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Biomass as an Energy 
Resource: Concept 
and Markets 

I. I N T R O D U C T I O N  

As late as the mid 1800s, biomass supplied the vast majority of the world's 
energy and fuel needs and only started to be phased out in industrialized 
countries as the fossil fuel era began, slowly at first and then at a rapid rate. 
But with the onset of the First Oil Shock in the mid 1970s, biomass was again 
realized by many governments and policy makers to be a viable, domestic, 
energy resource that has the potential of reducing oil consumption and imports 
and improving the balance of payments and deficit problems caused by depen- 
dency on imported oil. For example, the contribution of biomass energy to 
U.S. energy consumption in the late 1970s was over 850,000 BOE/day, or 
more than 2% of total energy consumption at that time. By 1990, it had 
increased to about 1.4 million BOE/day, or 3.3% of energy consumption, 
and conservative projections indicate that by the year 2000, biomass energy 
consumption is expected to increase to 2.0 million BOE/day (Klass, 1994). 
Other industrialized countries have also increased biomass energy consump- 
tion. Canada, for example, consumed about 134,000 BOE/day of biomass 
energy, or 3% of its total energy demand in the late 1970s, and by 1992 had 
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increased consumption to 250,000 BOE/day, or 4.4% of total energy demand. 
Although biomass energy has continued to be utilized in Third World countries 
as a source of fuels and energy for many years, it has become a renewable 
carbon resource for energy and fuels once again for industrialized countries 
and is expected to exhibit substantial growth in the twenty-first century. In 
this chapter, the concept of virgin and waste biomass as an alternative source 
of supply for energy and fuels is examined and the potential of biomass 
energy and its market penetration are evaluated. 

II. BASIC  C O N C E P T  

The terminology "renewable carbon resource" for virgin and waste biomass is 
actually a misnomer because the earth's carbon is in a perpetual state of flux. 
Carbon is not consumed in the sense that it is no longer available in any form. 
Many reversible and irreversible chemical reactions occur in such a manner that 
the carbon cycle makes all forms of carbon, including fossil carbon resources, 
renewable. It is simply a matter of time that makes one form of carbon more 
renewable than another. If society could wait several million years so that 
natural processes could replenish depleted petroleum or natural gas deposits, 
presuming that replacement occurs, there would never be a shortage of organic 
fuels as they are distributed and accepted in the world's energy markets. 
Unfortunately, this cannot be done, so fixed carbon-containing materials that 
renew themselves over a time span short enough to make them continuously 
available in large quantities are needed to maintain and supplement energy 
supplies. Biomass is a major source of carbon that meets these requirements. 

The capture of solar energy as fixed carbon in biomass via photosynthesis, 
during which carbon dioxide (CO2) is converted to organic compounds, is 
the key initial step in the growth of biomass and is depicted by the equation 

CO2 + H20 + light + chlorophyll--> (CH20) + 02. 

Carbohydrate, represented by the building block (CH20), is the primary or- 
ganic product. For each gram mole of carbon fixed, about 470 kJ (112 kcal) 
is absorbed. Oxygen liberated in the process comes exclusively from the water, 
according to radioactive tracer experiments. Although there are still many 
unanswered questions regarding the detailed molecular mechanisms of photo- 
synthesis, the prerequisites for virgin biomass growth are well established; 
CO2, light in the visible region of the electromagnetic spectrum, the sensitizing 
catalyst chlorophyll, and a living plant are essential. The upper limit of the 
capture efficiency of the incident solar radiation in biomass has been variously 
estimated to range from about 8% to as high as 15%, but in most actual 
situations, it is generally in the 1% range or less (Klass, 1974). 
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The main features of how biomass is used as a source of energy and fuels 
are schematically illustrated in Fig. 2.1. Conventionally, biomass is harvested 
for feed, food, fiber, and materials of construction or is left in the growth areas 
where natural decomposition occurs. The decomposing biomass or the waste 
products from the harvesting and processing of biomass, if disposed of on or 
in land, can in theory be partially recovered after a long period of time as 
fossil fuels. This is indicated by the dashed lines in Fig. 2.1. Alternatively, 
biomass and any wastes that result from its processing or consumption could 
be converted directly into synthetic organic fuels if suitable conversion pro- 
cesses were available. The energy content of biomass could be diverted instead 
to direct heating applications by combustion. Another route to energy products 
is to grow certain species of biomass such as the rubber tree (Hevea braziliensis) 
in which high-energy hydrocarbons are formed within the species by natural 
biochemical mechanisms. In this case, biomass serves the dual role of a carbon- 
fixing apparatus and a continuous source of hydrocarbons without being con- 
sumed in the process. Other biomass species, such as the guayule bush, produce 
hydrocarbons also, but must be harvested to recover them. Conceptually, it 
can be seen from Fig. 2.1 that there are several different pathways by which 
energy products and synthetic fuels might be manufactured. 
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FIGURE 2.1 Main features of biomass energy technology. 
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Another approach to the development of fixed carbon supplies from renew- 
able carbon sources is to convert CO2 outside the biomass species into synthetic 
fuels and organic intermediates. The ambient air, which contains about 
360 ppm of CO2, the dissolved CO2 and carbonates in the oceans, and the 
earth's large terrestrial carbonate deposits could serve as renewable carbon 
sources. But since CO2 is the final oxidation state of fixed carbon, it contains 
no chemical energy. Energy must be supplied in a reduction step. A convenient 
method of supplying the required energy and of simultaneously reducing the 
oxidation state is to reduce CO2 with hydrogen. The end product, for exam- 
ple, can be methane, the dominant component of natural gas: 

CO2 + 4H2--* CH4 + 2H20 

With all components in the ideal gas state, the standard enthalpy of the process 
is exothermic by - 1 6 5  kJ ( -39 .4  kcal) per gram mole of methane formed. 
Biomass feedstocks could also serve as the original source of hydrogen via 
partial oxidation or steam reforming to an intermediate hydrogen-containing 
product gas. Hydrogen would then effectively act as an energy carrier from 
the biomass to the CO2 to yield substitute or synthetic natural gas (SNG). 
The production of other synthetic organic fuels can be conceptualized in a 
similar manner. 

