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Options for Fuels and Electric Power
from Biomass

Biomass can be converted into a variety of
solid, gaseous, and liquid fuels using both
thermal and biological processes. The choice
of process and product depends upon the
nature of the biomass feedstock and the
market into which it is being sold. Solid bio-
energy products include torrefied biomass
and charcoal. Gaseous bio-energy products
can be formed via anaerobic digestion
(biogas), thermal or supercritical gasification
(producer gas, or syngas), or by upgrading of
the primary products of anaerobic digestion
or gasification (hydrogen and methane).
Liquid bio-energy products are conveniently
classified according to the intermediate
substrate derived from physically, chemically,
or thermally processing biomass: carbo-
hydrates, triglycerides, syngas, and bio-oil/
biocrude. Liquid fuel production from
carbohydrates has traditionally focused

on ethanol, although butanol, isoprenes,
furans, and even alkanes can also be
produced. Similarly, production from
triglycerides has traditionally focused

on methyl-esters (biodiesel), but conversion
to alkanes and propane via hydrotreating is
receiving increasing attention. Liquid fuels
from syngas include Fischer-Tropsch liquids,
methanol, ethanol, dimethyl ether (DME),
and methanol-to-gasoline (MTG). Liquid
fuels from bio-oil and biocrude include a
range of hydrocarbons suitable as gasoline,
diesel fuel, or aviation fuel. Finally, biomass
can be converted to electricity, which offers
an alternative approach to providing energy
for transportation.

Conversion of Biomass to Gaseous Fuels

Both biological and thermal processes can
yield gaseous fuels although the composition
of the gas is quite different for each. Bio-
logical conversion is usually applied to high
moisture biomass while thermal processes
demand moisture contents less than about
20 wt-%.

Anaerobic digestion is the decomposition of
organic materials to gaseous fuel by bacteria
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in an oxygen-free environment (Chynoweth
et al. 2001). The resulting biogas is a mixture
of primarily methane (CH,) and carbon
dioxide (CO,). Most digestion systems
produce biogas that is 55%-75% methane
by volume. Biogas can substitute for natural
gas in many applications once it is treated to
remove sulfur. Examples of biogas appli-
cations are engine generator sets, small gas
turbines, and some kinds of fuel cells.

Anaerobic digestion consists of three steps:
hydrolysis and fermentation, transitional
acetogenic dehydrogenation, and methano-
genesis. Hydrolysis and fermentation involve
hydrolytic and fermentative bacteria that
break down proteins, carbohydrates, and
fats into simpler acids, alcohols, neutral
compounds, and some carbon monoxide
(CO) and hydrogen (H,). Products of
fermentation that are too complex for
methane-forming bacteria to consume are
further degraded to acetate, hydrogen, and
carbon dioxide in transitional digestion,
which is carried out by acid-forming
bacteria. Traces of oxygen in the feedstock
are consumed in this step, which benefits
oxygen-sensitive, methane-forming bacteria.
The final step, methanogenesis, uses
methane-forming bacteria to convert acetate
to methane.

Examples of anaerobic reactor designs
include the simple batch reactor, plug-flow
reactors, continuously stirred tank reactors
(CSTR), upflow reactors, and two-tank
reactor systems. More advanced reactor
designs aim to improve waste contact with
active bacteria and/or to separate and control
the environments for acid-forming and
methane-forming bacteria (Demirel and
Yeniguen 2002).

Thermal gasification is the conversion of
solid, carbonaceous fuels into flammable gas

mixtures consisting of CO, H,,CH,,CO,, and
nitrogen (N,), in addition to smaller quant-
ties of hydrocarbons. (Reed 1981) This gas can
be burned directly in a furnace to generate
process heat or to fuel internal combustion
engines, gas turbines, or fuel cells. The
presence of inert gases such as N, and CO,
can reduce the calorific value of gasification
products from 16 to 6 megajoules per cubic
meter (Bridgwater et al. 2002).

