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Abstract
Efforts to accommodate the growth in global energy consumption within a fragile biosphere are primarily
focused on managing the transition towards a low-carbon energy mix. We show evidence that a more
fundamental problem exists through a scaling relation, akin to Kleiber’s Law, between society’s energy
consumption and material stocks. Humanity’s energy consumption scales at 0.78 of its material stocks,
which implies predictable environmental pressure regardless of the energy mix. If true, future global
energy scenarios imply vast amounts of materials and corresponding environmental degradation, which
have not been previously acknowledged. Given this reality, we also show evidence that a worldwide
lifestyle limit at 2.0 kW/capita enables a digni�ed life for all while stabilizing human intervention in the
biosphere to current levels, yet the political viability of establishing such limit is very low.

Introduction
Humanity’s energy consumption over time (i.e., power) of 16.1 TW in 2010 is projected to increase by 70–
180% by 2050 (1). On track with these expectations, humanity reached 18.9 TW in 2018 - a yearly 2%
growth since 2010. Such growth is confronted by the well-documented realities of climate change (2),
persistent 80% share of fossil fuels in the global energy mix (3), and declining quantity and quality of
fossil fuel reserves (4, 5). These issues have drawn considerable attention towards the energy transition
(6–8), energy sources such as renewables and nuclear (9, 10), and the obstacles for their massi�cation
such as slow deployment (11) and low energy return over investment (12, 13).

An additional yet scarcely debated issue with future energy scenarios is the fundamental relation
between power and material rearrangements. The use of power requires the rearrangement of materials
into prime movers such as people, engines, computers, etc., and such use inevitably rearranges materials
in the environment. Thus, greater power implies more materials being rearranged from otherwise healthy
ecosystems into social structures such as �rms, cities, and governments and into goods such as
furniture, electronics, and food. In fact, the 20th century saw a 9-fold increase in humanity’s power
alongside a 16-fold increase in its material stocks (14). We contend that current ecosystem degradation
(15), biodiversity loss (16), and dangerous human intervention in the Earth system (17) could have only
partially been avoided by replacing fossils with low-carbon alternatives.

We show that the relation between power and material stocks of social systems resembles Kleiber’s Law
and present what we believe is the �rst documentation of this relationship. Previous social allometric
scaling relationships like the ones studied in (18) relate power to birthrate and child mortality, not to
society´s mass. We use a newly compiled dataset from published estimates of power and material stocks
which covers Human civilization between 1900–2010 and the USA and Japan between 1980 and 2005.
Ordinary least squares are used on the logarithms of these variables to estimate the scaling parameter
between them and study the resemblance to relationships found in biological organisms.
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If true, this relation implies a novel and strict limit to power growth. Thus, we also study the existence of
decreasing social returns to power and use this concept to identify reasonable power levels that maintain
a digni�ed life yet contain human intervention in the Biosphere. We use another newly compiled dataset
from published estimates of power per capita, the Human Development Index, years of schooling, life
expectancy, GDP per capita, women fertility, exposure to PM 2.5, murder rates, and self-reported
satisfaction for 151 countries between 1970 and 2014. A kernel-weighted local polynomial smoothing
regression is used to �nd the best �t curves and con�dence intervals relating power per capita and these
social outcomes.

Results
Extended Kleiber’s Law

Biological organisms use foodstuff through mitochondria, cells, and muscles to rearrange carbon,
hydrogen, and other elements into the components of a functional body. Macroecological theory and
Kleiber’s Law in particular show that a biological organisms’ power (P) is allometrically proportional to its
mass (M) such that  with  and  for intraspeci�c and interspeci�c species, respectively (19–21). Similarly,
social systems act as super-organisms that also use energy to rearrange mass into living support
structures (Fig. 1) (22, 23). The main difference is that social systems use a wider array of energy goods
(e.g., foodstuff, biomass, fossil fuels, electricity) through diverse prime movers types (e.g., people, gas
turbines, computers) to arrange a broad set of materials (e.g., biomass, gravel, iron) into the components
of a functional society (e.g., products, infrastructure, �rms, governments).

Our data shows that power and material stocks are related in a manner consistent with Kleiber’s Law in
the USA [  0.67 (95% CI 0.58-0.75,  95)], Japan [ 0.61 (95% CI 0.54-0.69,  94.3)], and globally [  0.78 (95% CI
0.76-0.80,  98.6)] (Fig. 2.A). Combining these three super-organisms with a sample of biological ones
relates power and material stocks over 14 and 17 orders of magnitude respectively with  0.86 (95% CI
0.85-0.86,  99.9) (Fig. 2.B). This higher-than-expected exponent is a numerical artifact due to the different
y-intercepts of the individual series’ best-�t curves. Independently centering each series eliminates the
regression constants yielding  0.74 (95% CI 0.71-0.77, R2 = 96.7) (Fig. 2.C). Whereas the results for the
USA and Japan corresponds to biological intraspeci�c scaling (0.67 and 0.61 versus 0.67), Humanity’s
scaling corresponds to biological interspeci�c scaling (0.78 versus 0.75), and the combined super and
biological organism scaling is identical to Kleiber’s original result in 1961 (i.e., 0.74).

