only the negative effect of global power on the growth time
parameter T (cumulative wi 37%; Table 1). This can be interpreted as follows: the increase of entropy
production in the atmosphere (CO2 concentration) is mainly driven by one force, the continuous long-
term increase in global energy consumption, influencing the growth rate of the CO: concentration
(Fig. 2b; Table 1). This can explain the acceleration of the atmospheric CO: concentration during the
last decades, while population growth is, by contrast, decelerating (Fig. 2).
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Figure 2. The self-acceleration process exhibited by the global population size (N) and the atmospheric CO:
concentration (CO:) can be represented by the phenomenon of “relaying” [21], the two variables (N and CO:) are
expanding according to a series of overlapped self-limiting (logistic) curves whose parameters (c and T) can be
influenced by the global power use (y:) and power growth rates (ry). (a) Global time series population size (grey
dots) and the corresponding best fitted sigmoid curves (table 1, red broken lines) using the observed power use
and power growth rate values. (b) Atmospheric CO2 concentration (grey dots) and the corresponding best fitted
sigmoid curves (table 1; red broken lines) using the observed power use values. Each plotted curve (red broken
lines) is the best-fitted sigmoid curve, inserting the recorded power and power growth rate for the years shown

in the graphic.

Table 1. Logistic models for human population and atmospheric CO2 dynamics influenced by global power and
power decadal growth rate (Eq. 3) were fitted to the population size and CO: time series. Parameter values are
given in the table's columns. The model notations are as follows: ¢ is the carrying capacity of the population size
and atmospheric COg, t: is the time where x(#) = ¢/2, and T is the growth time in years. Power use (yr) and power
growth rates (ry,t) were included as additive perturbation factors by varying the growth time parameter T and
the carrying capacity ¢ for the population size and atmospheric CO2. The parameter « represents the positive
effects of the power on the parameter c, the carrying capacity of the growing entity (population and atmospheric
CO2 concentration. On the other hand, the parameters £ and y represent the potential negative effects of the

power (1) and power growth rates (ry.r) on the growth time parameter T. AIC. indicates the Akaike information
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criteria corrected for the small sample size, wi is Akaike’s weights. The model with the highest support is
highlighted in boldface.

Population models c t T a )i y AIC. AAIC. wi n p
Xy _Leray) 2799.86 1900.02 124.10 41036 -- - 28151 2640 0 23 5
e(t1=8)/ (M 41
Xy (© - -
O =i 58476 2670.71 208.55 7.10 27474 1894 0 23 5
X . © .
© = v ryo 5.96e+05 2371  82.99 13.10 32301 6791 0 22 5
x(t):(t(c& 7.09e+08 4488  19.80 ) 177 - 26797 1287 0 23 6
(t=t)/(T+BYye) 11 2.01e+07
X o ©
O =TTy 66054.58 2747.68 220.58 724 780 260.60 5.50 0.06 22 6
x(t):(t“% 3617.14 195430 143.85 454.68 --- 151.22 255.10 0.00 0.93 22 6
L)/ T+yTy D 4
Atmospheric CO: models ¢ t T a Yij y AIC. AAIC. wi n p
X (c+aye)
O e o 580.59 1905.02 1051.63 927 —— 2213.8 130.05 11.84 0.0 22 6
X . (ctayy _ .
O =0T 53423 172575 89574 357 -26.03 121.71 352 0.09 23 6
Y= © 452.00 1493.07 65400 — -21.78 —— 11878 057 0.39 23 5

T O O/T+BYD 14

X ©
(t)_e(tl—f) [Ty Ty 11 609.06 1965.97 1012.66 —— -37.46 867.78 118.21 0.00 0.52 22 6

4. Discussion

The expansion of power use has played a central role in fueling the positive feedback loop of
human population and CO: dynamics over the past two centuries [7,15,40]. The expansive dynamics
of our global society over the last 220 years are driven by changes in total global power (energy
consumption/time) use and its growth rate, which, in turn, influence population dynamics. The
intertwined dynamics of power, population, and atmospheric CO2 growth rates are characterized by
different periods of acceleration and stagnation. While power use and population dynamics showed
a first period (1800-1970) of accelerated growth, and a stagnation since 1980, the atmospheric CO:
concentration dynamics are characterized by a hyperbolic growth for the studied period (1800-2020).