The basic concept then of biomass as a renewable energy resource comprises 
the capture of solar energy and carbon from ambient CO2 in growing biomass, 
which is converted to other fuels (biofuels, synfuels) or is used directly as a 
source of thermal energy or hydrogen. One cycle is completed when the 
biomass or derived fuel is combusted. This is equivalent to releasing the 
captured solar energy and returning the carbon fixed during photosynthesis 
to the atmosphere as CO2. Hydrocarbons identical to those in petroleum or 
natural gas can be manufactured from biomass feedstocks. This means that 
essentially all of the products manufactured from petroleum and natural gas 
can be produced from biomass feedstocks. Alternatively, biomass feedstocks 
can be converted to organic fuels that are not found in petroleum or natural 
gas. The practical uses of biomass feedstocks and the applications of biomass 
energy and derived fuels, however, are limited by several factors. 

III.  D I S T R I B U T I O N  O F  R E N E W A B L E  C A R B O N  

R E S O U R C E S  A N D  B I O M A S S  A B U N D A N C E  

A. BIOSPHERIC CARBON FLUXES 

Most global studies of the transport and distribution of the earth's carbon 
eventually lead many analysts to conclude that the continuous exchange of 
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carbon with the atmosphere and the assumptions and extrapolations that must 
be employed make it next to impossible to eliminate large errors in the results 
and uncertainty in the conclusions. Only a very small fraction of the immense 
mass of carbon at or near the earth's surface is in relatively rapid circulation 
in the earth's biosphere, which includes the upper portions of the earth's crust, 
the hydrosphere, and biomass. There is a continuous flow of carbon between 
the various sources and sinks. The atmosphere is the conduit for most of this 
flux, which occurs primarily as CO2. 

Some of the difficulties encountered in analyzing this flux are illustrated 
by estimating the CO2 exchanges with the atmosphere (Table 2.1). Despite 
the possibilities for errors in this tabulation, especially regarding absolute 
values, several important trends and observations are apparent and should be 
valid for many years. The first observation is that fossil fuel combustion and 
industrial operations such as cement manufacture emit much smaller amounts 
of CO2 to the atmosphere than biomass respiration and decay, and the physical 
exchanges between the oceans and the atmosphere. The total amount of CO2 
emissions from coal, oil, and natural gas combustion is also less than 3% of 
that emitted by all sources. This is perhaps unexpected because most of the 
climate change literature indicates that the largest source of CO2 emissions is 
fossil fuel combustion. Note that human and animal respiration are projected 
to emit more than five times the CO2 emissions of all industry exclusive of 
energy-related emissions. Note also that biomass burning appears to emit 
almost as much CO2 as oil and natural gas consumption together. 

One of the CO2 sources not listed in Table 2.1 that can result in significant 
net CO2 fluxes to the atmosphere is land cover changes such as those that result 
from urbanization, highway construction, and the clear-cutting of forestland for 
agricultural purposes. It has been estimated that the net flux of CO2 to the 
atmosphere in 1980, for example, was 5.13 Gt, or 1.40 Gt of carbon, because 
of land cover changes (Houghton and Hackler, 1995). Land cover changes are 
usually permanent, so the loss in atmospheric carbon-fixing capacity and 
annual biomass growth are essentially permanent also. It has been estimated 
from the world's biomass production data that losses of only 1% of standing 
forest biomass and annual forest biomass productivity correspond to the ulti- 
mate return of approximately 27 Gt of CO2 to the atmosphere, and an annual 
loss of about 1.22 Gt in atmospheric COs removal capacity (cf. Klass, 1993). 

Overall, the importance of the two primary sinks for atmospheric CO2-- 
terrestrial biota and the oceansmis obvious. No other large sinks have been 
identified. It is evident that only small changes in the estimated CO2 uptake 
and release rates of these sinks determine whether there is a net positive or 
negative exchange of CO2 with the atmosphere. A small change in either or 
both carbon fixation in biomass by photosynthesis or biomass respiration 
estimates tends to cause a large percentage change in the arithmetic difference 
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TABLE 2.1 Estimated Annual Global Carbon Dioxide and Carbon Exchanges with 
the Atmosphere ~ 

Source and/or sink 

Terrestrial: 
Cement production 0.51 
Other industrial processes 0.47 
Human respiration 1.67 
Animal respiration 3.34 
Methane emissions equivalents 1.69 
Natural gas consumption 3.98 
Oil consumption 10.21 
Coal consumption 8.15 
Biomass burning 14.3 
Gross biomass photosynthesis 
Biomass respiration 194 
Soil respiration and decay 194 

Total terrestrial: 432 

Oceans: 
Gross biomass photosynthesis 
Biomass respiration 90 
Physical exchange 275 

Total oceans: 365 
Total terrestrial and oceans: 797 

Carbon dioxide 

To From 
atmosphere atmosphere 

(Gt/year) (Gt/year) 

Carbon equivalent 

To From 
atmosphere atmosphere 

(Gt/year) (Gt/year) 

0.14 
0.13 
0.46 
0.91 
0.46 
1.09 
2.79 
2.22 
3.90 

388 106 
53 
53 

388 118 106 

180 49 
25 

202 75 55 

382 100 104 
770 218 210 

r fossil fuel, human, and animal emissions were estimated by the author (Appendix C). 
Most of the other exchanges are derived from exchanges that have been reported in the liter- 
ature (cf. Boden, Marland, and Andres, 1995) or they are based on assumptions that have 
generally been used by climatologists. It was assumed that 50% of the terrestrial biomass car- 
bon fixed by photosynthesis is respired and that an equal amount is emitted by the soil. The 
total uptake and emission of carbon dioxide by the oceans were assumed to be 104 and 100 
Gt C/year (Houghton and Woodwell, 1989), and biomass respiration was assumed to emit 
50% of the carbon fixed by photosynthesis. The carbon dioxide emissions from cement pro- 
duction and other industrial processes are process emissions that exclude energy-related emis- 
sions; they are included in the fossil fuel consumption figures. 