Decreasing social returns to power

Early hunter-gatherers used just enough energy to satisfy their metabolic needs of ~0.1 kW/capita. Power
per capita increased throughout the agricultural and successive industrial revolutions such that the
current global average is ~2.3 kW/capita and surpasses 10kW/capita in some high-income countries.
Such an increase has brought ample social bene�ts, yet at a diminishing rate as documented with the
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Human Development Index (HDI) (24-27) and other indicators such as political freedom and improved
water access (26, 28, 29).

Moreover, most social gains are generally obtained from increasing power up to 1.0 kW/capita
(approximately the per capita power level of Western Europe in the mid-1970s), milder gains accrue
between 1.0 and 5.0 kW/capita, and almost none after 5.0 kW/capita. For example, we �nd that the HDI
(driven by schooling and life expectancy) increases rapidly up to 1.0 kW/capita, slower up to 5.1
kW/capita, and then ceases to improve (Fig. 3A). Similar thresholds also exist for female fertility (1.0 and
4.5 kW/capita), yet for murder rates and exposure to PM 2.5 only the upper threshold exists at 4.9 and 5.4
kW/capita respectively. (Fig. 3B). GDP per capita also shows the upper threshold only at 5.1 kW/capita.
Variation from these stylized thresholds exist, with self-reported satisfaction showing improvements up
to 8.4 kW/capita.

Discussion
The extended Kleiber’s Law implies that, regardless of the energy mix, future energy growth scenarios are
associated with the rearrangement of prodigious amounts of materials. For a projected power growth of
70–180% between 2010 and 2050, results point to a 56–191% (95% CI 45–218%) increase in Humanity´s
material stocks equivalent to 440–1516 Gt (95% CI 355–1725 Gt). The actual amount of raw materials
taken from nature would be higher because more than one ton of materials must be extracted from
nature per ton of material included in civilization (14). Given that Humanity’s current material stocks is
roughly 800 Gt, how can material stocks be increased by such magnitude while maintaining the
biosphere’s integrity?

These estimates account for technological progress and thus cannot be avoided through it. For example,
Humanity’s power scaled at α =  0.78 and not proportionally to mass at α =  1 during the 20th century
because the energy cost of ammonia dropped from over 100 to 33 MJ/kg (30), of iron from over 50 to
10 MJ/kg (29), of aluminum from 50 to 13 MJ/kg (31), light bulbs’ e�ciency improved from less than 25
to more than 175 lumen/W (32), and engines reduced their mass-to-power ratios from 90 to less than
1 g/W (31). Without these and other technological achievements power would have scaled proportionally
to mass, and with α = 1 humanity’s 2010 material stock level would have been associated with power
8,000 times higher. If social systems obey Kleiber’s Law, such relation is a constraint for social
metabolism as fundamental as in animal metabolism (33), and technological innovation plays a role in
the former as important as the role evolution has played in the latter.

The extended Kleiber’s Law and decreasing social returns to power provide compelling limits to per capita
power. While social bene�ts accrued from power consumption up to 1.0 kW/capita make power growth
easily justi�ed, further growth into the 1.0–5.0 kW/capita range becomes contentious, and beyond
5.0 kW/capita di�cult to defend given the limited material harvesting that the biosphere can sustain (34,
35).
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As an illustration, mean population and power growth projections by 2050 point to a world with 9.7 billion
people (36) with a power of 4.5 kW/capita (1). Under this scenario, global power reaches 43.7 TW and
material stocks 2211 Gt (95% CI 2030–2409), which is 2.79 (95% CI 2.56–3.04) times 2010 levels.
Alternatively, if by 2050 population reaches 9.7 billion but per capita power is decreased to 2.0 kW/capita
by 2050 (instead of increased to 4.5 kW/capita), power reaches 19.4 TW and material stocks remain at
today´s levels with 797 Gt (95% CI 750–847). The continuum of per capita power, population, and their
mean material stocks estimate using 0.78 scaling are shown in Fig. 4.A. The tradeoff between population
and per capita power to maintain current material stocks is shown in Fig. 4.B.

A 2.0 kW/capita limit seems like a reasonable goal to contain human intervention in the biosphere
without sacri�cing considerable social gains according to our results and those in (28, 37, 38). Yet, it is
unlikely for countries to willingly reduce their average per capita power (29). Historically this has only
happened under extreme circumstances such as the fall of the Roman Empire and the breakdown of the
Soviet Union. A peaceful and ordered lowering of per capita power to 2.0 kW would be unprecedented in
medium-high-powered countries with 3.0 kW/capita (e.g., China, Chile), let alone in very-high-powered
countries with more than 10.0 kW/capita (e.g., USA, Australia). In all, 53% of the 151 countries with data
in 2014 had more than 2.0 kW/capita (Fig. 5).