Thermal gasification consists of two
processes acting in parallel: pyrolysis and
combustion (Balat 2008). Pyrolysis is the
thermal degradation of solid fuel into non-
condensable gases and organic vapors and
liquid aerosols. Depending on the reaction
conditions, pyrolysis products undergo
secondary reactions that can substantially
alter the final gas composition and the
amount of tar and char co-products. Pyro-
lysis is an endothermic process, requiring a
source of thermal energy for reaction to
progress. This can be provided by heat
transfer or transport of heat carrier into the
reactor in a process referred to as indirect
gasification. More commonly, part of the
biomass is burned in the reactor by addition
of air or oxygen to the gasifier to drive
pyrolysis. If air is employed for combustion
the resulting nitrogen-rich gas mixture is
referred to as producer gas. The gaseous
product of indirect gasification, or oxygen-
blown gasification, is commonly called
syngas in reference to its suitability for
synthesizing liquid fuels, as subsequently
described.

Thermal gasifiers are generally classified
according to the method of contacting fuel
and gas. The four main types are updraft
(counterflow), downdraft (co-flow), fluid-
ized bed, and entrained flow. Biomass

gasifiers commonly operate near atmos-
pheric pressure, although some designs
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operate at ten atmospheres of pressure or
more for use with gas turbines or for catalytic
synthesis.

Gasification in supercritical water has been
proposed for high moisture biomass feed-
stocks such as wastewater, manure, or kelp
(Elliott et al. 2004). Supercritical conditions
prevail at 600-650 °C and 300 bar pressures,
which is able to convert biomass into gas
within 0.5-2.0 minutes. The combination of
relatively low temperature and high pressure
makes for high methane yields, which is
problematic for Fischer-Tropsch synthesis
and steam reforming.

Pure hydrogen and methane can be produc-
ed from biological and thermal processes
usually through additional upgrading and
purification steps. For example, the biogas
from anaerobic digestion is mostly methane,
which can be purified to pipeline quality
natural gas. Process conditions during
anaerobic digestion can be altered to yield
hydrogen instead of methane (Chen et al.
2006). The carbon monoxide and hydro-
carbons in producer gas or syngas can be
reacted with steam to increase the yield of
hydrogen, which can then be separated as
hydrogen fuel (Zhang et al. 2005).

Conversion of Carbohydrate to Liquid
Fuels

Carbohydrates are derived from sugar crops
such as sugarcane, starch crops such as
maize, and cellulosic biomass such as
switchgrass. Different types of treatments
are required to recover carbohydrate in forms
suitable for conversion to fuels. Carbohydrate
recovery is as simple as crushing sugarcane
stalks to release sucrose-rich syrup or as
complicated as enzymatic hydrolysis of ligno-
cellulosic fibers to convert hemicellulose and
cellulose into pentose and hexose. Processes
that convert carbohydrate to fuels, whether
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biologically or catalytically based, usually
require monosaccharides or disaccharides
although some experimental processes have
demonstrated direct conversion of cellulose
into fuel (Pandey 2003; Carlson et al. 2008).

Fermentation is the biological conversion of
carbohydrate into ethanol. Fermentation has
been widely practiced for thousands of years
and can use a variety of commodity grains
as feedstock, which explains ethanol’s early
leadership in biofuels markets. Plant
materials high in sugar, such as sugarcane,
sugar beets, and sweet sorghum provide the
most cost-effective ethanol since sugars can
be directly fermented. Starch, a storage
carbohydrate in plants, must be hydrolyzed
to glucose, a process that cooks milled starch
granules with thermophyllic (heat tolerant)
enzymes. Starch crops suitable as feedstock
include corn, grains, and potatoes. Cellulose,
a structural carbohydrate in plants, is
considerably more difficult to hydrolyze to
glucose because of the presence of hemi-
cellulose and lignin in plant fibers (Sjostrom
1981). A wide variety of cellulose crops are
under consideration for advanced biofuels
production including crop residues, wood
wastes, and switchgrass.