be tween  them.  And  the impac t  of the a s s u m p t i o n s  is very large. The  a s s u m p t i o n  

that  live b iomass  respires  abou t  50% per  year  of the total ca rbon  that  is 

p h o t o c h e m i c a l l y  fixed resul ts  in a subs tan t ia l  ca lcula ted  add i t ion  of CO2 to 
the a tmosphe re ,  far more  than  that  f rom fossil fuel combus t ion .  The  o the r  

a s s u m p t i o n  inco rpo ra t ed  in m o s t  b iospher ic  ca rbon  budge ts  concerns  the 

annua l  emiss ion  of CO2 from soils by microbia l  act ion and  the ox ida t ion  of 

dead biomass,  n a m e l y  that  the emiss ion  of CO2 occurs  at an a n n u a l  rate 
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approximately equal to 50% of the gross annual photosynthetic carbon uptake. 
This assumption has little experimental support. The end result of the use of 
these assumptions with respect to terrestrial biomass, the soils, and the oceans 
is that they are almost neutral factors in the scenarios generally published on 
carbon exchanges with the atmosphere and the buildup of atmospheric CO2; 
that is, about the same amount of CO2 is emitted as is taken up each year, as 
shown in the tabulation. This conclusion can be subject to major error when 
attempting to quantify carbon exchanges with the atmosphere. The largest 
reservoir of biomass carbon resides in live forest biomass, as will be shown 
later, and unless this biomass is removed or killed, it fixes atmospheric CO2 
with the passage of time during most of its life cycle. To sustain the environmen- 
tal benefits of biomass growth as a sink for the removal of CO2 from the 
atmosphere, it is evident that biomass growth should be sustained and ex- 
panded. The large-scale use of virgin biomass for energy will not adversely 
affect these benefits if it is replaced at the same or a greater rate than the rate 
of consumption. 

B. GLOBAL BIOMASS CARBON DISTRIBUTION 

Detailed estimation of the amounts of biomass carbon on the earth's surface 
is the ultimate problem in global statistical analysis. Yet what appear to be 
reasonable projections have been made using available data, maps, and surveys. 
The validity of the conclusions in their entirety is difficult to support with 
hard data because of the nature of the problem. But such analyses must be 
performed to assess the practical feasibility of biomass energy systems and the 
gross types of biomass that might be available for energy applications. 

The results of one such study are summarized in Table 2.2. Ignoring the 
changes in agricultural practice and the deforestation that have taken place 
over the last few decades, this is perhaps one of the better attempts to con- 
duct an analysis of the earth's biomass carbon distribution (Whittaker and Likens, 
1975). Each ecosystem on the earth is considered in terms of area, mean net 
carbon production per year, and standing biomass carbon. Standing biomass 
carbon is that contained in biomass on the earth's surface and does not include 
the carbon stored in biomass underground. A condensation of this data (Table 
2.3) facilitates interpretation. Of the total net carbon fixed on the earth each 
year, forest biomass, which is produced on only 9.5% of the earth's surface, 
contributes more than any other source. Marine sources of net fixed carbon 
are also high, as might be expected because of the large area of the earth 
occupied by water. But the high turnover rates of carbon in a marine environ- 
ment result in relatively small steady-state quantities of standing carbon. In 
contrast, the low turnover rates of forest biomass make it the largest contributor 
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TABLE 2.2 Estimated Net Photosynthetic Production of Dry Biomass Carbon for 
World Biosphere" 

Mean net biomass Standing biomass 
Area carbon production carbon 

Ecosystem (106 km 2) (t/ha-year) (Gt/year) (t/ha) (Gt) 

Tropical rain forest 17.0 9.90 16.83 202.5 344 

Boreal forest 12.0 3.60 4.32 90.0 108 

Tropical season forest 7.5 7.20 5.40 157.5 118 

Temperate deciduous forest 7.0 5.40 3.78 135.0 95 
Temperate evergreen forest 5.0 5.85 2.93 157.5 79 

Total 48.5 33.26 744 

Extreme desert-rock, sand, ice 24.0 0.01 0.02 0.1 0.2 

Desert and semidesert scrub 18.0 0.41 0.74 3.2 5.8 

Savanna 15.0 4.05 6.08 18.0 27.0 

Cultivated land 14.0 2.93 4.10 4.5 6.3 

Temperate grassland 9.0 2.70 2.43 7.2 6.5 

Woodland and shrubland 8.5 3.15 2.68 27.0 23.0 

Tundra and alpine 8.0 0.63 0.50 2.7 2.2 

Swamp and marsh 2.0 13.50 2.70 67.5 14.0 

Lake and stream 2.0 1.80 0.36 0.1 0.02 
Total 100.5 19.61 85 
Total continental 149.0 52.87 829 

Open ocean 332.0 0.56 18.59 0.1 3.3 

Continental shelf 26.6 1.62 4.31 0.004 0.1 

Estuaries excluding marsh 1.4 6.75 0.95 4.5 0.6 

Algae beds and reefs 0.6 11.25 0.68 9.0 0.5 

UpweUing zones 0.4 2.25 0.09 0.9 0.04 
Total marine 361.0 24.62 4.5 
Grand total 510.0 77.49 833.5 

aAdapted from Whittaker and Likens (1975). 

to standing carbon reserves. According to this assessment, the forests produce 
about 43% of the net carbon fixed each year and contain over 89% of the 
standing biomass carbon of the earth. Tropical forests are the largest sources 
of these carbon reserves. Temperate deciduous and evergreen forests are also 
major sources of biomass carbon. Next in order of biomass carbon supply 
would probably be the savanna and grasslands. Note that cultivated land is 
one of the smaller producers of fixed carbon and is only about 9% of the total 
terrestrial area of the earth. 
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TABLE 2.3 Estimated Distribution of World's Biomass Carbon a 

Savanna Swamp 
and and Remaining 

Forests grasslands m a r s h  terrestrial Marine 

Area (106 km 2) 48.5 24.0 2.0 74.5 361 
Percent 9.5 4.7 0.4 14.6 70.8 

Net C production (Gt/year) 33.26 8.51 2.70 8.40 24.62 
Percent 42.9 11.0 3.5 10.8 31.8 

Standing C (Gt) 744 33.5 14.0 37.5 4.5 
Percent 89.3 4.0 1.7 4.5 0.5 

aAdapted from Table 2.2. 

