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Abstract. Fossil fuels developed from ancient deposits of organic material, and thus can be thought
of as a vast store of solar energy from which society meets >80% of its current energy needs. Here,
using published biological, geochemical, and industrial data, I estimate the amount of photosynthetically fixed and stored carbon that was required to form the coal, oil, and gas that we are burning today.
Today’s average U.S. Gallon (3.8 L) of gasoline required approximately 90 metric tons of ancient
plant matter as precursor material. The fossil fuels burned in 1997 were created from organic matter
containing 44 × 1018 g C, which is >400 times the net primary productivity (NPP) of the planet’s
current biota. As stores of ancient solar energy decline, humans are likely to use an increasing share
of modern solar resources. I conservatively estimate that replacing the energy humans derive from
fossil fuels with energy from modern biomass would require 22% of terrestrial NPP, increasing the
human appropriation of this resource by ∼50%.

1. Introduction
Fossil fuel consumption is widely recognized as unsustainable. However, there has
been no attempt to calculate the amount of energy that was required to generate
fossil fuels (one way to quantify the ‘unsustainability’ of societal energy use),
and discussion about the consequences of replacing fossil fuels with modern solar
energy has been limited (but see Cook et al., 1991; Hall et al., 1991; Giampietro
et al., 1997). Recent attempts to estimate the sustainability of human activities
have taken a variety of approaches. Some researchers have estimated the amount
of photosynthetic energy (in the form of NPP) that is appropriated by humans
(Vitousek et al., 1986; Rojstaczer et al., 2001). Others have estimated the ‘ecological footprint’ of humanity, the amount of biologically productive space necessary
to sustain human consumption (Wackernagel et al., 2002). Neither of these approaches takes into account the sustainability of fossil fuel consumption. The NPP
approach focuses entirely on consumption and reduction of the potential photosynthetic energy captured in modern times, ignoring energy acquired through fossil
fuel consumption. The ecological footprint approach usually accounts for fossil
fuel burning by designating land for use in climate stabilization. This land would
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theoretically prevent greenhouse gas buildup by recapturing fossil fuel carbon that
has entered the atmosphere (Wackernagel et al., 1999; Ferng, 2002). While this
approach compensates for the climate effects of fossil fuel burning, it does not
replenish the original store of energy. Rarely, footprint analyses account for fossil
energy use by calculating the amount of land required to grow biomass or biofuels
that could act as energy substitutes for fossil fuels. This replacement approach often
leads to larger footprints than the climate stabilization approach (Wackernagel et
al., 2002). True analyses of sustainability must take into account the land or NPP
needed to replace the stored energy that we use.
Here, I have compiled data on: (1) the proportion of fossil fuel reserves derived from different environments (i.e., terrestrial vs. marine vs. lacustrine), (2) the
efficiency with which photosynthetic organisms are converted to peat or carbonrich sediment in these environments, (3) the efficiency with which organic deposits
were converted to fossil fuels, and (4) the efficiency with which we are able to
retrieve fossil fuels from near the earth’s surface. From these data, I calculate
the amount of paleoproductivity that was needed to create fossil fuels. I also
estimate the amount of solar energy consumed by humans in the form of fossil
fuels, compare the solar efficiency of fossil fuels to that of more modern sources of
solar-derived energy, and estimate the minimum amount of modern photosynthetic
product necessary to replace fossil fuel energy.

2. Methods
In this paper, a preservation factor (PF) is defined as the fraction of carbon that
remains at the end of a transition from one fossil fuel precursor to the next, such as
that from plant matter to peat, on the path to coal formation. A recovery factor (RF)
is defined as the proportion of original photosynthetic product recovered as fossil
fuel. Recovery factors are the product of the PFs of each transition and additional
terms for extraction efficiency (for instance, the fraction of existing coal that can be
mined from deposits given today’s economic and technological setting). In some
cases, a fossil fuel has been generated in a variety of environments or through
multiple pathways. In these cases, PFs or efficiency values were determined for
each of the conditions, and the relevant PF was applied to the fraction of fossil
fuel that was generated in each condition. In this manner, RFs are estimated for the
global pools of coal, oil, and gas. RFs of individual fossil fuel deposits undoubtedly
range widely around these estimates. Where appropriate, I determined high and
low limits and an intermediate best estimate for the efficiency values involved in
the calculation of recovery factors. Limits were generally determined by taking the
most extreme values reported in the literature, with some constraint on these values due to biological, physical or logical considerations (for instance, conversion
efficiencies are greater than zero). It is possible that many deposits of a given fossil
fuel type experienced the high (or low) PF limit during one transition. However,
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it is unlikely that a large fraction of modern fossil fuel reserves experienced the
highest (or lowest) PF limits through all transitions. Therefore, RF limits are very
likely to encompass the global RF for each fuel type.