Grain-based ethanol plants are categorized
as either dry- or wet-milling depending on
the pretreatment method. Dry milling plants
grind the whole kernel while wet milling
plants soak the grain with water and acid
to separate the corn germ, fiber, gluten, and
starch components before mechanical
grinding. The capital investment for dry
milling is less than that for a comparably
sized wet-milling plant. However, the higher
value of byproducts, greater product
flexibility, and simpler ethanol production
can make a wet-milling plant a more
profitable investment.
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A modern dry milling plant will produce in
excess of 10.2 liters (2.7 gal) of ethanol per
bushel of corn processed. Yields of co-
products per bushel of corn are 7.7-8.2 kg
(17-18 Ib) of dry distiller’s grain with solubles
(DDGS) and 7.3-7.7 kg (16-17 1b) of carbon
dioxide evolved from fermentation, the latter
of which can be sold to the carbonated
beverage industry. As a rule of thumb, the
three products are produced in approx-
imately equal weight per bushel, with each
accounting for approximately one-third of
the initial weight of the corn. A 151 million
liter per year ethanol plant could be built in
2005 for $46.7 million USD with annual
operating costs of $41.3 million USD (Table
3.1;Kwiatkowski et al. 2006). Construction
costs have escalated very recently due to
rapid expansion of the industry, almost
doubling the projected capital costs for such
a plant.

Cellulose to ethanol consists of four steps:
pretreatment, enzymatic hydrolysis, fer-
mentation, and distillation (Lynd 1996). Of
these, pretreatment is the most costly step,
accounting for about 33% of the total
processing costs. An important goal of all
pretreatments is to increase the surface area
of lignocellulosic material, thereby making
the polysaccharides more susceptible to
hydrolysis. Thus, comminution, or size
reduction, is an integral part of all pre-
treatments. Some pretreatments are thought
to reduce crystallinity of cellulose, which
improves reactivity, but this does not appear
to be the key for many successful
pretreatments.

Simultaneous saccharification and fer-
mentation (SSF) has been developed for
fermenting sugars released from ligno-
cellulose. The SSF process combines
hydrolysis (saccharification) and fer-
mentation to overcome end-product

inhibition occurring during hydrolysis of
cellobiose. By combining hydrolysis and
fermentation in the same reactor, glucose is
rapidly removed before it can inhibit further
hydrolysis.

The yield of ethanol from energy crops varies
considerably. Among sugar crops, sweet sor-
ghum yields 8o liters per ton (L t*) sugar
beets yield go-100 L t7, and sugar cane yields
75 L t*. Among starch and inulin crops, the
ethanol yield is 350-400 L t* of corn, 400 L t*
of wheat, and 9o L t* of Jerusalem artichoke.
Among lignocellulosic crops, the potential
ethanol yield is 400 L t* of hybrid poplar, 450
L t* for corn stover, 510 L t* for corncobs, and
490 Lt for wheat straw. Capital cost of a 190
million liters per year cellulosic ethanol plant
is approximately $294 million with annual
operating costs of $76.0 million (Hamelinck
et al. 2005).

Alternative fermentation pathways can pro-
duce transportation fuels with properties
that are more attractive than ethanol.
Butanol is a three-carbon sugar with 91%
of the volumetric energy content of gasoline
(compared to 66% for ethanol), and can be
blended with gasoline or fed directly into an
internal combustion engine without major
modifications. However, yields from tradi-
tional butanol fermentation processes rarely
exceed 20 grams per liter (g L) while ethanol
yields are 150 g L. The toxicity of butanol to
microorganisms presents a major challenge
in improving yields. The capital cost of a 136
million liters butanol plant is estimated as
$110 million USD with operating costs of
$68.4 million USD (Table 3.1; Qureshi and
Blaschek 2000).

Catalytic conversion of monosaccharides to
methylated furans has received recent
interest (Roman-Leshkov et al. 2007; Zhao
et al. 2007). Furans are heterocyclic aromatic

56 Scientific Committee on Problems of the Environment



Chapter 3

Table 3.1 Estimated Costs of Liquid Fuels from Biomass

Reference Data Grain Cellulosic Butanol Methanol Fischer-  Gasoline

Ethanol Ethanol Tropsch  from Bio-
Liquids  oil

Publication Date 2006 2005 2000 2002 2002 2008

Plant Size (MM 151 190 136 330 132 -

Liters)

Capital Cost (MM S) 46.7 294 110 224 341 -

Operating Cost 413 76.0 68.4 60.6 50.8 -

(MM $)

Fuel Cost (liter™) $0.27 $0.40 $0.50 $0.18 $0.38 $0.48

Fuel Cost (per Ige*) S0.44 S0.65 S0.55 S0.36 S0.34 $0.48

ethers consisting of a ring of four carbon
atoms and one oxygen atom. Furans are
colorless, water-insoluble, flammable liquids
with volatility comparable to hydrocarbons of
similar molecular weight. Methylated furans
have heating values and octane numbers
comparable to gasoline making them attrac-
tive as transportation fuel (Hanniff and Dao
1987). However, neither the fuel properties
nor toxicity of this compound have been
much studied, raising questions as to the
ultimate practicality as transportation fuel.

