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Abstract
Renewable energy and sustainable development are widely discussed and highly debated topics. The current and majority 
opinion is that for sustainable development renewable energy is a necessity and plenty of it is available, which can be har-
vested economically and in environment friendly way. There are also dissenters who feel strongly that fossil fuels are far from 
exhausted, can be used with clean technologies, which are already developed, while technical problems for renewable energy 
are far from solved and they are very often more damaging to the environment and society than envisaged. The phenomena 
of global warming and carbon dioxide build-up are also inseparably entangled with sustainability and energy. Most analyses 
take a short-term view, hardly ever beyond 2050 or 2100. We certainly expect the society to survive and remain viable well 
beyond these dates and therefore need to explore what such long-term sustainability may imply. So it seems appropriate to 
consider a much longer time span and in order to keep the discussion from becoming speculative, certain restrictions need 
to be imposed. Therefore, a concept of sustainability steady state is proposed. Rough analysis presented here based on data 
that are commonly accepted, and mass and energy conservation principle with second law, seem to indicate that irrespective 
of correlation between carbon dioxide build-up and global warming, renewable energy, specifically direct solar energy will 
have to be adopted. This will of course have to be aided by judicious amount of indirect solar energy like wind energy and 
particularly bio-energy. Renewable sources, while having orders of magnitude greater energy content than human society 
may use up, are not particularly easy to harness, allowing only a small part to be finally harvestable. There are tough techni-
cal, environmental and societal problems, all quite significant, that have to be solved and restrictions on its transmission and 
location of usage have to be followed. It will also require development of “wasteless technology” and recovery and recycle 
of materials, particularly those which are difficult to win from natural sources and may be in short supply. Thus, in the long 
run, “renewable energy” will become inevitable, but even this will require a great deal of effort and planning and will not 
come easy.
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Introduction

Renewable energy and sustainability are two inseparable, 
widely discussed and fashionable topics. Current major-
ity opinion is that the path of development followed by the 
human society, particularly since the industrial revolution, 
is likely to lead to disasters or very uncomfortable situations 
for future generations, and hence, there is need for “sustain-
able development”, and consequently need for renewable 
energy. But there is also a strong dissenting opinion that such 
fears are unfounded and consequently there is no need for 
“renewable energy”, at least not in next few decades. Also 
harvesting and using renewable sources of energy require 
technologies still to be invented, and will be uneconomic.1 
The major points of criticism about renewable energy are 
as follows:

•	 It is not necessary, fossil fuels and nuclear energy will 
last a long time.

•	 Not enough of harvestable renewable energy, it is too 
dilute.

•	 Except for hydropower, all renewable energy sources are 
fickle or intermittent, and require storage, a problem that 
has not been solved.

•	 They may be too costly or uneconomic to harvest.
•	 Not really environment friendly as claimed.

Currently, major sources of energy are fossil fuels. These 
are not renewable, and hence will get exhausted. However, 
new reserves are also being discovered and improved tech-
nologies are making production possible even from older 
fields. The 2P (Proven and Probable) reserves for oil have 
kept up with depletion due to production (BP Energy out-
look 2018, 2019). However, it is difficult to predict whether 
these will be able to keep up with an increase in demand 
though some like Gold (1999) feel that hydrocarbon con-
tent of earth is many orders of magnitude greater than we 
presume. In addition, there are apprehensions that continued 
use may cause a significant change in world climate.

The United Nations has officially taken note of the need 
for equitable and sustainable development, and the member 
nations have, after wide ranging discussions, proposed and 
accepted the Goals and Targets of the 2030 UN agenda on 
Sustainable Development in 2015. There are 17 goals and 
169 targets, and goal 7 is specifically for Affordable and 
Clean Energy. It proposes shift to renewables, cleanup of 
fossil fuel-based power and increase in efficiency of energy 
usage.

1  Clack et  al. (2017), Kleidon (2012), Rosenbloom (2004), Batts 
(2017), Silverman (2008), Geiger et al. (2008), Isenberg et al. (2013), 
Halkema (2006), Jacobson et  al. (2015, 2017), Johnson (2013), 
Moalem (2016), Kunzig (2015), Gregory (2017), IRENA (2018).
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Incidentally, almost all projections seem to be limited 
to 2050 or at most 2100, and presented for several types 
of assumed growth rate, but without any explicit link-
ing with the increase in world population and increase in 
standard of living or “well being”.

While planning for a “sustainable society”, limiting 
vision to 2050 or 2100 does not seem logical. It is unlikely 
that the world population or per capita consumption will 
stabilize by that time. Sustainability will imply provision 
for adequate and continued supply of energy and other 
material needs, without major or unwanted changes in the 
environment even at a stage when the population and its 
consumption stabilizes and not just during the transition.

In article 27 of chapter 1 of the “Report of the World 
Commission on Environment and Development: Our 
Common Future”, commonly known as Brundtland Com-
mission report, the following sentence occurs: “Humanity 
has the ability to make development sustainable to ensure 
that it meets the needs of the present without compromis-
ing the ability of future generations to meet their own 
needs”. This is considered to be the definition of sustain-
able development. The Commission also “believes that 
widespread poverty is no longer inevitable. Poverty is not 
only an evil in itself, but sustainable development requires 
meeting the basic needs of all and extending to all the 
opportunity to fulfil their aspirations for a better life. A 
world in which poverty is endemic will always be prone 
to ecological and other catastrophes”. And it advocates 
equitable distribution of wealth and necessary develop-
ment of world political system. It also notes that “energy 
has been used in an unsustainable manner” (Brundtland 
1987).

Development or even existence at the present level of 
standard of living requires energy. As long as energy is 
obtained from unreplenished sources, future generations 
will have less and less amount available, eventually com-
promising some future generation.

Extraction of useful energy from any source requires 
expenditure of some energy. When the ratio of useful 
energy extracted to energy required to extract falls to 
unity, the source becomes exhausted. Many of the cur-
rent energy sources may become exhausted in this sense, 
before all the fuel is extracted.

Two features of the definition of sustainable develop-
ment should be noted. One is “future generations”—rais-
ing the question how far into the future—hundred years, 
ten thousand years or a million years. Answers to sustain-
ability will differ significantly on the scales of future we 
envisage.

The second feature is “meeting the needs”—what 
exactly these needs are—are they defined now, and what 
is the scope for changes.