3. Recovery of NPP as Coal
Much of Earth’s coal (often termed ‘buried sunshine’ by the coal industry) is
thought to have accumulated in environments analogous to the peat swamp forests
of Indonesia and Malaysia (Moore, 1987; Moore, 1989; Cobb and Cecil, 1993).
The calculations in this study assume that coal formed entirely from ombrogenous
(precipitation-dependent) peat deposits such as these. Neuzil (1997) determined
carbon accumulation rates in 2000–10,000 year old Indonesian domed peat deposits. Average rates for four sites ranged from 61–145 g C m−2 yr−1 (the mean
across these sites is 105 g C m−2 yr−1 ). These rates are comparable to or higher
than other values for the region (I derived rates between 2 and 190 g C m−2 y−1
from data in Cameron et al. (1989) and Supardi et al. (1993)). Comprehensive
NPP measurements of these forests have not been completed (J. O. Rieley, pers.
comm.). I used data published by Brady (1997) to estimate the productivity of
forests on three raised peat deposits in Sumatra, Indonesia. On an annual basis,
litter and new roots in the lower half of the acrotelm (the topmost, aerobic peat
layer) added 310–678 g C m−2 yr−1 to the peat (mean = 436 g C m−2 yr−1 ). Root
production in the top half of the acrotelm was not measured. To estimate this value,
I multiplied root ingrowth in the lower half of the acrotelm by the ratio of dry root
mass in the upper half to dry root mass in the lower half. If this estimate is included,
then 373–1456 g C m−2 (mean = 672) enters the peat annually. Dividing the mean
estimate of annual C accumulation by the mean estimate for annual C input gives
an estimate of 105 ÷ 672 = 15.6% for the PF of organic carbon in peat, with a
low limit of 61 ÷ 1456 = 4% and a high limit of 145 ÷ 373 = 39%. This estimate
nearly matches the 15% of NPP that Moore (1987) calculated remains as peat in
British blanket mires.
With time, heat, and pressure, peat undergoes coalification. During this process,
the water content declines and the carbon concentration increases. The peat is gradually transformed to brown coal (lignite and sub-bituminous), and finally to hard
coal (bituminous and anthracite; Taylor et al., 1998). Meanwhile, some carbon is
lost as volatile CO, CO2 , and CH4 (Kopp et al., 2000). Peat retains approximately
92.5% of its C as it is converted to high-volatile bituminous coal (see Table I).
Between 68% and 84% of the C present in high-volatile bituminous coal is retained
as the coal increases in rank to anthracite (Table II). The PFs of brown coal and hard
coal are approximately 95.5% (limits: 92.5% and 98.5%), and 69% (limits: 63%
and 78%; estimate derived from a 92.5% PF for high-volatile bituminous followed
by a 75% PF during further increases in rank), respectively.
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Table I
Carbon retained during early coalification transitions. Based on Mott (1942, 1943)
Rank transition

%C

Reaction products lost

%wt. Loss/
%C increase

%C
retained

Peat-lignite

57–65

1.77

Lignite-low rank bituminous

65–77

62H2 O + 9CH4 or
64H2 O + 8CH4 + CO2
CO2

98.79–
98.84
93.68

1.93

Table II
Carbon retained in coal during late coalification
Rank transition

Number of C
atoms lost a

% initial C remaining
after transition

Beginning to end of high-volatile bituminous
Beginning of medium-volatile bituminous to
end of low-volatile bituminous
Beginning to end of semi-anthracite
Beginning to end of anthracite

129–1544

98.71–84.56

318–519
389–574
816–985

95.57–80.17
91.85–75.57
84.36–68.13

a Per 10,000 C atoms at beginning of transition (Kopp and Bennett, 2001).