Our current population growth rates appear to be supported by energy influxes during the first
decades after 1950 [41]. The oil and natural gas era transformed social, political, and economic
relations from those of the coal age [42]. After 1940, a new energy era emerged, characterized by
accelerated population and economic growth and increased human environmental impacts
worldwide, the “Great Acceleration” [26]. During this period, there was a shift towards reliance on
oil and natural gas [12,43], which caused significant upheaval in power use, population, and the
economy after 1940-50. In the oil era, the power growth rate tripled, leading to unprecedented levels
of material production, population growth, and environmental degradation [26].

The results showed that from 1970 onward, the dynamics of growth rates in power and
population were characterized by diminishing returns [7,8,15,44]. Since 1970, power growth rates
have decreased, and population growth rates started to stagnate a decade later. The positive feedback
loop between power and population is leading our civilization into a new era of stagnation [8,45].
This trend is closely associated with the observation that the energy return on investment (EROI) of
the most important energy sources, such as oil and natural gas, has generally declined over the past
fifty years [3,12,44,46]. The results of this study showed that the past increases in power consumption
and population size are entering an era of diminishing returns [15].

The model of the temporal pattern of population growth rate showed that global power (y:) and
its growth rate (ry.+) are forcing factors diminishing the growth time in years (7). In other words, they
increase the human population growth rate. The explosive human expansion since the beginning of
the 19t century would result from two forces acting on a single population parameter: the human
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population growth rate. These two forces, power use and the growth rate, propelled our expansive
intrinsic population dynamic system. Access to high-energy reserves (oil and natural gas) increased
human civilization's energy power and turnover rates [44]. So, the human population was involved
in a disequilibrium expansive dynamic able to grow and, at the same time, exploit new reserves of
raw materials and energy, creating more people, more technology, and new lifestyles that require
more energy consumption, closing the loop back by adding more people [8,9,47].

The new energetic environment, in which our primary energy source (oil) was accumulated
underground, enabled the observed population trend of accelerated, continuous growth. In the fitted
population model, the positive effect of the power growth rate (1) on parameter T can be interpreted
as a high-power growth rate increasing the reproductive rate and life expectancy in the global
population system. This negative effect on the population parameter T is consistent with the
maximum power principle, since the growth rate in power between decades reflects the capacity of
the human population to convert that energy flow into physical population growth [4,5,30].

On the other hand, the negative effect of power (y:) on the parameter (T) can be interpreted as a
gradual, continuous force that improves our lifestyles and consumption. As an analogy to Alfred J.
Lotka’s [30] wheel, global power use was “enlarging the wheel,” while the power growth rate was
causing it to “spin faster.” Our expansionary population dynamic is starting to reach its limits.
Population size and power are engaged in a positive feedback loop that explains the dynamics of our
population and economic system [40], making our present human societies increasingly vulnerable
to collapse [15].

The best model for the temporal pattern of atmospheric CO2 concentration is mainly driven by
one force: global power (y:), influencing negatively the growth time in years (T). Suggesting that
global power use is the driving factor in the dynamics of atmospheric CO2 concentration. Global
power is increasing the growth rate of the atmospheric COz concentration. In sum, the atmospheric
CO2 dynamics are driven by the current size of our socioeconomic system, and the distant past
upward trend will influence the future trend in atmospheric CO2 levels [29].

