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METHOD OF BIOCONVERTING ORGANIC 
CARBONACEOUS MATERIAL INTO FUEL 

CROSS-REFERENCE TO RELATED 

APPLICATION(S) 
[0001] This patent application is a division of U.S. patent 
application Ser. No. 11/100,348, ?led on Apr. 5, 2005, the 
entire contents of Which is expressly incorporated herein by 
reference. 

FIELD 

[0002] The present patent document relates to methods and 
bioreactors for biodegrading carbonaceous material into syn 
fuel, including, for example, synthetic oil, alcohol, and/or 
gaseous fuel. 

BACKGROUND 

[0003] The value of methane as a potential fuel source has 
long been recogniZed and exploited. Because the current 
price of natural gas is about the same as petroleum in terms of 
BTUs, hoWever, natural gas has evolved from a loW-cost fuel 
source that Was often a by-product of petroleum oil ?eld 
production to a fuel source Worth drilling for. The increasing 
value of natural gas has been driven by a number of factors, 
including the World’s shrinking supply of petroleum reserves 
and the increasingly stricter environmental regulations placed 
on coal ?red poWer plants. Generating electricity from coal, 
for example, releases tWice the carbon dioxide as making it 
from natural gas. Burning coal also produces mercury vapor 
that has been estimated to contribute to over tWenty percent of 
the World’s mercury pollution. In addition, the burning of coal 
can release arsenic compounds and sulfur dioxide. As a result, 
expensive pollution control systems are noW required for all 
neW coal ?red plants and most existing plants. 
[0004] The demand for gases that contain methane, such as 
natural gas and synthetic natural gas, Will likely continue to 
increase in the future, not only because of the increasing 
demand for cleaner burning fuels, but also because the 
World’s demand for petroleum Will continue to drive its price 
higher, particularly as knoWn petroleum reserves are 
depleted. The demand for methane Will also likely increase as 
hydrogen fuel cells are commercialized. This is because the 
least expensive process for producing hydrogen involves 
chemically converting methane and Water to hydrogen and 
carbon dioxide in the presence of a catalyst. 
[0005] To satisfy demand for natural gas, the Us. currently 
imports about 2 billion cubic feet of liquid natural gas 
(“LNG”) per day. Importing LNG has at least tWo signi?cant 
draW backs. First, the cost of importing LNG is high. Second, 
it is risky to have large LNG terminals located in major 
seaports in the present World environment, as such terminals 
could be the subject of terrorist attack. Even in the absence of 
terrorism, hoWever, such terminals pose a signi?cant explo 
sion risk. 
[0006] Because of the World’s increasing demand for meth 
ane gas and cleaner burning fuels in general, alternative 
sources of gaseous fuels that contain methane are needed. As 
a result, an economical technique for producing gaseous fuels 
that contain methane and/ or a liquid synfuel, such as synthetic 
petroleum, Would have signi?cant market value. 
[0007] Arti?cial gas for use as heating fuel and derived 
from coal or coke Was Widely used during the latter part of the 
nineteenth century and during the ?rst feW decades of the 
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tWentieth century in the Us. Because of the great availability 
and, at one time, apparent inexhaustible supply of natural gas 
in the U.S., as Well as a feW other areas in the World, manu 
factured gases Were phased out rapidly. The use of natural gas, 
on the other hand, increased 730% betWeen 1940 and 1970 in 
the Us. During this period, the Us. gas industry produced 
313 trillion cubic feet of natural gas. HoWever, in other parts 
of the World Where natural gas Was in short supply locally, 
manufactured gas has persisted. 
[0008] Historically, the gasi?cation of coal has involved the 
heating of coal through pyrolisis, carboniZation, or retorting 
to cause its decomposition and gasi?cation. The gas resulting 
from the gasi?cation process typically contains varying con 
centrations of carbon monoxide, carbon dioxide, methane, 
and hydrogen, the concentration of each constituent depend 
ing on the particular gasi?cation technique employed. Thus, 
While gasi?cation is the key step in these heat based gasi?ca 
tion techniques, it must be appreciated that it is only one step 
of the overall process of forming a manufactured or synthetic 
natural gas (“SNG”) from coal. In addition to the gasi?cation 
step, such processes typically include gas conditioning, gas 
puri?cation, methanation and by-product treatment pro 
cesses. Further, puri?cation of the product gas from the coal 
gasi?cation step to a degree of purity required for methane 
synthesis is dif?cult due to the large quantities and variety of 
impurities in the gas. 
[0009] Another draW back of coal gasi?cation using knoWn 
heat gasi?cation techniques is that the gasi?cation process is 
a highly endothermic process, and the heat requirements of 
the process have to be covered by the addition of heat. This 
may be accomplished through, for example, direct heat sup 
plied through the partial combustion of the coal With oxygen 
or indirect heat supplied from an external fuel source. In 
either event, hoWever, a signi?cant portion of the overall 
energy values contained in the coal prior to gasi?cation are 
expended to gasify the coal. Finally, the heat based gasi?ca 
tion processes do not appear to have any applicability to 
animal or plant Waste, both signi?cant reneWable resources of 
carbonaceous materials. 
[0010] The biological conversion of organic matter into 
methane has also been studied for many years. The degrada 
tion of organic matter to methane and carbon dioxide (i.e., 
methanogenic degradation) occurs in limited oxygen or other 
electron acceptor environments. This process is Widespread 
in sWamps, rice paddies, peat bogs, and in the intestinal tract 
of ruminant animals and plays a major role in the global 
carbon cycle. Indeed, the total biological methanogenic pro 
duction of methane is estimated at 500 million tonnes per 
year, making methane the second mo st abundant greenhouse 
gas. 
[0011] Methanogenic degradation is sloWer and less exer 
gonic than aerobic degradation. HoWever, aerobic degrada 
tion does not produce methane. More importantly, methano 
genic conversion only releases about 15% of the energy that is 
released by complete aerobic conversion of the same organic 
carbon compound to carbon dioxide and Water. This is 
because the remaining 85% of the energy is stored in the 
resulting methane for subsequent oxidation. 
[0012] Methanogens are a group of Archaea that produce 
methane in anaerobic or anoxic environments. They are obli 
gate anaerobes, and thus cannot tolerate any molecular or 
ionic oxygen in their environment. They form an interdepen 
dent relationship With other organisms, including bacteria, 
protoZoa, insects, and grass feeding animals, such as coWs. 