Recently, world reserves were estimated to consist of 48% brown coal and 52%
hard coal (Trinnaman and Clarke, 1998). Assuming that 50% of the original world
coal reserve was of high-volatile bituminous or lower rank gives a global mean PF
in the transition from plant matter to coal of 13% (peat PF of 15.6% multiplied by
95.5% for brown coal or 69% for hard coal; the average of these products is 13%).
Coal deposits are only partially removed from mines. On average, 62% of
underground deposits and 82% of surface deposits are extractable using current
mining techniques (Arioglu, 1994). Because almost two thirds of world hard coal
production comes from underground mines (World Coal Institute, 2000), the global
coal extraction PF is roughly 69%.
Using the PF values listed above, I calculated the mean global recovery factor
for coal (Figure 1). In addition, I used only the low PF limits to calculate a low
RF limit, and only the highest PF limits to calculate a high RF limit. The global
recovery factor for coal is 0.09, and RF limits are 0.02 and 0.2.
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Figure 1. Best estimate (thick line) and high and low limits (thin lines) for the percent of photosynthetically fixed carbon retained during fuel generation and extraction. The final value in each panel is
the equivalent of a recovery factor (RF) for the fuel type. The actual RF for coal varies slightly from
the value in the figure, because both brown coal and hard coal are extracted from the earth.

4. Recovery of NPP as Petroleum
Marine sediments produced the majority (about 86%) of the world’s petroleum,
while deltaic and lacustrine sediments yielded smaller amounts (about 11% and
3%, respectively) (Demaison, 1993). The organic matter in carbon-rich marine
sediments is primarily composed of the remains of phytoplankton. The percentage
of annually fixed organic carbon that accumulates in sediment (the PF) is difficult to estimate because it can vary over several orders of magnitude, depending
on the length of time that organic matter experiences oxic conditions, and on
other factors (Bralower and Thierstein, 1987; Bordenave, 1993; Canfield, 1994;
Gélinas et al., 2001). Two types of marine settings are thought to have been the
major environments for the formation of petroleum source rocks: silled basins with
oxygen-deficient waters, and highly productive upwelling zones (which generated
78% and 8% of world petroleum stocks, respectively; Demaison, 1993).
In modern anoxic basins, PFs are generally between 0.5% and 10% (Bralower
and Thierstein, 1987). In highly productive coastal upwelling zones, PFs can range
from 1–10% (Lückge et al., 1996). In both cases, preservation factors at the lower
end of the range are more typical. I used a best estimate of 2% for the PF in both
settings. I used 9.3% as the high limit for preservation of fixed carbon in sediments
of anoxic silled basins. This fraction is equal to the highest PF calculated for the
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Black Sea (9.3%) (Bralower and Thierstein, 1987), which is one of the best modern
examples of this type of setting (Bordenave, 1993). In upwelling zones, I used a
high PF limit of 4.25%, which is equal to the highest PF in an area of upwelling
(Site 723) off the coast of Oman, assuming NPP of 200 g C m−2 yr−1 (Lückge
et al., 1996). In both environments, I used 0.32% as a low limit. This value is the
global average PF for organic carbon in marine settings (Hedges and Keil, 1995).
As in marine environments, PFs in lacustrine environments depend largely on
the length of time that the sediment is exposed to oxidation in the water column.
Anoxic lakes were good environments for petroleum source rock formation because mineralization of photosynthetically fixed carbon was limited. I used the
same PF values for lacustrine environments as for anoxic silled marine basins, on
the assumption that the behavior of organic material in these environments would
be similar.
Terrestrial plant material makes up a large fraction of most deltaic sediments
that have produced petroleum (Taylor et al., 1998). I found no published values
for PFs in deltaic sediments with the potential for petroleum generation. I used
the same PF values for organic matter in these sediments as for organic matter in
upwelling zones.
Kerogen is the complex, polymeric organic matter in sediments. With time, heat,
and pressure, some types of kerogen generate petroleum. Kerogens of type I, II,
and III are the most common sources of fossil fuels. These kerogen types differ in
their origin, their requirements for the release of hydrocarbons, and the amount and
type of hydrocarbons released. Kerogens of type I and II are typically derived from
lacustrine algae and marine phytoplankton, respectively (Tissot and Welte, 1984).
Type III kerogens are largely derived from terrestrial plant matter.
The ‘genetic potential’ of kerogen describes the maximum fraction of organic
matter that can be released from a kerogen as petroleum over the course of maturation (the remaining carbon is essentially inert). Kerogen types vary in their
genetic potential. Types I and II have high genetic potentials (0.895 and 0.695,
respectively) compared to type III (0.313) (Tissot and Welte, 1984). Kerogens of
types I and II generate significant quantities of oil and gas. Type III kerogen mainly
releases hydrocarbons as gas, but releases less gas per unit carbon than kerogen of
types I and II (Peters and Cassa, 1994).
For this study, petroleum reservoirs derived from lacustrine, marine, and deltaic
sediments were assumed to have been generated entirely from kerogen of types I,
II, and III, respectively. I applied the genetic potential of each kerogen type to the
corresponding fraction of global petroleum reserves to estimate the efficiency of
petroleum release from organic matter stored in kerogens.
Of the petroleum generated from type I or II kerogens, approximately 76% is
oil and 24% is gas (by carbon content). Of the petroleum generated by type III
kerogens or coal, 59% is gas and 41% is oil (petroleum-generating coal is treated
as a type III kerogen for the purposes of this estimate) (Klemme and Ulmishek,
1991).
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Not all hydrocarbons that are generated migrate from the source rock to a reservoir from which they may be recovered. A substantial fraction may remain at the
site of generation (Vandenbroucke, 1993) or may flow into geological features from
which it is not recoverable or from which it can escape to the surface (Magoon and
Valin, 1994). The percentage of generated petroleum that accumulates in reservoirs
varies widely among petroleum systems (0.3–36.3% in a survey of 16 systems;
Magoon and Valin, 1994). I used a weighted average (2.8%) calculated from the
petroleum systems surveyed by Magoon and Valin (1994) as a best estimate. Even
when oil migrates to a suitable reservoir, it is only partially recoverable, with the
extractable fraction depending on the nature of the reservoir. For instance, a greater
percentage of oil is generally recovered from sands (30% or more) than from carbonate reservoirs (typically 10–20%) (Selley, 1998). Extraction percentages varied
from 0–83% across the 16 systems surveyed by Magoon and Valin (1994); I used
the weighted average for these systems (24.5%) as a best estimate, and I used the
second-lowest (4.1%) and second-highest (43.1%) values from these 16 systems as
limits.
Using the PF values for petroleum transitions listed above and the same technique applied to coal, I calculated recovery factors for oil and gas (Figure 1). The
RF for oil is 90 × 10−6 , with limits of 0.3 × 10−6 and 9 × 10−3 . For gas, the RF is
80 × 10−6 , with limits of 0.2 × 10−6 and 8 × 10−3 .