This finding raises the possibility that the climate system could exceed critical thresholds [26],
even if we can reduce fossil fuel use in the following decades. It seems that we are trapped between
arock and a hard place. Without a drastic switch to renewable energy sources and a reduction of our
civilization’s wealth and size, carbon dioxide atmospheric concentrations will continue to rise. In the
nonequilibrium system of our industrial civilization, heat, particles, and CO: emitted by humans,
heat engines, machines, reactors, cars, and planes alter the atmosphere's chemical composition. The
rate of this change is proportional to the total size of our population and power use [17,48].

Our global society appears to be facing a key contradiction, with no obvious way out. If we do
not reduce the size of our global society and power use in the coming decades, CO: levels and
temperature increases will exceed habitable limits in many parts of the planet. The end road, it seems
to be a radical simplification and reduction of our material production system and population size
[49,50]. It seems that only by collapsing the size of our global population and energy consumption
system, by shrinking and slowing Lotka’s wheel (Lotka 1922), can our resource demands and waste
production decline [51].

The transition to renewable energy sources in the future is likely to result in a significant
decrease in per capita net energy availability over the coming decades [52-54] because solar and wind
energy sources have lower EROI levels than fossil fuels [12,44,55]. The energy return on investment
(ERQI) levels of renewable energy sources are significantly lower than the thresholds identified in
the literature required to sustain the high-power use levels and wealth of current industrial complex
societies. A major challenge for humanity will be generating sizeable new energy investments while
the power growth rate is declining [3,4,12]. Therefore, the results of this study suggest that the
dynamics of this highly interdependent system, population, power, and atmospheric CO:z could
constrain the potential for general sustainable development goals and shared socioeconomic
pathways (SSPs) [7].
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Over the past 60 years, the growth rate of energy has mirrored that of the first three decades of
the 20th century, albeit with a population that is four times larger. Many countries are now
encountering the constraints on growth outlined in “The Limits to Growth” [56]. Today, many people
are still transitioning from agrarian to industrial lifestyles [57,58]. The slowing power growth rates
could result in periods of heightened sociopolitical instability and violence. Historically, major
energy transitions have often been associated with increased levels of violence and social unrest
[59,60]. In the coming decades, we are likely to witness slow growth in energy consumption while
the global population exceeds eight billion. Additionally, there has been a rise in signs of political
instability, riots, civil unrest, and armed conflicts in recent years [61-63]. Today, the global human
population-economic system is a giant 20 tera-watt primary power machine. Putting this number in
terms of primary-power “laborers”, on average, each of the 8 billion living humans is served by ~32
primary-power “slaves”. Global humanity today is functioning as a 260 billion person-equivalent
mega-population [64].

5. Conclusions

We are on the verge of a new era marked by declining energy resources and population growth.
This transformation will significantly influence our social, economic, and political structures. The
shift to renewable energy sources is expected to reverse the previous transition from agrarian to
industrial societies that characterized the last two centuries [59]. We are already observing social and
energy-related changes as industrial society transitions to a new, yet undefined, form of social
existence [65].

The depletion of fossil fuels is slowing the growth rate of energy consumption, leading to
internal tensions, increased inequality, socio-political violence, civil unrest, and pressure on health
and social security systems. Many people view these energy constraints as problems created by
politicians rather than recognizing them as genuine issues related to energy and population limits
[66]. However, a limitation of this study is the use of a simple dynamic model that does not account
for the complexities and differences in population size and energy consumption patterns across the
world’s societies.

Additionally, we must face the consequences of harmful changes in the Earth’s climate system,
the sixth mass extinction, soil erosion, and the loss of ecosystem services [67]. Understanding how
our unsustainable society can transition to sustainability is one of the most pressing questions in
ecology and social sciences for the twenty-first century. The "extravagant period of prosperity"
enjoyed by our industrial civilization will be shorter than any previous social regime [68].

While economic growth remains the primary goal of our industrial society, we must confront
the reality of a finite world's energetic and ecological limitations, as well as the first two laws of
thermodynamics [69]. As always, the future of societies will be shaped by how energy is organized,
and the potential for living in sustainable and egalitarian communities will depend on how we
manage and distribute energy [42].
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