Steady states

In thermodynamics, there is a concept known as the steady 
state. Any system kept for a sufficiently long time, accord-
ing to classical thermodynamics, attains a steady state; it 
may be an equilibrium state, where there will be no changes 
in properties and no fluxes in the system, or there may be 
continuous fluxes of both matter and energy through the 
system, there being no accumulation or depletion and no 
change in properties. Such a state is “sustainable”, that is, 
it will remain as such for any length of time providing the 
same characteristics or environment. This is not the con-
cept of “sustainable development”—for a human society, 
where there have to be continuous changes yet keeping some 
essence of the surroundings and environment and facilities 
unchanging. We may conceive a human society occupying a 
region of space, which is closed or nearly closed in thermo-
dynamic sense, as sustainable if it remains “steady”, that is, 
does not die down or explode. Such stability will be attained 
when the necessary materials and energy available remain 
more or less constant or steady. There can be changes subject 
to a few restrictions. Since the system is considered to be 
closed or nearly closed, this concept implies that all materi-
als must be recycled or transformed into useful forms, and 
not allowed to transform into nonrecoverable or nonrecycla-
ble state or keep on getting permanently consumed or fixed. 
This also implies a more or less stable population. There can 
only be energy flux through this region of space, with low 
entropy energy flowing in and same amount of high entropy 
energy flowing out without any substantial accumulation or 
depletion of total energy content. This also means that the 
energy inventory and distribution should remain such that 
several important parameters like the temperature, atmos-
pheric pressure and composition will remain within cur-
rently considered “comfort zone”. There may thus be the 
concept of a ”sustainability steady state”, a human society 
enclosed in a virtually closed space without substantial input 
or output of matter, with a steady flux of energy passing 
through it, without material waste formation. It does not 
however exclude change with time, as a thermodynamic 
steady state does. It however means no substantial loss or 
gain of materials or “excessive” changes in energy content. 
This will also imply a steady or constant population or a very 
slowly changing population, a constant flux of energy from 
surrounding through the system, no input or output of mat-
ter, and an environment—atmospheric conditions, biosphere 
and geosphere, remaining within comfortable ranges, and 
not producing a situation that causes the system parameters 
to run uncontrollably away from the comfort region.

Sustainability steady state is therefore quite different 
from thermodynamic steady state though there are certain 
similarities.
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This will also exclude a large number of technologi-
cal concepts which at present can only be considered very 
remote if not complete speculation—for example asteroid 
mining for bulk metals, sea floor cities and farming.

It can be argued that this will be a useless exercise since it 
is impossible to predict the technological developments that 
far in future. However certain universal concepts and laws 
will still be applicable, for example, conservation of mass 
and energy will remain valid; conversion to useful forms 
of energy through initial conversion to heat will always be 
subject to second law limitations. This analysis will remain 
subject to such constraints only.

Nature seems to push ecosystems towards states similar 
to sustainability steady state. We may therefore get some 
idea of what such a steady state implies from some natural 
ecosystems. At the ocean bed, close to the plate upwelling 
lines, there are many hydrothermal vents, pouring out hot 
and sometimes supercritical mineral-rich water. Almost all 
such regions support ecosystems consisting of chemotrophic 
bacteria to large worms which may grow up to several feet 

in length.2 This system is physically restricted to a small 
area surrounding the hot vent, where temperature is high 
enough. The area of the system does not change much, and 
there is a stream of energy and material through the system. 
So this is not a closed system, but material and energy do not 
accumulate in this region. The creatures maintain a sort of 
steady state, obtain their energy and material requirements 
from the entering streams, and allow the degraded energy 
and material excreta to be carried away with the streams 
leaving the region. Some of these ecosystems seem to have 
survived for millions of years. They are not unchanging—
evolution is quite active, but the system as a whole is in a 
sort of steady state, neither dying out nor exploding and 
spreading out without limit. Some aspects of this “steady 
state” will be discussed later. For the world system inhabited 
by the human species, the system has to be closed as there 
is not much scope of any substantial material flow through 
the system. Being virtually closed, the material requirements 
must be met by almost total recycle.

Fig. 1   Energy exchange at earth 
surface

2  Woods hole Oceanographic Institution (2019), Zierenberg et  al. 
(2000).
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Some basic data

Figures 1 and 2 and Tables 1 and 2 show some basic data 
and concepts.   

In Fig. 1, the basic energy exchange between earth’s sur-
face and sun and space is shown. Geothermal flows and tidal 
energy inputs have not been considered in this figure. In the 
absence of greenhouse gases in the atmosphere, the surface 
would have to radiate out 70 units of energy, but with GHG, 
the amount increases to 115 units. This requires a heating 
up of the surface. Use of Stefan–Boltzmann fourth power 
law shows that this will require an increase in temperature 
by 33 C almost exactly matching the greenhouse effect on 
earth. This match however is probably fortuitous but it does 
illustrate the greenhouse effect.

Table 1 shows a comparison between the planets of the 
inner solar system. It shows very specifically that carbon 
dioxide can produce a strong greenhouse effect, as it has 

done in case of Venus and Mars, but is not the main green-
house gas on Earth (ACS 2016). It however can act as a trig-
ger and cause a large effect. Carbon dioxide is also known 
to increase the acidity of the oceans with other environ-
mental consequences. One should also note that the surface 
of Venus, receives less solar radiation than the surface of 
Earth yet it has a much higher temperature due to green-
house effect. Role of CO2 in greenhouse effect and conse-
quent global warming and climate change have been widely 
discussed in the literature.3

In Table 2, we take a look at the primary energy con-
sumption and population in this millennium for the whole 
world and for a representative advanced country, the USA. 
The population and per capita energy consumption of the 

Fig. 2   Energy: original, source, collection and conversion

3  IPCC (2007), Arrhenius and Holden (1897), Anderson et  al. 
(2016), Callendar (1938).
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USA seems to have stabilized, and the stabilized world fig-
ures are based on the ad hoc assumption that world popula-
tion will stabilize at around 15 billion, and per capita energy 
consumption will be about the same as in the USA today 
that is approximately 10 kW. The data are from IEA (2017) 
and Worldometers.info (2019). This implies that provision 
of power at this rate—nearly 150 TW—may be necessary to 
maintain the sustainability steady state. The world popula-
tion, particularly the level at which it will stabilize, is prob-
ably the most important factor, which can only be guessed 
at this time.

Figure 2 shows routes used for extraction of energy that 
are in use or been developed. It may be noted that usually 
energy is released as heat, which is converted into other 
forms using some heat engine or may be used directly as 
heat. Estimates of stabilized world population have been 
made using data from UN reports (UNDESA 2004, 2017), 
which show that under high growth condition, approximate 
population in 2150 will be about 15 billion. Even though 
medium growth predictions seem to indicate population sta-
bilization by 2080 to 2100 at levels of 10 to 12 billion, “high 

growth” population at 2150 was taken arbitrarily. Energy 
production and usage data are available from many different 
sources, and these generally match.4

Table 2 shows population and per capita primary energy 
consumption and expected ones at population stabilized 
state. The US energy consumption seems to have stabilized 
even decreased slightly on per capita basis.