Conversion of Syngas to Liquid Fuels

Syngas is an attractive intermediate for
production of biofuels because it can be
generated from almost any carbonaceous
feedstock, including biomass and fossil
fuels. Syngas can be catalytically and bio-
catalytically upgraded to several liquid fuels
including methanol, ethanol, dimethyl ether,
and Fischer-Tropsch liquids.

Methanol (CH;0H) is a clear, odorless,
flammable alcohol suitable as high-octane
motor fuel (Davenport 2002). The fuel
properties of methanol are similar to those
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of ethanol: narrow boiling point range,
high heat of vaporization, and high octane
number (Gray Jr and Alson 1989). It has only
49% of the volumetric heating value of
gasoline. However, methanol is considerably
more toxic than ethanol. Methanol can also
be converted to dimethyl-ether, which can
be stored like propane and burned in com-
pression ignition engines, and synthetic
gasoline. Methanol is produced by reacting
syngas over a copper-zinc catalyst at 5-10
MPa and 250C. Capital cost for a 330 million
liters per year methanol plant is approxi-
mately $224 million USD with annual
operating costs of $60.6 million USD (2002
basis year) (Table 3.1; Hamelinck and Faaij
2002)-

Ethanol synthesis is also possible from
syngas. Efforts in Germany during World
War II to develop alternative motor fuels
discovered that iron-based catalysts could
yield appreciable quantities of water-soluble
alcohols from syngas (Klass 1998). These
early efforts yielded liquids containing as
much as 45-60% alcohols of which 60-70%
was ethanol. Working at pressures of around

57




Biomass Conversion to Fuels and Electric Power

50 bar and temperatures in the range of 220-
370 C, researchers have developed catalysts
with selectivity to alcohols of over 95%.

The two main approaches to producing
ethanol from syngas are catalytic synthesis
of mixed alcohols and direct carbonylation
of methanol. Although high ethanol con-
centrations of up to 80% by volume or more
are possible, production of pure ethanol has
been elusive. Direct carbonylation of meth-
anol has the advantage of yielding ethanol
without co-product water, which would
eliminate energy-intensive distillations. The
cost-effectiveness of this approach to ethanol
synthesis has not been proven.

Fischer-Tropsch technology was extensively
developed and commercialized in Germany
during World War II when it was denied
access to petroleum-rich regions of the world.
Likewise, when South Africa faced a world oil
embargo during their era of apartheid, it
employed Fischer-Tropsch technology to
sustain its national economy.

Fischer-Tropsch liquids can be refined to
various amounts of renewable (green)
gasoline, diesel fuel, and aviation fuel
depending upon process conditions. The
Anderson-Schulz-Flory (ASF) distribution
describes the probability of hydrocarbon
chain growth (Schulz 1999). Depending on
the types and quantities of Fischer-Tropsch
products desired, either low (200-240 °C) or
high temperature (300-350 °C) synthesis at
pressures ranging between 10 to 40 bar are
used with either cobalt or iron based
catalysts. For example, high gasoline yield
can be achieved using high process temp-
eratures and iron catalyst. Non-condensable
hydro-carbons (mostly methane) can be fed
into a gas turbine to provide power to a
manufacturing facility. Fischer-Tropsch
synthesis requires careful control of the
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H,:CO ratio to satisfy the stoichiometry of
the synthesis reactions as well as avoid
deposition of carbon on the catalysts
(coking). An optimal H,:CO ratio of 2 is
maintained through the water-gas shift
reaction. Capital cost for a plant producing
132 million liters per year Fischer-Tropsch
liquids is approximately $341 million USD
with annual operating costs of $50.8 million
USD (Table 3.1; Tijmensen et al. 2002).