US 2010/0050522 A1 

They use simple organic compounds (e.g., formate, acetate, 
methyl-amines and several alcohols) produced by those 
organisms and carbon dioxide as an energy source to produce 
methane. 

[0013] Although methanogens depend on fermentative 
organisms to produce the simple organic substrates on Which 
they rely for energy, fermentative microorganisms likeWise 
depend on methanogens to remove hydrogen and the simple 
organic compounds they produce to improve their energetics. 
This interdependence is called syntrophic cooperation. In this 
cooperative relationship, the fermentative microorganism 
species ferment long chain organic carbon molecules to H2 
and C-1 and C-2 compounds for the methanogens to feed 
upon. This fermentation process is inhibited by the H2 and 
C-1 and C-2 compounds produced. Methanogens, hoWever, 
oblige these fermenting species by removing the hydrogen 
and C-1 and C-2 compounds as they convert them to methane. 
As a result, the syntrophically cooperating anaerobes coop 
erate in the conversion of complex organic matter to methane 
and carbon dioxide With very little loss of the energy values 
contained in the original organic matter. Recent advances in 
molecular biology have led to a better understanding of this 
complex, but Widespread natural process. 
[0014] A more in depth revieW of methanogenic degrada 
tion and a list of some methanogenic microorganisms is pro 
vided in B. Schink, Energetics of Syntrophic Cooperation in 
Methanogenic Degradation, Microbiology and Molecular 
Biology RevieWs, 61:262-280 (June 1997), Which is hereby 
incorporated by reference. 
[0015] Long before the biology of methanogenic degrada 
tion Was understood, people attempted to exploit methano 
genic degradation to produce methane for its fuel value. For 
example, US. Pat. No. 1,990,523, Which issued to BusWell et 
al. in 1935, describes a method for methane generation using 
anaerobic bacteria conversion of seWage. 

[0016] Much effort has also been devoted to developing in 
situ microbial processes for the conversion of loW-grade fos 
sil fuels to methane. For example, US. Pat. No. 3,826,308, 
Which issued to Compere-Whitney in 1974, and US. Pat. No. 
5,424,195, Which issued to VolkWein in 1995, focused on 
treating very loW-grade coal that Was left behind in under 
ground mines. In U.S. Pat. No. 6,543,535, Which issued to 
Converse et al. in 2003, a process for the in situ bioconversion 
of hydrocarbons to methane in hydrocarbon-bearing forma 
tions is described. The process described in the Converse et al. 
patent includes altering the environment of the hydrocarbon 
bearing formations so as to stimulate the groWth of native 
microbes found Within the formations. 