Energy sources

The various renewable energy sources and the estimated 
capacities of these sources are given in Table 3 (Kleijn 
and van der Voet 2010). A comparison of these sources 
with non-renewable sources is vividly shown in a figure 
by Perez and Perez that is reproduced here as Fig. 3 (Perez 
and Perez 2009, 2015). The total amount of energy that 

Table 1   Planet parameters Venus Earth Mars

Solar constant (kW/m2) 2.54 1.3 0.56
Diameter in km 12,104 12,740 6780
Area intercepting solar radiation (km2) 1.15 × 108 1.27 × 1008 3.61 × 107

Total surface area (km2) 4.60 × 108 5.1 × 1008 1.44 × 1008

Albedo 0.75 0.3 0.25
Total power received (1015 kW) 292.29 165.72 20.22
Power received after albedo correction in (1015 kW) 73.07 116.00 15.16
Average power per unit surface of globe (W/m2) 158.75 227.5 105
Radiation equilibrium temperature (C) − 43 − 21 − 66
Actual average surface temp (°C) 465 15 − 55
Warming (°C) 508 36 11
Surface P bar 90 1 0.006
Atmosphere composition
CO2 96.50% 0.004% 95.30%
N2 1% 78% 2.50%
Ar 1% 1% 1.50%
O2 0.00% 21% 2.50%
H2O 20–30 ppm 0–4% 0–0.1%
CO2 partial mm Hg 66,010 0.288 4.33

Table 2   World population and 
energy requirement current and 
expected

World USA

2000 2017 Stabilized 2000 2017

Primary energy (J/y) 4.20 × 1020 5.85 × 1020 4.73 × 1021 9.51 × 1019 8.99 × 1019

Population 6.14 × 1009 7.55 × 1009 1.50 × 1010 2.82 × 1008 3.05 × 1008

Total power (W) 1.33 × 1013 1.86 × 1013 1.50 × 1014 3.02 × 1012 2.85 × 1012

Per capita power (W) 2.17 × 1003 2.46 × 1003 1.00 × 1004 1.07 × 1004 9.35 × 1003

4  World Energy Council (2013), OECD (1999), FAO (2008), BP 
Energy outlook (2018, 2019), Owusu and Asumadu-Sarkodie (2016).
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Table 3   Energy sources as multipliers of expected consumption

Power in Watts Multiplier for 2050 energy use in MF 
scenario (1.28 × 1021 J) MF: market 
first

Multiplier for stable population at US 
standard of consumption (4.42 × 1021 
J)

Solar
Solar energy reaching earth land surface 2.60 × 1016 642 185
Collectable in Sahara desert with current PV 

efficiency (10%)
2.1 × 1014 5 1.44

Wind
Total kinetic energy in the earth atmosphere 3.5 × 1015 86 24.78
Total in bottom 100 m 1.3 × 1015 31 8.93
Maximum practically realizable 5.7 × 1012 0.14 4.03 × 10−2

Technical potential 1.5 × 1013 0.37 1.07 × 10−1

Hydro
On basis of precipitation on land 1.0 × 1013 0.2 5.76 × 10−02

Principally available 1.2 × 1012 3.00 × 10−02 8.64 × 10−03

Realistic reserve hydro 6.3 × 1011 1.50 × 10−02 4.32 × 10−03

Tidal
Total tidal energy 3.0 × 1012 7.40 × 10−02 2.13 × 10−02

Tidal world potential at best sites 1.2 × 1011 3.00 × 10−03 8.64 × 10−04

Wave
Total wave energy 1.1 × 1011 2.80 × 10−03 8.07 × 10−04

Geothermal
Total stored in the earth (J) 4.00 × 1030 3.10 × 1009 8.93 × 1008

Total heat outflow 3.00 × 1013 0.7 2.02 × 10−01

Fig. 3   Energy availability and requirement. Reproduced from Perez and Perez (2015)
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can be provided by exhaustible sources is also shown 
for comparison. The amounts indicated for exhaustible 
sources are probably not accurate, but possibly not by 
orders of magnitude.

The multiplier in Table 3 indicates the ratio of esti-
mated energy provided by the source and the estimated 
requirement at 2050 or after population stabilization. The 
figure for geothermal energy is the number of years this 
source could supply at the estimated rates of consumption. 
The estimates clearly indicate that except for direct solar 
energy conversion, other indirect renewable energy routes 
will not be able to satisfy the demands.

The thermal energy stored in the earth is certainly enor-
mous, but it is not extractable with present technology 
or with technologies being developed. Most technolo-
gies being developed seem to be limited to regions where 
underground superheated water is available or to existing 
oil extraction wells. Some methods for utilizing the dry 
hot rocks several kilometres underground are also under 
consideration. But, these can reach only a small fraction 
of the heat stored in earth. Also, it may not be prudent to 
extract without working out the seismic effects.

Figure 3 gives approximate ideas about the length of 
periods the exhaustible sources may last. One should how-
ever note that in case of oil, the rate of discovery of new 
reserves have kept pace or even outstripped the amount 
being mined. So at this moment it is not clear how long 
these can last. For gas also large deposits like hydrates at 
ocean bottom are known to exist, but have defied com-
mercial exploitation so far.

Both the table and the figure show that solar is the larg-
est source, the only one that is sufficiently large to cover 
the energy demand. Even then, it should be noted that the 
stabilized energy demand is nearly 0.5% of the total solar 
energy received on land. For collection and conversion, 
this is a very high fraction, considering the restrictions 
on land availability and conversion efficiencies. This is a 
tough task, even without considering the other problems 
mentioned later.

During the discussions so far “pessimistic” estimates 
of both population and per capita consumption have been 
used. It is likely that world population will stabilize at 
levels well below 15 billion may be around 12 billion or 
less, and also current “first world standard of living” can 
be maintained with per capita energy consumption well 
below the current US per capita consumption of 10 kW, 
may be even with 6 kW. But in computing the total figure 
for energy consumption rate, energy penalty for “recov-
ery and recycle” has not been taken into account. Hardly, 
any work has been done on these aspects and no reliable 
estimate exists. So whether the energy consumption rate 
used here is really “optimistic” or “pessimistic” cannot be 
decided at this point of time.