5. Applications of the Recovery Factors
The RFs can be used to calculate the amount of photosynthetic matter needed
to produce a given amount of fuel, or to compare the solar efficiency of various
electricity generating techniques (Table III).
For instance, I used the RFs to estimate the amount of ancient photosynthetic
product consumed annually in the form of fossil fuels (Figure 2). Approximately
44 Eg (44 × 1018 g; limits: 0.5 Eg and 15 × 103 Eg) of photosynthetic productcarbon were necessary to generate the fossil fuels burned in 1997 (Table IV). This
is equivalent to 422 times the net amount of carbon that is fixed globally each
year (Field et al., 1998), or 73 times the global standing stock of carbon in vegetation (Schimel, 1995; Figure 2). Assuming that the photosynthetic process has
an average efficiency of 1.7% (Potter et al., 1993) and plant matter is 45% carbon,
the amount of solar energy required to grow this vegetation was 120 × 1024 J,
or 36 times the sum of solar energy that strikes Earth’s surface in one year. An
examination of paleoproductivity use over time suggests that societal consumption
of this resource has exceeded the current rate of global carbon fixation since 1888
(Figure 2). Cumulative paleoproductivity consumption from 1751 to 1998 exceeds
 An average of 198 W m−2 of solar energy reaches Earth’s surface (Kiehl and Trenberth, 1997).
Based on Earth’s mean volumetric radius of 6371 km, Earth’s surface area is 0.51 × 1015 m2 . Thus,
Earth’s surface receives approximately 0.1 × 1018 J s−1 , or 3.2 × 1024 J yr−1 .
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Table III
Electricity generated by 1 kJ of solar energy
Capture technology/fuel

Solar b
Photosynthesis/biomass
Photosynthesis/coal
Photosynthesis/gas
Photosynthesis/oil

Efficiencies a
Energy Fuel
capture synthesis

Electricity
generation

0.15
0.024
0.024
0.024
0.024

1
0.21
0.38
0.42
0.42

1
1
0.089
84 × 10−6
93 × 10−6

Storage
time (yrs)