It is necessary to emphasize that anthropological activities and the increasing 
population, particularly in developing and Third World countries, continue 
to make it more difficult to sustain the world's biomass growth areas. It has been 
estimated that tropical forests are disappearing at a rate of tens of thousands of 
square miles per year. Satellite imaging and field surveys show that Brazil 
alone has a deforestation rate of about 8 • 106 ha/year (19.8 • 106 ac/year; 
30,888 mi.2/year) (Repetto, 1990). At mean net biomass carbon yields of 
9.90 t/ha-year for tropical rain forests (Table 2.2), this rate of deforestation 
corresponds to a loss of 79.2 x 106 t/year of net biomass carbon productivity. 

The remaining carbon transport mechanisms on earth are primarily physical 
mechanisms, such as the solution of carbonate sediments in the sea and the 
release of dissolved CO2 to the atmosphere by the hydrosphere. Because of 
the relatively short lifetimes of live biomass (phytoplankton and zooplankton) 
in the oceans compared to those of land biomass, there is a much larger amount 
of carbon in viable land biomass at any given time. The great bulk of carbon, 
however, is contained in the lithosphere as carbonates in rock. The carbon 
deposits that contain little or no stored chemical energy, although some high- 
temperature deposits can provide considerable thermal energy, consist of lith- 
ospheric sediments and atmospheric and hydrospheric CO2. Together, these 
carbon sources comprise 99.96% of the total carbon estimated to exist on the 
earth (Table 2.4). The carbon in fossil fuel deposits is only about 0.02% of 
the total, and live and dead biomass carbon makes up the remainder, about 
0.02%. Biomass carbon is thus a very small fraction of the total carbon inventory 
of the earth, but it is an extremely important fraction. It helps to maintain the 
delicate balance among the atmosphere, hydrosphere, and biosphere necessary 
to support all life forms, and is essential to maintain the diversity of species 
that inhabit the earth and to sustain their gene pools. Any large-scale utilization 
of biomass carbon, especially virgin material, therefore requires that it be 
replaced, preferably as it is consumed so that the biomass reservoirs are not 
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TABLE 2.4 Estimated Carbon Distribution on Earth ~ 

Carbon type Mass (Gt) Percent of total 

Lithospheric sediments 20,000,000 99.78 

Deep sea 34,500 0.172 

Fossil deposits 4130 0.021 

Dead organic matter in sea 3000 0.015 

Dead organic matter on land 700 0.0035 

Atmosphere 700 0.0035 

Sea surface layers (dissolved) 500 0.0025 

Live terrestrial biomass 450 0.0022 

Live phytoplankton 5 0.00002 

Live zooplankton 5 0.00002 
Total 20,043,990 

aAdapted from Table 1.8. 

reduced. Indeed, enlargement of these reservoirs may become necessary as the 
world's population expands and climate changes occur. 

IV. E N E R G Y  P O T E N T I A L  O F  B I O M A S S  

It is important to examine the potential amounts of energy and biofuels that 
might be produced from biomass carbon resources and to compare these 
amounts with fossil fuel demands. This would make it possible to estimate 
the percentage of energy demand that might be satisfied by particular bio- 
mass types. 

A. VIRGIN BIOMASS 

Consider first the incident solar radiation, or insolation, that strikes the earth's 
surface. At an average daily insolation worldwide of about 220 W/m z (1676 Btu/ 
ftz), the annual insolation on about 0.01% of the earth's surface is approximately 
equal to all the primary energy consumed by humans each year. For the United 
States alone, the insolation on about 0.1 to 0.2% of its total surface is equivalent 
to its total annual energy consumption. 

The most widespread and practical process for capture of this energy as 
organic fuels is the growth of virgin biomass. As already discussed, extremely 
large quantities of carbon are fixed each year in the form of terrestrial and 
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aquatic biomass. Using the figures in Table 2.2, the energy content of standing 
biomass carbon; that is, the renewable, above-ground biomass reservoir that 
in theory could be harvested and used as an energy resource, is about 100 
times the world's annual energy consumption. At a nominal biomass heating 
value of 18.6 GJ/dry t (16 X 106 Btu/dry ton) and assuming that the world's 
total annual coal, oil, and natural gas consumption is about 315 EJ (1993), 
the solar energy trapped in 16.9 Gt of dry biomass, or about 7.6 Gt of biomass 
carbon, would be equivalent to the world's consumption of these fossil fuels. 
Since it is estimated that about 77 Gt of carbon, or 171 Gt of dry virgin biomass 
equivalent, most of which is wild and not controlled by humans, is fixed on 
the earth each year, it is certainly in order to consider biomass as a raw material 
for direct use as fuel or for conversion to large supplies of substitute fossil 
fuels. Under controlled conditions, dedicated biomass species might be grown 
specifically as energy crops or for multiple uses including energy. Relatively 
rapid replacement of the biomass utilized can take place through regrowth. 

A more realistic assessment of biomass as an energy resource can be made 
by calculating the average surface areas needed to produce sufficient biomass 
at different annual yields to meet certain percentages of fuel demand for a 
particular country, and then to compare these areas with those that might be 
made available. Such an assessment for the United States could, for example, 
address the potential of biomass for conversion to SNG as shown in Table 2.5. 
For this analysis, the annual U.S. demand for natural gas is projected to reach 
26.5 EJ (25.1 quad) by 2010 at an annual growth rate in consumption of 1.2% 
(U.S. Dept. of Energy, 1994). It is assumed that biomass, whether it be trees, 
plants, grasses, algae, or water plants, has a heating value of 18.6 GJ/dry t, is 
grown under controlled conditions in "methane plantations" at yields of 20 
and 50 dry t/ha-year, and is converted in integrated biomass planting, harvest- 
ing, and conversion systems to SNG at an overall thermal efficiency of 50%. 
These conditions of biomass production and conversion either are within 

TABLE 2.5 Potential Substitute Natural Gas Production in United States 
from Virgin Biomass Feedstocks at Different Biomass Yields 