Global warming and carbon dioxide

For gas, oil and coal, currently, the effect on climate is a 
greater issue than their eventual exhaustion. It has been 
established beyond any doubt that there is a “global warm-
ing”. Ice cover in the arctic region has diminished remark-
ably, glaciers are retreating almost all over the world. 
Though some initial studies reported ice accumulation, 
longer period data seems to indicate that total Antarctic ice 
is also decreasing (IMBIE team 2018; Zwally et al. 2015). 
Carbon dioxide level in the atmosphere is also increasing, 
and a large part of it is anthropogenic. A distinct correla-
tion between carbon dioxide content in atmosphere and 
global temperature has also been observationally verified 
and accepted.

There have been many models and attempts since 
Arrhenius to explain various aspects of climate and 
weather pattern. The overall consensus is that increase 
in CO2 in atmosphere aids global warming. But there are 
many factors involved. Several models also show chaotic 
behaviour of climate. Despite a few dissenting works, it 
is apparent that the effect of CO2 on global and even local 
climate cannot be ignored (IPCC 2007).

Increased CO2 in atmosphere also leads to ocean acidi-
fication, which affects ocean life strongly, but is still not 
completely understood. There are indications that this 
decreases biodiversity.

This has led to vast efforts and actions—R&D, techno-
logical and commercial ventures, even economic and busi-
ness transactions like carbon credit. Many countries have 
accepted reduction in carbon in atmosphere as a policy and 
have already started adopting to renewable energy. Coal 
is being replaced by gas in many cases, carbon capture 
and sequestration technologies are being developed and 
implemented.

Nuclear options

Nuclear energy has a very small carbon footprint, and is 
being promoted by many as a substitute for fossil fuels. 
World Nuclear Association is such a body formed formally 
in 2001 to promote the interests of the nuclear industry. 
From perspective of sustainability steady state, there must 
be a very large reserve of energy, and it must not leave 
wastes. Currently, uranium reserves are estimated at about 
6 million tons, and thorium reserves are also estimated to 
be of similar amount (World Nuclear Association 2017, 
2018). At current rate of consumption, it will last about 
800 years and at “stabilized” rate about 100 years. It does 
not include the 0.003 ppm uranium in sea water or the 
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2.8 ppm uranium in earth crust. Science for recovery of 
uranium from sea water has already been developed (Abate 
2017; Nor Azillah Fatimah et al. 2015; Parker et al. 2018), 
and if this becomes technologically and economically 
feasible, nearly three GT will be available, sufficient for 
nearly million years.

Fusion reactors have not been considered. Fusion energy 
has long been recognized as “the ultimate” energy source, 
virtually unlimited in extent, considerably more environ-
ment friendly than fission energy, coal, oil or gas, without 
the disadvantage of intermittency suffered by wind or solar. 
Technicalities have still not been solved, but several pro-
gresses made in last several years by different approaches 
such as ITER tokomak under construction, Wendelstein 7-X 
stellarator, inertial confinement and reported attainment of 
temperatures of the order of billion degrees in a Z pinch 
apparatus give hope that fusion energy may become feasible 
in 40–50 years. There is of course a common joke in the 
fusion research community that “fusion energy is perpetu-
ally just round the corner and will be reality within perpetu-
ally next 40 years”. Safety, environmental and other conse-
quences have not really been investigated properly—only its 
positive sides have been advertised so far and that also gen-
erally qualitatively. Sustainability steady state concept will 
certainly imply some restrictions, which cannot be decided 
before the technology is developed.

On the fission front also, there have been some develop-
ments. Work is in progress on generation IV reactors, which 
are FNRs (Fast Neutron Reactors). Of these developments, 
works on molten metal reactor are in most advanced stage, 
liquid sodium reactors being one of the major choices. Gen-
eration IV reactors exhibit more efficient use of uranium—
they are able to burn U238-as well as higher actinides—thus 
increasing the output by a factor of 60 and also eliminating 
the long-lived components of nuclear wastes. All the FNRs 
are versatile that can be designed to be a breeder or a burner, 
burn all the uranium and plutonium and actinides or allow 
these to be produced. These are also supposed to be safer as 
it operates at atmospheric pressure, no melt down possibil-
ity, and may be designed to produce ashes without long-
lived radioactive wastes. Russia is reportedly using FNRs 
for burning up plutonium from decommissioned nuclear 
weapons. These types of reactors can be made very compact; 
Russian BN 600 (560MWe) reactor has a core 0.75 m dia 
and 0.88 m active height. On the safety side, liquid metals 
particularly sodium is fairly dangerous substance to handle 
being extremely reactive, will explode in contact with water 
or oxygen and are also corrosive.

However, generation IV plants are still under develop-
ment, and will require quite some time before being fully 
commercial. The main impediment to nuclear reactors is 
probably the cost; availability of cheap gas was probably 
more responsible for stoppage of orders of nuclear reactors 

during 1980 s than environmental concerns and currently, 
falling prices of some renewable energy options may make 
the nuclear option economically less viable.

But nuclear energy has several significant drawbacks.

•	 It is not considered safe, particularly due to its weapons 
connection.

Everyone agrees that there must be strong state and 
even international surveillance on production, processing, 
reprocessing of fuels—a situation with complex political 
overtones.

•	 Waste disposal problem has so far not been satisfactorily 
resolved. No community or country seems willing to host 
sites for storage of long-lived radioactive wastes (Feive-
son et al. 2011).

•	 It is becoming increasingly less competitive, due to 
developments in renewable energy technologies, prices 
of which have come down drastically.

For sustainability steady state on earth, nuclear energy 
is thus not a good option. This does not however mean that 
nuclear energy should be totally abandoned. Compact reac-
tors may be very useful or even unavoidable in many special-
ized cases like long-life space probes for far away regions 
though there is always a possibility of misuse, for example, 
in naval vessels for military purposes.

Renewable sources

Wind, wave and tide

Wind is considered to be one of the most environment 
friendly renewable energy sources. It is often thought 
of as a virtually limitless source. In some countries like 
Denmark or Germany, a considerable fraction of power 
requirement is met from wind turbines. However backup 
power plants and inter country energy trading are required 
to ensure matching of demand with supply. The atmos-
phere absorbs about 20% of solar power incident on earth 
that is about 2.6 × 1016 J/s as heat. It acts like a heat engine 
that converts this heat into other forms of energy, particu-
larly kinetic energy of the wind. So there is a limitation on 
the rate of production of kinetic energy of wind. However, 
there are large discrepancies between values reported by 
different workers.5 Various aspects of wind energy have 

5  De Castro et al. (2011), Huang and McElroy (2015), Marvel et al. 
(2013), Davidsson et al. (2012), New Scientist (2011), Herbert et al. 
(2007), Adams and Keith (2013).
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been discussed in the works cited. Table 4 shows a com-
parison. Marvel et al. (2013) suggests that wind energy 
will be sufficient to meet all energy needs, all the time in 
future, without any need for exploitation of other forms of 
renewable sources. The authors also suggests that extrac-
tion of such energies will not reduce the wind velocities 
significantly or cause any impact on the weather. Huang 
and McElroy (2015) calculate effective heat source and 
heat sink temperatures of the atmospheric heat engine and 
report conversion efficiency of the order of 1%.