Syngas can also be bio-catalytically upgraded
to biofuels in a process known as syngas
fermentation (Brown 2007). A number of
microorganisms are able to utilize CO, CO,,
and H, as substrates for growth and pro-
duction. These include autotrophs, which
use C, compounds as their sole source of
carbon and hydrogen as their energy source,
and unicarbonotrophs, which use C, com-
pounds as their sole source of both carbon
and energy. Syngas fermentation avoids the
costly and complicated steps of extracting
monosaccharide from lignocellulose. It also
has the potential for being more energy
efficient since it utilizes all plant compo-
nents, including lignin, which resist bio-
logical conversion. Syngas fermentation also
has advantages over the use of inorganic
catalysts in the production of synthetic fuels
(Grethlein and Jain 1992). For instance,
sulfur-bearing gases readily poison most
catalysts whereas syngas-consuming
anaerobes are sulfur tolerant. The H2: CO
ratio of the syngas is critical to catalytic
upgrading whereas biological catalysts are
not sensitive to this ratio. Also, gas-phase
catalysts typically employ temperatures of
several hundreds of degree Centigrade and
at least 10 atmospheres of pressure whereas
syngas fermentation proceeds at near
ambient conditions. Finally, biological
catalysts are more product specific than
inorganic catalysts. However, syngas fer-
mentation has several barriers to overcome
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before it can be commercialized including
relatively low rates of growth and production
by anaerobes, difficulties in maintaining
anaerobic fermentations, product inhibition
by acids and alcohols, and difficulties in
transferring relatively insoluble CO and H.
from the gas phase to the liquid phase.

Conversion of Bio-oil and Biocrude to
Liquid Fuels

Bio-oil is a complicated mixture of highly
oxygenated organic compounds including
aldehydes, carboxylic acids, phenols, sugars,
and aliphatic and aromatic hydrocarbons.

The relative simplicity of generating bio-oil
and the convenience of storing a liquid
compared to solids was responsible for much
of the early interest in bio-oils. The fuel can
be directly substituted for heating oil or,
under some circumstances, fired in com-
bustion turbines or modified diesel engines.
Liquid yields exceeding 70% are possible for
reaction times of less than 2 s and temp-
eratures of 450-600 °C. Rapid quenching is
essential if high molecular weight liquids are
to be condensed rather than further de-
composed to low molecular weight gases.
Assuming conversion of 72% of the biomass
feedstock to liquid on a weight basis, yield of
bio-oil is 560 liters per tonne (L t*). Raw bio-
oil, however, has several short-comings
including a heating value half that of heating
oil, high acidity, and poor stability. For these
reasons, recent efforts have focused on
upgrading bio-oil through gasification/
Fischer-Tropsch catalysis or hydrotreating/
hydrocracking.

Fast pyrolysis is the thermal decomposition
of organic compounds in the absence of
oxygen to produce a liquid known as bio-oil
(Bridgwater and Peacocke 2000). Bio-oil
gasification yields syngas that can be
catalytically upgraded to alcohols, ethers, or
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alkanes, as previously described. Gasifying
bio-oil instead of directly gasifying biomass
has its advantages, as the oil is better suited
for conventional storage and transportation,
as well as injection into high-pressure
gasifiers (Wright et al. 2008).

The process of hydrotreating/hydrocracking
bio-oil into hydrocarbons suitable as trans-
portation fuel is similar to the process for
refining petroleum (Marinangeli et al. 2005).
Hydrotreating is the reaction of organic
compounds with hydrogen over a catalyst at
high pressure to remove sulfur, nitrogen,
oxygen, and other contaminants. Whereas
oxygen is a relatively minor contaminant in
petroleum, it represents a major constituent
in bio-oil, which may require catalyst
formulations optimized for de-oxygenation
of bio-oil. Hydrocracking is the reaction of
hydrogen with organic compounds to break
long-chain molecules into lower molecular
weight compounds. Although fast pyrolysis
is a depolymerization process, a number of
carbohydrate and lignin oligomers remain in
the oil, which hydrocracking can convert into
more desirable co-products (i.e. paraffin or
naphthene compounds). Recent cost esti-
mates for producing gasoline from bio-oil
are $0.48- $0.53 USD per liter (Table 3.1;
Holmgren 2008).