Average area required at indicated biomass 
Percent of natural gas yield (106 ha) 

demand supplied 20 dry t/ha-year 50 dry t/ha-year 

1.42 2.02 0.81 

10 14.3 5.7 
50 71.2 28.5 

100 142.5 57.0 
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the range of present technology and agricultural practice, or are believed 
to be attainable in the near future. The average total plantation areas 
were then calculated to meet 1.42, 10, 50, and 100% of the projected U.S. 
demand in 2010 for natural gas. A percentage of 1.42 is equal to a daily pro- 
duction of 26.9 x 106 m 3 at normal conditions (1 x 109 SCF) of dry SNG. 
The range of areas required at the low yield level is between 2,023,000 and 
142,500,000 ha, or 0.2 and 14.9% of the 50-state U.S. area. At the high yield 
level, the areas are between 809,000 and 57,000,000 ha, or 0.08 and 6.0% of 
the 50-state U.S. area. To put this analysis in the proper perspective, the results 
are shown in graphical form in Fig. 2.2 at the two yield levels together with 
the percentage area of the United States needed at any selected gas demand 
supplied by SNG from biomass. Relatively large areas are required, but not so 
much as to make the use of land or freshwater biomass for energy applications 
impractical. When compared with the area distribution pattern of the United 
States (Table 2.6) (USDA Forest Service, 1989), it is seen that selected areas 
or combinations of areas might be utilized for biomass energy. Areas that are 
not used for productive purposes might be suitable, or possibly biomass for 
both energy and foodstuffs or energy and forest products applications can be 
grown simultaneously or sequentially in ways that would benefit both. Also, 
relatively small portions of the bordering oceans might supply the needed 
biomass growth areas, in which case, marine plants would be grown and har- 
vested. 
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FIGURE 2.2 Required area and percent of U.S. area vs projected gas demand supplied in 2010. 
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TABLE 2.6 Land and Water Areas of United States a 

Area classification 106 ha Percent 

Nonfederal land 
Forest 179.41 18.8 
Rangeland 178.66 18.7 
Other land 279.09 29.2 
Transition land 14.41 1.5 

Total 651.57 68.2 

Federal land 
Forest 102.14 10.7 
Rangeland 133.10 13.9 
Other land 25.70 2.7 

Total 260.94 27.3 

Water 
Inland water 24.75 2.6 
Other water 19.28 2.0 
Total 44.03 4.6 

Grand total land and water 956.54 

aAdapted from USDA Forest Service (1989). The data for forest, 
rangeland, and other land are for 1982. The data for inland 
water are for 1990. The data for other water are for 1970. Forest 
areas are at least 10% stocked by trees of any size, or formerly 
having such tree cover and not currently developed for nonforest 
use. Transition land is forest land that carries grasses or forage 
plants used for grazing as the predominant vegetation. Climax 
vegetation on rangelands is predominantly grasses, grass-like 
plants, forbs, and shrubs suitable for grazing and browsing. 
Other land areas include crop and pasture land and farmsteads, 
strip mines, permanent ice and snow, and land that does not 
fit any other land cover. 

This  app roach  to the p r e l imina ry  a s sessmen t  of the po ten t ia l  of b iomass  

energy  p r e s u m e s  that  sui table  conver s ion  processes  are available for convers ion  

of b iomass  to SNG. O the r  processes  cou ld  be used  to m a n u f a c t u r e  o ther  

synfuels  such  as synthes is  gas, a lcohols ,  esters,  and  hydroca rbons .  The  direct  

route ,  a l luded  to in Fig. 2.1 as na tu ra l  p r o d u c t i o n  of hyd roca rbons ,  can possibly  

bypass  the ha rves t i ng -conve r s ion  routes .  As a l ready m e n t i o n e d ,  some  b iomass  

species p roduce  h y d r o c a r b o n s  as metabol ic  p roduc ts .  Na tu ra l  rubber ,  glycer- 

ides, and  te rpenes  f rom selected b iomass  species,  for example ,  as well  as o ther  

r educed  c o m p o u n d s  cou ld  be ex t rac ted  and  ref ined to yield conven t iona l  or 
subs t i tu te  fossil fuels. 

A second  source  of r enewab le  ca rbon  is the  deposi t s  and  reservoirs  of 

essent ia l ly  n o n - e n e r g y  ca rbon  f o r m s - - a m b i e n t  CO2 and the l i thospher ic  car- 
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bonates. The availability of such raw materials cannot be questioned, although 
low-cost separation and energy-efficient recovery of very small concentrations 
of CO2 from the atmosphere present technological challenges. Another basic 
problem resides in the fact that all of the energy must be supplied by a sec- 
ond raw material, such as hydrogen. Hydrogen would have to be made avail- 
able in large quantities from a nonfossil source or the purpose of the synfuel 
system to produce renewable fuels would be defeated. Conceptually, there is 
no difficulty in developing such hydrogen sources. Hydrogen can be produced 
by water electrolysis and thermochemical and photolytic splitting of water. 
Electrical power and thermal energy can be supplied by nonfossil-powered nu- 
clear reactors, and by means of hydroelectric and wind systems, ocean thermal 
gradients, wave action, and solar-actuated devices. Hydrogen can also be man- 
ufactured from biomass and by direct action of solar energy on certain cat- 
alytic surfaces. 

As already pointed out, about 16.9 Gt of dry biomass, or about 7.7 Gt of 
biomass carbon, would have approximately the same energy content as the 
total global consumption of coal, oil, and natural gas (in 1993). This amount 
of carbon corresponds to less than 1.0% of the total standing biomass carbon 
of the earth. Under present conditions of controlled and natural production 
of fixed carbon supplies, the utilization of some of this carbon for energy 
applications seems to be a logical end use of a renewable raw material. Forest 
biomass is especially interesting for these applications because of its abundance. 
The expansion of controlled production of virgin biomass in dedicated energy 
crop systems should also be considered because this would result in new 
additions to natural biomass carbon supplies. For example, the biomass carbon 
supplies in marine ecosystems might conceivably be increased under controlled 
conditions over the current low levels by means of marine biomass energy 
plantations in areas of the ocean that are dedicated to this objective. Unused 
croplands and federal lands might also be used for the production of herbaceous 
or woody biomass energy crops. 