J generated

0
∼1
>107
>107
>107

150
5.0
0.81
0.85 × 10−3
0.94 × 10−3

a Monteith (1977) found that four crop species used solar energy with 2.4% efficiency. Photo-

synthetic efficiency of plants in natural landscapes is generally lower. Potter et al. (1993) suggest
an average global efficiency of 0.39 g C MJ−1 PAR, which translates to approximately 1.7%
photosynthetic efficiency (assuming that half of solar radiation is in the photosynthetically active
wavelengths, that plant matter is 45% C, and that the energy content of plant matter is 20 kJ
g−1 . The estimated efficiency of electricity generation from biomass (21%) is an intermediate
value from a range of estimates of the efficiency of current commercial technologies (Larson and
Marrison, 1997; Paisley and Anson, 1998). Estimates of the efficiency of electricity generation
from coal, oil, and gas are based on ‘heat rate’ values published by the Energy Information Administration (2000). For each fuel type, values are based on the most efficient electricity generation
methodology listed.
b This value is representative of both photovoltaic and solar thermal generation technologies. Data
on photovoltaic panel efficiency are made available on the web by BP Solar (Linthicum, Maryland,
U.S.A.; http://www.bpsolar.com/). Data on the efficiency of solar thermal generation technologies
were obtained from the U.S. Department of Energy (1997).

1.4 × 103 Eg C (limits: 15 Eg and 0.5 × 106 Eg; Figure 2), which is more than
13,300 years’ worth of global NPP.
The RF for oil suggests that 89 metric tons of ancient plant matter were required
to create 1 U.S. Gallon [3.8 L] of gasoline. This calculation assumes that the specific gravity of oil is 0.86, the carbon content is 0.85, and that 1.5 kg of oil are
required to produce 1 kg of gasoline.
It has long been known, as the calculations in this paper again make clear, that
the rate at which humans are using our planet’s reserve of stored solar energy is not
sustainable. Earth receives solar energy at a relatively constant rate, and little of the
incoming energy is chemically stored through photosynthesis (Larcher, 1995). Of
the organic matter that is produced annually, only a small fraction is synthesized in
environments that are suitable for long-term preservation.
The extent and location of fossil fuel-generating environments has varied widely
over geologic time, with changes in global climate, ocean hydrodynamics, and
eustatic transgressions, and with the evolution of photosynthetic and decomposer
organisms (Klemme and Ulmishek, 1991). Estimates in this paper are largely based
on the behavior of modern organic matter in regions where conditions are believed
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Table IV
Human consumption of fossil fuels and prehistoric net primary productivity (PNPP)
Fuel type

1997 fuel consumption
in Tg C a

1997 PNPP consumption
in Pg C b (range)

Gas
Gas flaring
Liquid (oil)
Solid (coal)

1,210
48
2,723
2,437

14,252
565
29,186
27

(152–5,029,542)
(6–199,519)
(295–10,217,550)
(10–114)

TOTAL

6,418

44,031

(464–15,446,724)

a Teragrams (1012 g) of carbon; data from Marland et al. (2001).
b Petagrams (1015 g) of carbon; best estimates and ranges calculated

from recovery factors presented in text. Rounding prevents the total from
equaling the sum of components.

to reasonably mimic those of ancient fossil fuel-forming environments. Although
these analogous environments exist today, it is impossible to predict which, if any,
modern photosynthetic products will ever generate mineable fossil fuel deposits.
For this reason, the calculations here cannot be used to estimate how much modern
NPP would be required to produce a given amount of fossil fuel in the future.
The RFs calculated here are estimates, with a considerable amount of associated uncertainty. Some of this uncertainty may be reduced as future studies better
quantify the range of PFs in different environments. However, other sources of
uncertainty are impossible to eliminate. For instance, the use of imperfect modern
analogs of fossil fuel-generating environments leads to uncertainty that cannot be
easily estimated or removed from PF values. Also, productivity and carbon accumulation rates undoubtedly varied from one fossil fuel-generating site to the next,
and over time, and this variation introduces additional uncertainty. Possibly the
greatest uncertainties are associated with variability among petroleum systems in
the efficiency of petroleum generation and accumulation. Such variation makes it
impossible to arrive at indisputable global estimates. However, the limits presented
here almost certainly encompass global mean RFs, based on observed rates of
biological and geological processes. Economic conditions and new technologies
can alter RFs by a limited amount; for instance, if technological developments
allow further recovery of oil from fields that are currently not economically viable,
the RF for oil could increase up to fourfold.
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Figure 2. Human consumption of paleoproductivity. The amount of ancient, photosynthetically fixed
carbon that was required to generate the fossil fuels used annually between 1751 and 1998 (thin line
– best estimate, grey space – area within high and low limits). Horizontal bars represent estimates
for the current annual NPP (global and terrestrial) (Field et al., 1998). The thick line represents a
conservative estimate of the amount of biomass that would be consumed if fossil fuel energy sources
were replaced with modern biofuels. This line starts in 1980, and is calculated using data for global
fossil energy consumption, which can be found in United Nations (2000) and in earlier editions of
the same publication. Data for fossil fuel consumption from 1751–1998 are presented in Marland et
al. (2001). The onset of oil consumption in 1870 causes the jump in the high limit and best estimate
for paleoproductivity consumption. This jump is unrealistically steep because oil consumption is
recorded as integer units in teragrams of carbon; in 1870 this value jumps from 0 to 1.