Biocrude is the name given to the liquid
product of hydrothermal processing (HTP)
biomass in compressed water at 300 - 350 °C
and 120 -180 bar pressure (Elliott et al. 1991).
For reaction times of 5-20 minutes, biomass
is transformed into up to 45 wt-% liquid.
Although superficially resembling bio-oil, it
is distinguished by lower oxygen content
(10-18 wt-% compared to 45 wt-% for bio-oil),
which makes it less miscible in water and
more amenable to hydrotreating. Continuous
feeding of biomass slurries into high pressure
reactors and efficient energy integration
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represent engineering challenges that must
be overcome before HTP results in a
commercially viable technology.

Conversion of Triglycerides to Liquid
Fuels

Triglycerides, also known as fats and oils, are
esters of glycerol and fatty acids, which are
long-chain carboxylic acids containing even
numbers of carbon atoms (Ouellette and
Rawn 1996). The acid fractions of triglycer-
ides can vary in chain length and degree of
saturation. Plant-derived triglycerides are
typically oils containing unsaturated fatty
acids, including oleic, linoleic, and linolenic
acids.

A wide variety of plant species produce
triglycerides in commercially significant
quantities, most of it occurring in seeds
(Lipinsky 1984). Average oil yields range
from 150 liters per hectare (L ha") for
cottonseed to 814 L ha? for peanut oil
although intensive cultivation might double
these numbers. Soybeans are responsible for
more than 50% of world production of
oilseed, representing 7.6 - 13 billion liters
annually (48-82 million barrels per year).
However, the Chinese tallow tree has the
potential for several fold higher productivity
than soybeans and is particularly attractive
for its ability to grow on saline soils that are
not currently used for agriculture.

Microorganisms, including yeasts, fungi,
and algae are also potential sources of
triglycerides (Klass 1998). Anaerobic yeasts
and fungi accumulate triglycerides during
the latter stages of growth when nutrients
other than carbon begin to be exhausted.
Algae, which grow over a wide range of
temperatures in high-salinity water, can
produce as much as 60% of their body weight
as lipids when deprived of key nutrients such
as silicon for diatoms or nitrogen for green
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algae. They employ relatively low substrate
concentrations, on the order of 10 — 40 g L.
One suggestion is to build algae ponds or
photo-bioreactors in desert regions where
inexpensive flat land, water from alkaline
aquifiers, and carbon dioxide from power
plants could be combined to generate
triglyceride-based fuel.

The high heating value and cetane number
of triglycerides encouraged Rudolph Diesel
to experiment with them as fuel for his early
compression ignition engines. Subsequently,
it was discovered that raw vegetable oils are
unsuitable as diesel fuel because their high
viscosity leads to coking of fuel injectors and
piston rings. Transesterification of vegetable
oils to methyl- or ethyl-esters and glycerin
(co-product) yields satisfactory diesel-engine
fuel although low temperature performance
can remain a problem and the glycerin co-
product is of relatively low value. Very
recently, researchers have discovered that
vegetable oils can be hydrotreated and
hydrocracked to alkanes indistinguishable
from traditional diesel fuel with propane as
a valuable co-product (Holmgren 2008).
This process has been put into commercial
operation by ConocoPhillips and is likely to
transform the market for biofuels derived
from triglycerides.

Conversion of Biomass to Electricity

Electric propulsion is a potential alternative
to biofuels for transportation although this
option awaits the advent of inexpensive
battery technology. In most markets, fueling
costs for electric battery-powered vehicles are
projected to be a fraction of that for spark-
ignition engines powered by gasoline (Idaho
National Laboratory 2005). A “wells-to-
wheels” analysis of various transportation
options suggests that the energy conversion
efficiency and environmental impact of
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Figure 3.1 Well-to-Wheel
Efficiency and
Environmental Impact of
Vehicle Technologies.
WTW: Well-to-Wheel;
GHG: greenhouse gases;
ICE: internal comb. engine;
HEV: hybrid elect. vehicle;
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electric grid;