The total amount of wind kinetic energy produced by all 
accounts seems to be large compared to the human con-
sumption, even at steady state. But only a small fraction can 
actually be extracted as the entire land surface area cannot be 
used for wind energy farm. Kleijn and van der Voet (2010) 
gives maximum practical realizable wind power as 5.7 TW 
and technical potential as 15 TW, an order of magnitude less 
than the expected demand.

Reported power extraction density actually achieved 
in Denmark, Germany, Netherlands, places where wind 
provides a significant fraction of power, is of the order of 
0.27–0.44 W/m2 of farm area, about a magnitude less than 
4 W/m2 indicated in some studies. But this value is for “most 
suitable” places, that is, places with high wind energy den-
sities. As with other resources, wind energy is not evenly 
distributed, with very little scope in south and south-east 
Asia, the largest population zones in the world

In wind turbine energy computations, it is usually 
assumed that only the kinetic energy is captured, there being 
no conversion of enthalpy to kinetic energy. This makes 
some of the models and computations somewhat suspect. 
Some model predictions and also some observational evi-
dence suggest that large-scale extraction of wind energy can 
have substantial effects on wind velocities and temperature, 
affecting local and global weather (New Scientist 2011).

The important features of wind energy may be stated as

•	 Atmosphere acts as a large heat engine converting solar 
power to kinetic energy.

•	 Rate of production of this kinetic energy is orders of 
magnitude larger than what is likely to be consumed by 
human society.

•	 Extraction of this power requires large land areas and 
since wind energy is spread out unevenly, only a small 
fraction of it would be harvestable, not sufficient to meet 
the requirements.

•	 Wind may still provide a useful fraction of power.
•	 It is considered most environment friendly, though its 

effect on avian biosphere is debated and effect of offshore 
turbines is not yet known.

•	 It has the lowest carbon foot print.
•	 It is available during night and is available to some extent 

almost everywhere.
•	 Land occupied by wind farms can be used for many other 

purposes as the actual mechanical foot print of turbine 
towers is very small compared to the total area of the 
farm.

•	 It is fickle and need to be backed up by other power 
sources.

•	 It can be produced only in medium to large scale; small 
single installations are not considered viable in most 
cases.

•	 There is some evidence that very large-scale farms may 
considerably lower the energy extraction density and also 
significantly change temperature and wind velocities, 
causing perturbation to local and may be global weather 
pattern.

•	 It is highly capital intensive.

Thus, it seems that wind energy may be a significant 
contributor to renewable energy, but will fall far short of 
the total requirement and also will have to be planned and 
installed with careful selection of sites and grid availability.

Tidal and wave energy capture are dependent on the type 
of coastlines and also require large areas. Potential for these 
forms are considered inadequate. The same is applicable to 
hydropower; its availability is dependent on the geography. 
Potentials for these sources are not sufficient, and these, 
particularly large hydropower projects, can be damaging to 
environment and society. These are also capital intensive 
projects. Potential for micro-hydroprojects, that is hydro-
power plants with capacities less than 5 MW, has been 
assessed to be very small. But the micro-hydropower tech-
nology may come in handy as an energy storage method for 

Table 4   Estimates of wind 
energy

Marvel et al. (2013) Huang and McElroy (2015)

Atmospheric kinetic energy inventory (EJ) 160 765
Total kinetic energy creation rate (TW) 1800 1254
Kinetic energy creation rate (W/m2) 3.53 2.46
Average air velocity (m/s) 7.9 17.3
Other Low altitude turbines 

capability 400 TW
Heat engine with effective 

high temp 256 and low temp 
252 K
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other forms of intermittent renewable sources. Large hydro-
power projects require vast areas of land and are also capital 
intensive and almost invariably require state involvement. 
It may however be noted that Costa Rica now runs almost 
entirely on renewable energy, with hydropower accounting 
for almost 80 per cent of the requirement.

Summing up the potentials for tidal, wave and hydro-
power it may be said that.

•	 potentials for these are inadequate and available only in 
limited areas

•	 require land and capital, and may often adversely affect 
environment and society

•	 new installations should be planned carefully to avoid 
environmental effects

•	 micro-hydropower technology may be helpful in provid-
ing means of storage of energy from intermittent renew-
able sources like wind and solar.

Bio‑energy

Bio-energy is considered to be another significant source of 
renewable energy (Miyamoto 1997; Parlevliet and Moheim-
ani 2014). But this also is limited by the solar energy flux. 
Conversion of solar energy to plant biomass energy occurs 
approximately with efficiency of 1% (Kling 2016). Some 
plants may offer upto 2–3%; some algae may offer even 
higher values. Several estimates of annual generation of 
biomass or biomass energy are available. One estimate (Bar-
ber 2007) is that formation of dry plant biomass per year is 
about 100 billion tons. Assuming all these to have an aver-
age usable energy content equal to that of cellulose, which 
is about 4 kcal / g, the total available bio-energy becomes 
about 50 TW, which is about 1.5–2% of the solar radiation 
absorbed by the total forest and agricultural area of the entire 
world. Two other methods of estimation also produce similar 
rates of bio-energy production. These figures are approxi-
mate, but unlikely to be off by an order of magnitude either 
way. These values are shown in Table 5. A major part of 
this energy will be consumed as food, or left undisturbed 

to maintain the ecological balance. The energy harvestable 
from bio-sources is therefore likely to be small compared to 
even wind energy. Thus bio-energy is unlikely to become the 
major contributor to renewable energy.

One important feature of bio-energy however is that it 
will come in the form of liquid/solid / gaseous fuel, not 
directly as electricity, and therefore will be directly useable 
to replace fuel for transport systems of current technol-
ogy. Also this will be able to provide the reducing agents 
for recovery of metals, and provide starting materials for 
needed chemicals. So while this source is not likely to be 
adequate for providing energy, it will still be essential to 
provide important chemicals and materials, which cannot 
be produced from direct solar energy.

Production of chemicals through bio-processes is already 
under investigation. But mostly the routes are through fer-
mentation, pyrolysis or charring and gasification. Produc-
tion routes utilizing genetically modified bio-entities should 
not be avoided. Hydrocarbons are primary fuels for current 
transport system. Some plants like rubber produces poly-
meric hydrocarbon chains; some algae are known to pro-
duce lower hydrocarbons. Genetic modifications may allow 
plants or algae to produce such chemicals directly in com-
mercially viable amounts. This is one of the many possible 
lines of development; some important works in this field 
have already been reported (Howard et al. 2013).