6. Replacing Ancient Energy Sources with Modern Energy Sources
Despite their solar inefficiency, fossil fuel deposits from the last ∼500 million years
grew large enough to supply the growing human population with ample, relatively
cheap energy for the last 250 years. Fossil fuels have supported a rapid increase
in energy use, while minimizing the need for widespread capture of modern solar
resources. As the global stores of fossil fuels become depleted (or as climate considerations force a societal curtailment of fossil carbon releases to the atmosphere),
society must either reduce energy consumption or switch to other energy sources.
Replacing fossil fuel energy with modern photosynthetic energy from biomass
would increase solar efficiency (as calculated in Table III), but would shift our
energy demands to current NPP, which is already in demand by humans as well
as other species. I calculated the amount of modern photosynthetic product that
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would be required to match the energy content of the fossil fuels burned annually
by humans.
I divided the 1997 global fossil energy requirement of 315271 PJ (United Nations, 2000) (this value includes only the energy content of fossil fuels, which
fulfilled 83% of the total energy requirement) by a typical value for heat of combustion of wood (20 kJ/g dry biomass) to arrive at a biomass requirement of 15.8 Pg.
This estimate is conservative, because wood has a higher energy content than other
plant materials. Assuming biomass is 45% carbon, the fixed carbon requirement is
7.1 Pg. Roughly 44% of terrestrial NPP is stored in belowground tissues (Saugier
et al., 2001) that would not be harvested for energy use, but which are considered to be co-opted upon harvest. If terrestrial NPP is 56.4 Pg C (Field et al.,
1998), then aboveground NPP is 31.6 Pg C, suggesting society would require 22%
(7.1 ÷ 31.6 = 0.22) of this resource (Figure 2). This should be considered a
minimum requirement; a dramatically larger share of NPP would be needed if the
efficiency of energy generation from biomass remained lower than the efficiency of
energy generation from fossil fuels (Table III), or if biomass were to be converted
to ethanol or other liquid fuels (Giampietro et al., 1997; Kheshgi et al., 2000).
I used calculations of Vitousek et al. (1986) to estimate the degree to which
replacing fossil fuel energy with energy in modern biomass would increase societal
demands on NPP. Vitousek et al. (1986) calculate that on an annual basis, humans
appropriate 58.1 Pg of the planet’s potential terrestrial organic matter production
(149.6 Pg). If modern biomass replaced fossil fuels (and unharvested root matter
was counted towards consumed NPP), society would require at least an additional
28.1 Pg of organic matter per year. Thus, this simple and conservative calculation
suggests that a wholesale conversion to bioenergy would increase societal demands
on Earth’s terrestrial photosynthetic resources by approximately 50%.

7. Conclusion and Implications
Ancient organic matter generated fossil fuels through inefficient processes. Calculations in this paper suggest that the formation of coal from plants is less than
10% efficient, and the formation of oil and gas from phytoplankton is less than
0.01% efficient. These estimates imply that the fossil fuels used by humans in
1997 were generated from ancient organic matter that contained approximately
44 × 1018 g C, which is >400 times the current global NPP. As fossil fuel stores
are depleted, modern solar resources are likely to supply an increasing fraction
of societal energy demands. Fortunately, these resources are more efficient than
 In coppicing systems, where aboveground material regrows from established roots after har-

vests, this calculation may overestimate the NPP requirement. However, as an estimate of the fraction
of current NPP that would be required, this calculation seems reasonable.
 Extensive use of agricultural byproducts and residues could decrease this demand by a small
amount.
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fossil fuels in terms of solar energy capture (Table III). However, to the extent
that a shift away from ancient solar resources increases human consumption of
modern NPP, this shift could place additional burdens on the myriad species that
depend on the sun’s energy for life (Cook et al., 1991; Giampietro et al., 1997). By
minimizing society’s future energy demands and carefully selecting energy capture
and generation technologies, we can limit human impacts on many other species.
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