B. WASTE BIOMASS 

Another large source of renewable carbon supplies is waste biomass. It consists 
of a wide range of materials and includes municipal solid wastes (MSW), 
municipal biosolids (sewage), industrial wastes, animal manures, agricultural 
crop and forestry residues, landscaping and tree clippings and trash, and dead 
biomass that results from nature's life cycles. Several of these wastes can cause 
serious health or environmental problems if they are not disposed of properly. 
Some wastes such as MSW can be considered to be a source of recyclables 
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such as metals and glass in addition to energy. Thus, waste biomass is a 
potential energy resource in the same manner as virgin biomass. 

To assess the potential impact of energy from waste biomass on supplying 
energy demand, it is necessary to consider the amounts of the different types 
of wastes generated, their energy contents, and their availabilities. Every person 
in the United States, for example, discards about 2.3 kg (5 lb) of MSW per 
day. From an energy standpoint, one short ton of MSW has an as-received 
energy content of about 9.5 GJ (9.0 x 106 million Btu), so about 2.2 EJ/year 
(2.1 quad/year) of energy potential resides in the MSW generated in the 
United States. 

As for the amount of energy that can actually be recovered from a given 
waste and utilized, much depends on the waste type. The amount of available 
MSW, for example, is larger than the total amounts of available agricultural 
wastes even though much larger quantities of agricultural wastes are generated. 
This is caused by the fact that a larger fraction of MSW is collected for 
centralized disposal than the corresponding amounts of agricultural wastes, 
most of which are left in the fields where generated. The collection costs are 
prohibitive for most of these wastes. Note that municipal biosolids on a dry 
solids basis is generated in the smallest quantity of all wastes. Its disposal, 
however, is among the most costly and difficult of all waste treatment opera- 
tions. 

Many studies have been carried out to estimate the potential of available 
virgin and waste biomass as energy resources. One is presented in Table 2.7 
for the United States for the year 2000 (Klass, 1990). The estimated energy 
potential of the recoverable materials is about 25% of the theoretical maximum. 
Wood and wood wastes are about 70% of the total recoverable energy potential 
and 50% of the estimated maximum energy potential. These estimates of virgin 
and waste biomass energy potential are based on existing, sustainable biomass 
production and do not include new, dedicated biomass energy plantations that 
might be developed and placed in commercial operation. 

An assessment of the energy potential of waste biomass that is more localized 
can often provide better leads for the development of biomass energy supplies. 
The results of one such preliminary study performed for the state of Indiana 
are summarized in Table 2.8 (Klass, 1981). Indiana is a farm state. More than 
60% of the state area was devoted to cropland at the time of the study and 
about 52% of state area was under active cultivation. The major agricultural 
crop and farm animal wastes as well as forestry and municipal wastes were 
therefore selected for the assessment of waste biomass energy potential. The 
waste biomass generated in the state each year was first inventoried, and each 
waste was then converted to gross energy content using generic conversion 
factors as a first approximation of energy potential. Comparison of the results 
with annual commercial energy utilization in the form of petroleum motor 
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TABLE 2.7 Potential Biomass Energy Available in United States in 2000 ~ 

Estimated Theoretical 
Energy source recoverable (EJ) maximum (EJ) 

Wood and wood wastes 11,0 26.4 

Municipal solid wastes 
Incineration 1.9 2.1 
Methane from landfills 0.2 1.1 

Herbaceous biomass and agricultural residues 1.1 15.8 

Aquatic biomass 0.8 8.1 

Industrial solid wastes 0.2 2.2 

Methane from municipal biosolids 0.1 0.2 

Methane from farm animal manures 0.05 0.9 

Miscellaneous wastes 0.05 1.1 
Total 15.4 57.9 

aKlass (1990). The energy values are the higher heating values of the indicated biomass or derived 
methane. The conversion of biomass or methane to another biofuel or to steam, heat, or electric 
power requires that the process efficiency be used to reduce the potential energy available. These 
figures do not include additional biomass that could be grown as a dedicated energy crop. 

fuels indicated that grain crop residues, particularly corn and soybean residues, 
and cattle manures have the largest potential as feedstocks for conversion to 
substitute motor fuels. Most of the other wastes are generated in insufficient 
quantities to make a large contribution. This simple assessment provided 
direction to the initiation of programs to develop systems using waste biomass 
feedstocks generated in the state of Indiana. 

An example of a different type of assessment of waste and virgin biomass 
energy potential is one performed for the state of Wisconsin, another farm 
state in the Corn Belt of the United States. This assessment evaluated the 
economic impacts of shifting a portion of Wisconsin's future energy investment 
from imported fossil fuels toward renewable energy resources. It assumed a 
75% increase in the state's renewable energy use by 2010---775 MW of new 
electric generating capacity to supply electricity to 500,000 Wisconsin homes, 
and 100 million gallons per year of new ethanol production to supply gasohol 
(blends of 10 vol % ethanol and 90 vol % gasoline) to 45% of Wisconsin's 
automobiles (Clemmer and Wichert, 1994). This scenario generated about 
three times more jobs, earnings, and output (sales) in Wisconsin than the 
same level of imported fossil fuel usage and investment, and was equivalent 
to 63,234 more job-years of net employment, $1.2 billion in higher wages, 
and $4.6 billion in additional output. Over the operating life of the technologies 
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TABLE 2.8 Energy Potential of Waste Biomass in Indiana a 

Estimated residue Estimated energy Percent of petroleum motor 
Source and type (dry Mt/year) content (PJ/year) fuel consumption 

Grain crops 
Corn 14.27 249 51.4 
Soybeans 2.92 50.9 10.5 
Wheat 1.27 22.1 
Oats 0.33 5.7 
Rye 0.03 0.47 
Sorghum 0.04 0.63 
Barley 0.01 0.16 

Total: 329 68.0 

Farm animal manures 
Cattle 3.22 56.2 11.6 
Hogs 0.73 12.7 
Sheep 0.01 0.2 
Chickens 0.29 5.1 

Total: 74.2 15.3 

Forest residues 
Hardwoods 0.395 7.89 1.6 
Softwoods 0.002 0.04 

Total: 7.93 1.6 

Sawmill residues 
Slabs and edgings 0.149 2.97 0.6 
Sawdust 0.132 2.63 
Bark 0.087 1.74 

Total: 7.34 1.5 

Municipal wastes 
MSW 2.40 27.9 5.8 
Industrial 0.36 3.2 
Biosolids 0.18 3.0 

Total: 34.1 7.0 

Grand total: 453 94 

aKlass (1981). 

analyzed,  abou t  $2 bi l l ion in avoided  p a y m e n t s  for i m p o r t e d  fossil fuels w o u l d  

r e m a i n  in W i s c o n s i n  to pay for the  s ta te - suppl ied  r enewab le  resources ,  labor,  

and  technologies .  W o o d ,  corn,  and  waste  b iomass  con t r i bu t ed  47% of the 

increase  in ne t  e m p l o y m e n t .  