The bio-energy options can be summarized as follows:

•	 With current land availability, bio-energy will be quite 
inadequate to meet the stabilized energy demand.

•	 Bio-energy for direct production of chemicals will be an 
attractive proposition, and is likely to become essential.

Direct Solar Energy

It is given in Table 1 that about 165 PW solar energy strikes 
earth. Of this, land surface receives about 29% that is about 
48 PW. About half of this, that is, about 24 PW, reaches the 
earth and is available, rest being either reflected or absorbed 
in the atmosphere.

Table 5   Estimates of total bio-
energy potential 1 (calculated) Total forest + agricultural area (km2) 9.00E+07

Approximate rate of solar energy absorption by biomass (PW) 15
Bio-energy formation rate assuming 1% conversion (TW) 150

2 (Barber 2007) Production of dry biomass per annum in billion tons 100
Assume energy content of 4 kcal/g (similar to heat of combustion of 

cellulose)
Total energy produced per annum (EJ) 16,800
Energy production rate (TW) 53

3 (Kling 2016) Bio-energy production (million cal/m2 per year) 5.83
Total yearly energy production (EJ) 2193
Energy production rate (TW) 70
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This is indeed way above what human race can use within 
foreseeable future, the current energy consumption being 
about 17 TW, less than 0.1% of the solar energy flux. How-
ever, harvesting requires covering up land—for direct con-
version—either PV (photo voltaic) or CSE (concentrated 
solar energy—heating or power). So the amount that can be 
harvested depends on the fraction of land area that can be 
spared for collection. Total habitable land area is estimated 
as 71% of the land area, with 10% being covered by ice 
and 19 per cent is barren, that is, deserts and mountains. 
Urban areas cover about 1% of habitable land. The long-term 
power demand has been estimated in Table 2 as 150 TW. 
If we assume 10% conversion efficiency for photovoltaic 
cells, then to collect this power, about 6.25% of land area 
will be required. This is a fairly large area, about 9 million 
km2, nearly one-third of the entire barren region, and almost 
equivalent to Sahara desert. Urban area is supposed to cover 
about 1 per cent of land area that is about 1.5 million km2. 
If we quite arbitrarily consider total area for collection to be 
about the size or about twice the size of urban area, and also 
assume that 20–25% conversion efficiency will be achiev-
able, then a total power output of 120 TW can be reached, 
which is still short of the expected 150 TW. Thus, while 
solar energy is plentiful, capturing it will require fairly large 
tracts of land, and also cheap high-efficiency solar cells. 
This will require materials and technology which are now 
at research level. There are also several other aspects that 
need to be taken into account.6

We may list the major pros and cons of solar PV genera-
tion for a sustainability steady state.

•	 Solar energy, as PV or CSE, is the only renewable 
source that can meet the energy needs. But, its harvest-
ing requires large areas of land, comparable to the area 
of land used for crop production.

•	 While plenty of solar energy is available, not enough of 
it can be collected without significant occupation of land, 
which may not be possible in every region of the world. 
What fraction of land can be set apart for this is still not 
decided.

•	 It is intermittent, requiring storage for night time or 
cloudy day use.

•	 Large-scale imports or exports of solar energy may affect 
the weather pattern.

•	 Solar energy has considerable carbon foot print on entire 
life cycle basis. It is smaller than fossil fuels, but larger 
than wind and possibly even nuclear energy.

•	 Large installation of solar power plant may in some cases 
enhance greenhouse effect.

•	 Solar PV does have an effect on microclimate and micro-
bio-habitat.

•	 Solar cells use up many scarce metals.
•	 Storage problem has not been satisfactorily solved.
•	 Solar is the only source capable of meeting sustainability 

steady state demand with current technology or technol-
ogy expected to be available in the near future.

•	 It is a distributed source with advantage that it may be 
captured and used at almost any scale and at any place 
and time.

•	 It does not require any moving part unless tracker cell is 
used.

•	 It is “people’s energy”.

When a solar cell is set up, the effective albedo of the land 
changes. Solar cells in general will absorb a larger portion of 
sunlight and will radiate more in the GHG absorption region, 
leading to higher heating of the local atmosphere, effectively 
equivalent to additional GHG. If the ground albedo prior to 
solar cell set up was lower, it can have an opposite effect.

There is also a question of local balance of energy.
Large-scale export of solar energy will reduce the energy 

received at the region of conversion. For example, if a large 
solar power plant be set up in Sahara, it will capture some 
of the radiation that heated the desert, thus cooling the 
region. If this power is exported across the Mediterranean 
to Europe, this energy will be dissipated as heat in Europe, 
heating the region receiving the energy. Even small tem-
perature changes over such large patches of land may sub-
stantially affect the weather pattern. This may cause local or 
even global climatic disturbances. Not all the disturbances 
will be adverse, it may detrimental at one place but be ben-
eficial at some other place (Diffenbaugh and Burke 2019). 
But one thing is certain; the effects will not be restricted by 
national boundaries, and may lead to strife between coun-
tries. As long as the energy transferred is not a significant 
portion of the solar energy received by the regions, such 
effects may not be significant. This aspect should be taken 
into account while planning any large-scale export or import 
of solar energy.

One must note that large-scale production of energy, in 
excess of solar energy, is also not a very desirable option in 
sustainability steady state. Any substantial addition to the 
solar energy that the Earth receives will inevitably change its 
temperature or weather and climate in order to radiate away 
the additional waste heat generated. A new “equilibrium” 
will be attained, equilibrium of energy input and output, 
which may or may not be beneficial to the human society. 
As long as the energy used is a small fraction of the solar 
energy received, the effects may not be noticeable. This rules 
out large-scale use of nuclear energy, fission or fusion, or 
supply of solar energy from space in large quantities, even if 
these become technically feasible. Otherwise, global climate 

6  Sherwani et al. (2010), Baharwani et al. (2014), IEA (2017), Mul-
vaney (2014), Meng et al. (2018).
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engineering will have to be developed to radiate the extra 
heat away and keep the environment comfortable.

Solar cell installations are also known to affect microcli-
mate, and micro-bio-habitats.

Of the disadvantages of harvesting and using solar energy, 
prominence is given to its intermittent nature and lack of 
proper storage technology. These will not generate power at 
night nor work well during cloudy days. Energy storage is 
still an unsolved problem and a field of intense investigation. 
Major storages are chemical in nature, either as batteries or 
hydrogen used in fuel cell or in combustion. A breakthrough 
is necessary in this field for successful implementation of 
solar energy. The major advantage of solar energy is that 
it is readily usable by anybody and at almost any scale and 
almost anywhere. In this sense, it is “energy for the people”.