NG CC: electric.
generated from natural
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electric vehicles depends upon the power
generation source (Simpson 2004). Figure
3.1, which compares internal combustion
engine (ICE) vehicles, hybrid electric vehicles
(HEV), and battery powered vehicles, shows
that battery powered vehicles charged by
traditional electric grids based on coal-fired
steam power plants are comparable to
gasoline-fired in terms of both energy
efficiency and greenhouse gas emissions.
However, electricity from natural gas fired
combined cycle power plants makes battery
powered vehicles among the most attractive
vehicle platforms in terms of both energy
efficiency and greenhouse gas emissions.
Biomass is another possible energy source
for generating electric power for electric
propulsion. This could be accomplished
through Rankine cycles, Brayton cycles,
fuel cells, or co-generation based on
combinations of these three cycles.

The Rankine cycle involves the direct com-
bustion of fuel to raise pressurized steam
that is expanded through a turbine to
produce electricity (Singer 1991). Steam
power plants are the basis of much of the
electric power generation capacity in the
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world. The reason for the Rankine cycle’s
pre-eminence has been its ability to directly
fire coal and other inexpensive solid fuels.
Constructed at scales of several hundred
megawatts, the modern steam power plant
can convert as much as 45% of chemical
energy in fuel to electricity at a cost of about
$0.05 — $0.10 USD per kilowatt-hour. Because
of fuel supply constraints, biomass power
plants are likely to be smaller than 50 MW,
which have heat rates that are 20% higher
than large, coal-fired power plants. The
relatively low thermodynamic efficiency of
biomass power systems may ultimately limit
the use of direct combustion for bio-energy.

The Brayton cycle produces electric power
by expanding hot gas through a turbine
(Poullikkas 2005). Directly firing biomass to
generate the hot gas stream has proved
impractical because particulate matter and
corrosive compounds carried with the gas
stream damage the gas turbine. Gasification
or fast pyrolysis of biomass to generate
syngas or bio-oil that can be cleaned before
firing in the gas turbine is a more promising
option. Brayton cycles are one of the most
promising technologies for bio-energy
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because of the relative ease of plant
construction, cost-effectiveness in a wide
range of sizes (from tens of kilowatts to
hundreds of megawatts), and the potential
for high thermodynamic efficiencies when
employed in advanced cycles, as described
below.

Fuel cells directly convert chemical energy
into work, thus bypassing Carnot limits' for
heat engines (Dicks and Larminie 2000).
This does not imply that fuel cells can
convert 100% of the chemical enthalpy of
fuel into work. In practice, irreversibilities
limit fuel cell conversion efficiencies to 35 -
60%, depending upon the fuel cell design.
Thus, fuel cells can produce significantly
more work from a given amount of fuel
than can heat engines. However, carbona-
ceous fuels must first be reformed to
hydrogen before they are suitable for use in
fuel cells. The energy loses associated with
fuel reforming must be included when
determining the overall fuel-to-electricity
conversion efficiency of a fuel cell. Proton
exchange membrane (PEM) fuel cells operate
at relatively low temperatures (65 °C) that
are suitable for automotive applications, but
high costs associated with generating hydro-
gen without impurities have limited its
commercial application. High temperature
fuel cells are most favored for stationary
power generation because of opportunities
for heat recovery.

Combined cycle power systems recognize
that waste heat from one power cycle can be
used to drive a second power cycle and were
developed to enhance energy conversion
efficiency (Williams and Larson 1993).
Combined cycles would be unnecessary if a
single heat engine could be built to operate
between the temperature extremes of
burning fuel and the ambient environment.
However, temperature and pressure limita-

tions on materials of construction have
prevented this realization. Combined cycles
employ a topping cycle operating at high
temperatures and a bottoming cycle
operating on the rejected heat from the
topping cycle. Most commonly, combined
cycle power plants employ a gas turbine for
the topping cycle and a steam turbine for
the bottoming cycle, achieving overall
efficiencies of 50% or higher. Power plants
based on high temperature fuel cells are
sometimes integrated with both a gas turbine
topping cycle and a steam turbine bottom
cycling to further improve efficiency.

Notes

1. Carnot limit is define as a theoretical maximum
engine efficiency (i.e. the maximum potential
mechanical energy that can be derived from the
thermal energy of a working fuel, limited by the laws
of thermodynamics)
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