This  review of the concep t  of u t i l iz ing  b iomass  energy  shows  that  w h e n  

sufficient  suppl ies  of r enewable  ca rbon  are available,  virgin and  waste  b iomass  

have the po ten t ia l  of b e c o m i n g  basic energy  resources .  P r e s u m i n g  that  sui table  

conver s ion  processes  are available,  and  that  the d e m a n d  for energy  and estab- 



46 Biomass as an Energy Resource: Concept and Markets 

l ished organic  fuels and  in te rmedia tes  cont inues ,  an indus t ry  based  on renew-  

able b iomass  fuels and  feedstocks that  can supp ly  a significant por t ion  of this 

d e m a n d  is, at the very least, a technical ly  feasible concept .  

V. MARKET PENETRATION 

A. U.S. MARKETS 

As m e n t i o n e d  in the i n t roduc t ion  to this chapter ,  b iomass  energy  is a l ready 

a subs tant ia l  con t r ibu to r  to commerc ia l  p r imary  energy demand .  Market  pene-  

t ra t ion is significant and  is expec ted  to increase. A compar i son  of U.S. consump-  

t ion of b iomass  energy  in 1990 wi th  pro jec t ions  for 2000 (Table 2.9) (Klass, 

1994) shows  that  c o n s u m p t i o n  in 2000 is expec ted  to be abou t  50% greater.  

This assessment  is based on the fol lowing assumpt ions :  Noncr is is  condi t ions  

prevail;  the U.S. tax incent ives  in place con t inue  and are no t  changed;  no 

TABLE 2.9 Consumption of Biomass Energy in United States in 1990 and Projected 
for 2000 ~ 

1990 2000 

Resource EJ BOE/day EJ BOE/day 

Wood and wood wastes 
Industrial sector 1.646 763,900 2.2 1,021,000 
Residential sector 0.828 384,300 1.1 510,500 
Commercial sector 0.023 10,700 0.04 18,600 
Utilities 0.013 6000 0.01 4600 

Total: 2.510 1,164,900 3.35 1,554,700 

Municipal solid wastes 0.304 141,100 0.63 292,400 

Agricultural and industrial wastes 0.040 18,600 0.08 37,100 

Methane 
Landfill gas 0.033 15,300 0.100 46,400 
Biological gasification 0.003 1400 0.004 1900 
Thermal gasification 0.001 500 0.002 900 

Total: 0.037 17,200 0.106 49,200 

Transportation fuels 
Ethanol 0.063 29,200 0.1 46,400 
Other biofuels 0 0 0.1 46,400 

Total 0.063 29,200 0.2 92,800 

Grand total: 2.954 1,371,000 4.37 b 2,026,200 

Percent of primary energy consumption 3.3 4.8 

aKlass (1994) and U.S. Department of Energy (1990) for 1990; Klass (1990, 1994) for 2000. 
bOther estimates range from 3.5 to 5.8 EJ/year in 2000 (cf. Hohenstein and Wright, 1994). 
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legislative mandates to embark on an off-oil campaign via fossil carbon con- 
sumption taxes or related disincentives to use fossil fuels, such as those in 
place in certain parts of Europe, are enacted; and total energy consumption 
in 2000 is 92 EJ (87 quad). 

In 1990, industrial and residential utilization of biomass energy as wood 
and wood wastes was responsible for almost 84% of total biomass energy 
consumption, while MSW contributed about 10%. When these figures are 
compared with the estimated recoverable amounts of biomass energy available 
in the United States in 2000 (Table 2.7), it is evident that biomass energy 
consumption can be substantially increased. The development of large-scale 
biomass energy plantations in which system designs incorporate total replace- 
ment of virgin biomass resources as utilized could provide much larger in- 
creases in biomass energy consumption beyond these estimates. At an average 
U.S. wellhead price of petroleum of $ 20/bbl in 1990, total biomass consumption 
in 1990 was equivalent to about $27.4 million per day retained in the country 
and not expended on fossil fuels. There are clearly strong beneficial economic 
impacts of biomass energy consumption on U.S. trade deficits, a good portion 
of which is caused by oil imports. 

A few comments are in order regarding the utilization of fuel ethanol, most 
of which is manufactured from corn in the United States. Fuel ethanol is used 
in motor gasoline blends as an octane enhancer and as an oxygenate to reduce 
emissions. The Clean Air Act Amendments of 1990 (U.S. Public Law 101- 
549) mandate the use of oxygenates in reformulated gasolines, and the market 
for ethanol from biomass is therefore expected to exhibit substantial growth 
as time passes, provided the tax incentives in place for fuel ethanol from 
biomass continue or fossil fuel consumption taxes are implemented to attempt 
to reduce atmospheric pollution. As will be shown in later chapters, advanced 
technologies may eventually make it possible for fuel ethanol to be manufac- 
tured from low-grade cellulosic biomass feedstocks and to be economically 
competitive with motor gasolines without the need for tax incentives. In the 
mid-1990s, the production capacity for fuel ethanol from biomass was about 
4.2 billion L/year, or 0.088 EJ. Total U.S. production of fuel ethanol has 
increased by more than an order of magnitude since it was first marketed in 
modern times in the United States as a gasoline extender and octane enhancer 
in 1979. Fuel ethanol is a major biomass energy commodity, the production 
of which is expected to increase by another 2.3 billion L/year as the Clean Air 
Act Amendments are fully implemented. But note that the U.S. motor gasoline 
market in the mid-1990s was more than 379 billion L/year (100 billion gal/ 
yr), so fuel ethanol only displaced about 1% by volume of petroleum gasolines. 