The figures for possible energy demands and limits 
of practical availability of renewable sources, tells that 
more efficient utilization of energy is required. It has been 
assumed that the average power expenditure will be about 
10 kW, about same as the consumption by the USA. How-
ever equally high standard of living is maintained by many 
other countries, like Japan, Germany, with much lower 
power consumption. Thus, it is definitely possible to use 
lower consumption, by as much 20 to 30 per cent, yet main-
tain the same quality of life. However, one important item 
has not been considered—this is the energy requirement for 
recovery and recycle of materials. There is no estimate avail-
able for this. But, this will certainly increase our energy 
demand considerably.

There is also scope for making industries considerably 
more energy efficient. In several countries in Europe, and 
also in Japan, over last couple of decades, output or produc-
tion has gone up considerably without virtually any increase 
in consumption of energy. The developing countries now 
catching up often use energy inefficient manufacturing 
processes. If energy efficient processes become available 
at comparable costs, there will be significant decrease in 
energy demand. If PV conversion efficiencies can be raised 
to 15–20% and 2–5% of land can be made available for col-
lection, solar energy may just meet the energy requirements. 
So, while it may give an impression of being unlimited, it 
will probably be just about sufficient.

Recovery and recycling of scarce metals and other 
material

Finally one has to realize that the energy system cannot 
be considered to be renewable if equipment required to 
harvest and convert are not available in adequate amount. 
Now, many of the materials needed for construction of 
solar cells for direct conversion of solar energy belong to 
the category of scarce resources, which are available only in 

small quantities and are also not available widely but only at 
certain regions. This question of resource crunch has been 
discussed by many authors7 and many national governments 
have also conducted studies on “critical metals” and their 
supply. Unless these are recovered and recycled from the 
used or expired equipment, it will not be possible to replace 
the equipment. This will require additional energy. No esti-
mate or method of calculation is available at this time, but 
needs to be done urgently. Nature has a means of recycling 
materials using solar and geothermal energy, but in many 
cases, the cycling period is of geologic scale, or a scale that 
is too lengthy for our utilization. The scarce resources—
some metals in particular—are not known to have quick 
natural cycles. This will require development of entirely 
new technologies in many cases, and energy requirement 
for such processes is not known. But, these will certainly be 
significant, considering the difficulty of the job.

Kleijn and van der Voet (2010) report a study on the 
availability of materials for construction of wind turbine 
and solar cell systems for meeting projected energy needs 
in 2050, along with materials needed to transport the energy 
by hydrogen pipeline or electrical network. They conclude 
that with current technology, availability of a few elements 
may be problematic or “critical”, that is, these elements 
may be in short supply due to various reasons. These ele-
ments include Ni, Nd, Platinum Group Metals (PGM), Rare 
Earth Elements (REE), Cd, Te, Ga and Ru. There may not 
be enough reserves of some of these elements to meet the 
demands for building equipment/ structure of solar/ wind 
energy. In some cases, these elements are produced only 
as by-products, and supply may stop if the demand for the 
primary product drops. In some such cases, known natural 
concentrations or ores are not plentiful or even known, and 
new sources have to be found and new technologies may be 
required. High-efficiency thin-film solar cells require Cd, 
Te, Se, Ga, In, Ge and Ru. Estimated reserves for all these 
seem to be much less—even orders of magnitude less than 
the requirement—if only thin-film cells of the present day 
technology have to be used for making necessary amount of 
solar cells. Also presently, very little, except for In, of these 
materials are recycled. All the materials are discarded after 
single use. There are of course other types of cells which do 
not require these materials, but those have lower efficiencies. 
Bradshaw et al. (2013) analyse the concept of criticality and 
points out that several elements like Dy may be actually in 
short supply in nature, and for other elements supply may 
be limited for commercial reasons or supply chain problems. 
In fact, several detailed studies have been conducted in the 

7  Hancock (1984), Rankin (2012), Jones (2013), Bradshaw et  al. 
(2013), Henckens et al. (2014), Freiman and Madsen (2012), Wouters 
and Bol (2009), Kleijn and van der Voet (2010).
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USA and EU to identify the “critical” elements and means 
to maintain their steady supply. As explained earlier, even 
when the total amount occurring in earth’s crust is not neg-
ligible, the concentrations in which these occur are often too 
low for extraction.

It is therefore necessary to recover and recycle as much 
as possible of these “rare elements” for maintaining sustain-
ability steady state.

It will be wrong to assume that only the “rare” or scarce 
elements need to be recovered and recycled. Even bulk 
materials like Al, Cu will need recovery and recycle. It is 
to be noted that scraps of many metals including iron and 
aluminium are routinely recycled, but there is little effort 
to recover these. In fact, notions of recovery of these met-
als are considered ridiculous. In case of Al, the energy cost 
of recycling is much less than the energy requirement for 
winning the metal from its natural ore. It is of course not 
possible to recover and recycle 100%, without taking help of 
natural recycling processes which unfortunately take times 
of geologic scale. Recovery of uranium from sea water is 
an example of process capable of concentrating extremely 
dispersed material, but such process may not be feasible for 
all the elements. But even when recovery/ recycling pro-
cesses are scientifically feasible, a large amount of energy 
will be necessary to attain it. Firstly, there will be a second 
law limitation, and secondly, most scientifically feasible 
routes will involve many irreversible steps and efficiencies 
attained will be orders of magnitude below the second law 
limitation. No estimates for such energy requirements seem 
to be currently available. Helium for example, is an element 
with many important uses, is mined primarily from natural 
gas and sometimes from other geothermal sources and is 
dispersed after single use and is virtually lost. One may note 
that this is the second most abundant element in the universe 
and even within solar system yet almost absent on earth, but 
its capture/production has hardly attracted the attention it 
deserves.

From discussions above, we note that for critical compo-
nents of PV systems as well as large number of electronic 
gadgets, we use scarce metals and have become dependent 
on these. These are scarce, as usually these exist in dispersed 
state, with very few commercial “ores”. Unless these are pre-
served, recovered and recycled the present day gadgets and 
any new ones dependent on similar materials will become 
unavailable. The same applies to materials used for electri-
cal motors, long-distance energy transmission systems that 
will become essential for supporting the solar energy-based 
society. Not only these, even bulk materials like Al, Cu need 
to be recovered and recycled if a sustainability steady state is 
to be attained. Such a state will allow only small quantities 
of “make up material” to be extracted from primary sources 
or ores.