A worldwide limit of 2.0 kW/capita could be achieved through a radical increase in resource productivity
reducing both energy and material throughput as outlined in (39), yet such an approach ignores the
rebound effect (e.g., Jevons paradox) that has prevented previous e�ciency gains to translate into lower
aggregate energy and material use. Another option to lower per capita power is through widespread
reduction of working time and per capita consumption, which could be welfare-enhancing (40) but would
require a profound paradigm shift (41–43).

Limiting per capita power allows for a worldwide acceptable standard of living but requires
unprecedented degrowth in more than half of all countries. Although technically feasible, achieving this
poses a seemingly impossible political challenge given the prevailing growth paradigm (44, 45). Yet the
extended Kleiber´s Law shows that keeping global power growth unchecked is technically unfeasible
regardless of the energy mix given the intimate relation between energy use and material rearrangements.
Avoiding such disruption without limiting power could only be achieved by embarking on the costly,
technically complex and risky enterprise of becoming an interplanetary species. Setting limits seems like
a more pragmatic, safe, and reasonable path forward.

Materials And Methods
All codes and data are available as supplementary information.

Humanity’s material stocks come from (14) and those of the USA and Japan from (46). Both sources
contain roughly the same non-human types of mass. A human type of mass was included by multiplying
yearly population by yearly average weight. This type of mass accounts for virtually 0% of total material
stocks. More detail is available upon request.Loading [MathJax]/jax/output/CommonHTML/jax.js
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Humanity’s power comes from (47) and (48). Data between 1900 and 1910 was linearly extrapolated.
Power for the USA and Japan comes from (49). Mass and power for biological organisms comes from
(50).

The Extended Kleiber’s Law model was estimated with Ordinary Least Squares using Eicker–Huber–
White standard errors. Figure 2A was obtained by independently regressing the series for Humanity, the
USA and Japan; Fig. 2B by regressing those three series together alongside the series with biological
organisms; and Fig. 2C by regressing these four series together after demeaning them independently.

The mass associated with future power levels was estimated with the inverse of the Extended Kleiber´s
Law, i.e. M = BPβ with β ≈ 1/α. The range of additional material stocks was estimated with the lower
bound of the conservative future power prediction and the upper bound of the generous future power
prediction.

Per capita power is country-level primary energy consumption per capita. The series on primary energy
consumption comes from (49), and another series on energy consumption is available from Our World in
Data which yields very similar results. This latter series is only presented as supporting material, it is not
used in this article, and thus it is not referenced. Data on population comes from (51), on life expectancy
from (52), on mean years in school for women of age 15–44 from (53), on the murder rate from (54), on
children per woman from (55), on GDP per capita from (56), on the HDI from (57), on PM2.5 from (58),
and on self-reported satisfaction from (59).

The best �t lines were obtained through kernel-weighted local polynomial smoothing. The Epanechnikov
kernel function was used by default. All countries with a population of less than 1 million in a given year
were dropped in that year only. Observations were also excluded if they had more than 10 kW/capita,
60,000 USD/capita, 50 murders for every 100,000 people, and 100 μ/m3 of PM2.5.

The mass associated with different population levels at 2.0 and 4.5 kW/capita were estimated with the
inverse of the Extended Kleiber´s Law. This equation is also used to obtain the three-dimensional graphs
depicting the relation for a continuum of population and per capita power levels.
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Figure 1

The relation between structures, energy, and mass

Figure 2

The relation between material stocks and energy. Panel A shows the scatter plot for Japan in blue, the
USA in red, and globally in black. Lines are the individual Ordinary Least Squares (OLS) best �t curve.
Panel B depicts the information from Panel A in the top right with a sample of biological ones in the
bottom left. The line is the OLS best �t curve for all data. Panel C shows the same scatter plot but
demeaning the series independently. The line is the OLS best �t curve for all the demeaned data. Data
available in S.I.
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Figure 3

Decreasing social returns to per capita power (n varies from 1,061 for self-reported satisfaction to 10,349
for life expectancy). Red dots are data points, black lines are a kernel-weighted local polynomial
regression, and shaded areas are the best-�t-line’s 95% con�dence interval. Panel A contains the Human
Development Index and its components. Panel B contains additional socially relevant variables. Data
available in SI.Loading [MathJax]/jax/output/CommonHTML/jax.js
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Figure 4

The relation between per capita power, population, and material stocks. The green plane shows per capita
power, population, and their associated material stocks given 0.78 scaling. The blue plane represents
2010 material stocks. Panel A shows the three-dimensional �gure. Panel B shows the same �gure in two
dimensions as seen from above, which reveals the 2010 iso-material stocks curve at 792 Gt.

Figure 5Loading [MathJax]/jax/output/CommonHTML/jax.js
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Per capita power for 150 countries in 2014, of which 53% have more than 2.0 kW/capita
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