The estimate of U.S. biomass energy usage in 2000 (Table 2.9) indicates 
that the largest contributions are still expected to come from wood and wood 
wastes in the industrial and residential sectors, or about three-quarters of total 
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estimated U.S. biomass energy consumption. Because of the technical and 
economic problems associated with solid waste disposal, the increasing 
amounts of MSW generated by increasing urban populations, and the phase- 
out of sanitary landfilling as a preferred method of MSW disposal, the contribu- 
tion of MSW to biomass energy usage is expected to double by 2000. 

A projection of biomass energy consumption for the United States is shown 
for the years 2000, 2010, 2020, and 2030 by end-use sector in Table 2.10 
(U.S. Dept. of Energy, 1990). This particular analysis is based on a national 
premiums scenario which assumes specific market incentives are applied to 
all new renewable energy technology deployment and continue to 2030. The 
premiums are 2C/kWh on electricity generation from fossil fuels, $1.90/GJ 
($2.00/106 Btu) on direct coal and petroleum consumption, and $0.95/GJ 
($1.00/106 Btu) on direct natural gas consumption. This scenario depends on 
the enactment of federal legislation that is equivalent to a fossil fuel consump- 
tion tax. Any incentives over and above those assumed for the assessment in 
Table 2.9 can be a strong stimulus to increase biomass energy consumption. 

The market penetration of synthetic fuels from virgin and waste biomass 
in the United States depends on several basic factors such as demand, price, 
performance, competitive feedstock uses, government incentives, whether an 
established fuel is replaced by a chemically identical fuel or a different fuel, 
and the cost and availability of other fuels such as oil and natural gas. Many 
detailed analyses have been performed to predict the market penetration of 
biomass energy over the next 10 to 50 years. There seems to be a range from 
about 4 to 20 quads per year that characterize the growth of biomass energy 
consumption. All of these projections of future market penetrations for biomass 
energy in the United States should be viewed in the proper perspective. 

TABLE 2.10 Projected Biomass Energy Contribution in the United States under a National 
Premiums Scenario from 2000 to 2030 ~ 

End-use sector b 2000 (EJ) 2010 (EJ) 2020 (EJ) 2030 (EJ) 

Industry 2.85 3.53 4.00 4.48 

Electricity 3.18 4.41 4.95 5.48 

Buildings 1.05 1.53 1.90 2.28 

Liquid fuels 0.33 1.00 1.58 2.95 
Total: 7.41 10.47 12.43 15.19 

aU.S. Department of Energy (1990). 
blndustrial end uses: combustion of wood and wood wastes. Electric end uses: electric power 
derived from 1992 technology via the combustion of wood and wood wastes, MSW, agricultural 
wastes, landfill and digester gas, and advanced digestion and turbine technology. Buildings end 
uses: biomass combustion in wood stoves. Liquid fuels are ethanol from grains, and ethanol, 
methanol, and gasoline from energy crops. 
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The potential of biomass energy is easily demonstrated as shown in this 
chapter, but the necessary infrastructure does not exist to realize this potential 
without large investments by industry. Government incentives will probably 
be necessary too. U.S. capacity for producing virtually all biofuels manufac- 
tured by biological or thermal conversion of biomass would have to be dramati- 
cally increased to approach the potential contributions of virgin and waste 
biomass. For example, an incremental quad per year of methane from biomass 
feedstocks in the United States requires about 200 times the biological methane 
production capacity in place, and an incremental quad per year of fuel ethanol 
requires about 13 to 14 times the existing plant capacity to manufacture 
fermentation ethanol. Given the long lead times necessary to design and con- 
struct large biomass conversion plants, it is unrealistic to assume that sufficient 
capacity and the associated infrastructure could be placed on-line in the near 
term to satisfy quad-blocks of energy demand. This is not to say that plant 
capacities cannot be rapidly increased if a concerted effort is made by the 
private sector to do so. 

Conversely, the upside of any assessment of virgin biomass feedstocks is 
that energy and fuel markets are very large and expand with the population, 
so there should be no shortage of demand for economically competitive energy 
supplies in the foreseeable future. Systems that offer improved waste disposal 
together with efficient energy recovery are also expected to fare quite well. 

Projections of market penetrations and contributions to primary energy 
demand by biomass can contain significant errors. It is important, therefore, 
to keep in mind that even though some of these projections may turn out to 
be incorrect, they are still necessary to assess the future role and impact of 
renewable energy resources. They are also of great help in deciding whether a 
potential renewable energy resource should be developed and commercialized. 

B. GLOBAL MARKETS 

The United Nations estimate of global biomass energy consumption was about 
6.7% of the world's energy consumption in 1990 (Table 1.2). Biomass energy 
continues to be a major source of energy and fuels in the developing regions 
of the world--Africa, South America, and Asia. The markets for biomass energy 
and biofuels as replacements and substitutes for fossil fuels are obviously large, 
but have only been developed to a limited extent. 

There are still major barriers that must be overcome to permit biomass 
energy to have a truly large role in displacing fossil fuels. Among these 
are developing large-scale biomass energy plantations that can supply sus- 
tainable amounts of low-cost feedstocks; developing integrated biomass 
production-conversion systems that are capable of producing quad blocks of 
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energy at compet i t ive  prices; deve lop ing  na t ionwide  b iomass  energy dis t r ibu-  

t ion sys tems that  s implify c o n s u m e r  access and  ease of use; and increas ing 
the availabili ty of capital  for f inancing b iomass  projects  in the private sector.  

Niche marke t s  for b iomass  energy  will con t inue  to expand,  and  as fossil fuels 
ei ther  are phased  ou t  because  o[ env i ronmen ta l  issues or b e c o m e  less available 
and u n e c o n o m i c a l  because  of deple t ion,  b iomass  energy is expec ted  to acquire  

an increas ingly  larger  share of the global energy  market .  
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