Equally important, many of these metals are toxic and 
polluting agents and hence cannot be allowed to disperse into 
the environment. Also process of recovery of one element 
must not allow or cause other materials to get dispersed.

Thus, we note that

•	 Availability of some “rare” or “scarce” metals may pose 
serious problems. Science and technologies to bypass 
these limitations need to be developed. An example may 
be organic solar cells.

•	 Since there is no appreciable material flux through the 
human habitat, recovery and recycling will become very 
important if not the most important challenge. Make 
up streams for necessary ingredients must be kept very 
small compared to the actual amount in circulation. This 
will apply to even such bulk materials like silica or sand, 
lime, iron and steel, aluminium, copper.

•	 Science and technology need to be developed for recov-
ery and recycle of all types of materials used.

•	 The energy penalty for such recovery and recycle is 
unknown but will surely be a major energy consumer.

Societal considerations

Social, political or economic deliberations are not quite 
appropriate for this publication. Yet sustainable develop-
ment and renewable energy are so intertwined with society 
that it becomes imperative to mention these aspects. In fact 
whether the human society adopts “sustainability” or “mar-
ket first” approach, will be the primarily decided by societal 
attitude. This is one of the main reasons for many countries 
deciding to halt nuclear energy programmes, particularly 
post Chernobyl and Fukushima.

While there is a general and hazy awareness about the 
environmental degradation and loss of quality of life, there 
is also a great reluctance to adapt to less wasteful lifestyle. 
Societal acceptance of a “steady state” will certainly be 
a major factor. The society seems to be affected only by 
dramatic events like Chernobyl, Fukushima, Katrina or 
the Indonesian tsunami, or path breaking expositions like 
“Silent Spring” and propaganda in the print and electronic 
media. Sustainability and survivability will also depend on 
the political wisdom and international cooperation. Moore’s 
law unfortunately does not seem to be applicable to growth 
of political wisdom and international cooperation.

From the discussions, it appears that there is no alter-
native to renewable energy from the sun for a sustainable 
human existence.

The question of its being “uneconomic” will become 
largely irrelevant as it becomes essential for survival.

The figures presented earlier show that for the world 
as a whole, there is sufficient solar energy. But certain 
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restrictions need to be followed or enforced. A tentative list 
is presented below:

•	 Overall per capita consumption should be restricted to 
a level well below the current value for the US, that is, 
10 kW or about 315 GJ per year per capita.

•	 Strict energy discipline must be maintained to reduce 
wastage primarily through phasing out of energy inef-
ficient gadgets and better design of energy consumption 
processes.

•	 Renewable energy other than direct solar—like wind and 
bio, particularly bio must also be developed—without 
causing excessive changes in the environment. Wind 
energy may supply a substantial fraction. Bio-energy 
should preferably be directly in form of hydrocarbons, 
that is, the hydrocarbons should be directly biosynthe-
sized without necessity of extra processing. Many plants 
and microorganisms do synthesize hydrocarbons

•	 All commercial and industrial processes should be energy 
optimized.

•	 Solar energy should be used close to the harvesting site 
as much as possible, and not bulk exported or imported.

•	 All scarce metals used must be recovered and recycled 
and not discharged into the environment. In fact not just 
scarce metals, many bulk metals like iron, copper, alu-
minium may also need to be recovered and recycled.

•	 Wind energy should not be over harvested.

There is just about the required amount of solar and 
renewable energy available for sustainability steady state. 
We still need to develop many new and critical technologies 
to make the transition to such a steady state. We also need to 
optimize energy consumption and reduce wastage.

More about sustainability steady state

For a system to be “sustainable”, it should not accumulate 
or lose material or energy, and should get rid of internally 
generated entropy. There has to be at least a flux of energy 
through the system, energy flowing in from the surroundings 
and going back to the surroundings. The surroundings are 
the “rest of the universe” and should be large—virtually infi-
nite compared to the system. We keep ourselves restricted to 
situations where this condition of infinite unchanging sur-
roundings is valid. There may be a similar material flux as 
well. But the system of our primary interest is the earth, and 
this is virtually a closed system. In such a system, all materi-
als must be recycled, and any stored low entropy energy can-
not be “used up”. In case these restrictions are not followed, 
there will be inevitable degradation. This is the consequence 
of the second law. (Geological or astronomical observations 
into the past of several billion years have not detected any 

violation, and it is unlikely to be repealed within next thou-
sand or even million years.)

It may be argued that if the timescale of the range of our 
interest be small compared to the timescale of the degrada-
tion, the system will be effectively “sustainable” even with 
depletion of internal energy sources and material resources. 
However, it does become subjective at this point, and 
depends heavily on what amount of degradation the society 
would allow. However, the option to take a path back to 
“sustainability steady state” will remain open, but the extent 
of degradation will be greater if it is delayed. It is therefore 
prudent to achieve such a state as early as possible.

It may also be argued that “sustainability steady state” 
may mean “stagnation” and end of “development”. But it 
is not so. For a closed system with a constant energy flux, 
there can be virtually infinitely many such states, differing 
in the amount of “energy utilization” and fraction of mate-
rial in “use or fixed mode”. Development will be transition 
from one such state to another with greater “energy utiliza-
tion” and change in the fraction of material in “use or fixed 
mode”. There will of course be a maximum energy utiliza-
tion limit.

Conclusions

For sustainability steady state, renewable energy will be 
essential, and major contributor will be direct solar. Wind 
and bio-energy will also be important contributor. A large 
fraction of the materials used must be recovered after use 
and recycled, only a small makeup fraction being extracted 
from earth. Also this objective is not going to be easy to 
attain. The earlier we start on transition the better. These and 
other points have already been presented in the last section.

It is assumed that technological innovations will remain 
more or less within lines of present day investigations in 
energy field—for example compact lightweight batteries or 
fuel cells, high temperature super conductors, carbon-based 
solar cells and electrodes. Exploitation of geothermal energy 
in large scale has not been considered nor controlled fusion 
in compact light weight engines.

Similar assumptions have been made for other fields as 
well. Thus, almost limitless possibilities of use of genetic 
engineering have not been considered, import of extra ter-
restrial raw materials to any substantial extent have not been 
considered, nor planetary scale climate engineering. The 
sustainable steady state envisaged here is just one option for 
long-term survival with current day technologies but hardly 
any other alternative seems to exist within the limitations 
mentioned.

No attempt is being made here to predict or intercept 
future developments. The path to sustainability implied 
here may not be accepted by the society—there is very 
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little chance of such acceptance. There may also be some 
dramatic scientific or technological or social discovery or 
innovation or change that will produce easier passage to such 
state or expand the boundary of the system and remove the 
constraints and produce a new system making the observa-
tions totally irrelevant.
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