[0017] Some of the subterranean microbial hydrocarbon 
conversion processes described in the literature have also 
used explosives in an effort to increase the surface area of coal 
or oil shale deposits being microbially treated. The explo 
sions create What is called a “rubble chimney.” While forma 
tion of a rubble chimney increases the rate of conversion to 
methane, the overall conversion rate remains relatively sloW. 
[0018] Biological processes have also been used to aid in 
the recovery of petroleum from oil reserves. For example, 
US. Pat. No. 2,413,278, Whichissued to Zobell in 1946, US. 
Pat. No. 2,807,570, Which issued to Updegraff in 1957, and 
US. Pat. No. 2,907,389, Which issued to HitZman in 1959, 
teach Ways to use bacteria to generate extra recovery of petro 
leum from oil reservoirs after 40 to 50% of the contained oil 
has been removed by pumping and Water ?ooding. The pro 
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cess of using bacteria to recover additional oil from under 
ground reservoirs is called Microbial Enhanced Oil Recovery 
(MEOR). 
[0019] One of the major limitations of in situ microbial 
gasi?cation and MEOR processes is not the general ability of 
the bacteria used in those processes to dislodge oil, reduce 
viscosity or convert oil to methane, but rather the problems 
encountered With providing the right environment for micro 
bial groWth in the deep underground reservoirs or formations. 
Within such environments a variety of environmental factors 
may be encountered that individually or collectively inhibit to 
varying degrees, or even prevent, the microbial conversion or 
degradation process. Such environmental challenges can 
include, for example, high temperatures, high concentrations 
of salts or other biocides, and limited porosity of the native 
rock in Which the oil is being held, as this Will restrict the 
accessibility of microbes to the oil. And though it may be 
possible to modify the environment of a formation to some 
degree, sometimes it Will not be possible or practical to alter 
the environment of a formation suf?ciently to have a practical 
impact on microbial activity. 
[0020] A need exists, therefore, for an ex situ process that is 
capable of converting vast quantities of loW-grade fossil fuels, 
as Well as other organic carbonaceous materials, into one or 
more synfuels, including methane and/ or oil. While biodeg 
radation of loW-grade fossil fuels can theoretically be per 
formed in stirred tank bioreactors, due to the relatively long 
residence time that Will be necessary to convert such carbon 
aceous materials to oil and/or a gaseous fuel and the large 
amount of material that Will need to be processed to yield 
relatively small quantities of fuel values, the cost of scaling a 
stirred tank processes up to commercial scale is simply too 
high to make stirred tank bioreactors a practical option. On 
the other hand, a very large, loW-cost, yet relatively e?icient, 
heap bioreactor could economically unlock the trillions of 
barrels of oil in the World’s resources of oil shale and oil 
sands. Such a bioreactor could also be used in the biogasi? 
cation of other organic carbonaceous materials, including 
reneWable resources such as plant and animal Wastes, as Well 
as other non-reneWable resources such as coal. The synfuel 
(e.g., methane, alcohol, and/or synthetic petroleum oil) pro 
duced in such bioreactors could help fuel an energy-hungry 
World for the rest of the century. 
[0021] In vieW of the foregoing, one object of the present 
invention is to provide a neW bioreactor design for use in 
converting organic carbonaceous materials into synfuel. 
Another, and separate, object is to provide a neW method for 
converting organic carbonaceous materials into synfuel. 

SUMMARY 

[0022] The present patent document is directed to methods 
and bioreactors for bioconverting organic carbonaceous 
material into synfuel. The resulting synfuel may be, for 
example, synthetic petroleum, alcohol, and/or a gaseous fuel 
containing methane. 
[0023] According to one embodiment, a stacked particle 
bioreactor is formed from particles comprising biodegradable 
carbonaceous material. The stacked particle bioreactor is then 
biotreated to convert carbonaceous material Within the biore 
actor into synfuel, Which is then collected from the bioreactor. 
The synfuel is preferably synthetic petroleum, alcohol, and/or 
a gaseous fuel. 
[0024] The siZe and siZe distribution of the particles used to 
form the bioreactor are preferably chosen so that a large 
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percent of the carbonaceous material is exposed to the 
microbes used to perform the biotreatment. The void volume 
of the reactor is preferably greater than or equal to about 15%, 
and more preferably greater than or equal to about 20%. A 
preferred range for the void volume of the reactor is betWeen 
about 15% and 35%, and more preferably betWeen about 20% 
and 35%. Preferably the void volume is substantially uniform 
throughout the reactor. 
[0025] The biodegradable carbonaceous material treated in 
the bioreactor may include, for example, oil sands, carbon 
aceous rock, asphalt, asphaltic oil, Waste oil, bitumen, tar, 
pitch, kerogen, rubber, and agricultural Waste. 
[0026] One or more cultures may be used to biotreat the 
stacked particle bioreactor, With each culture comprising a 
single type of microorganism or a group of different micro 
organisms. Typically, the cultures Will comprise a group of 
different microorganisms. Further, the microorganisms used 
to biotreat the carbonaceous material in the reactor may be 
aerobic, facultative anaerobic, or anaerobic microorganisms. 
In a particularly preferred embodiment, the biotreatment 
begins as an aerobic microbial degradation process and then 
is converted to an anaerobic microbial degradation process. In 
other implementations, hoWever, it may be desirable to per 
form only an aerobic biotreatment or only an anaerobic 
biotreatment. 
[0027] If the carbonaceous material Within the bioreactor is 
to be anaerobically biotreated, the bioreactor should be 
designed so that neW cultures of microbes can be introduced 
anaerobically into the bioreactor and dispersed ef?ciently 
throughout the bioreactor. 
[0028] Each of the microorganisms used to perform the 
biodegradation Will typically perform one of the folloWing 
biochemical processes during the biotreatment: I) produce 
surface-tension reducing compounds or solvents that release 
native petroleum from the carbonaceous material, 2) ferment 
the carbonaceous material into smaller organic compounds, 
including, for example, synthetic petroleum, alcohol and/or 
simple organic compounds, or 3) convert simple organic 
compounds resulting from the fermentation process into a 
biogas comprising methane. Thus, Whether synthetic petro 
leum, alcohol, a gaseous fuel, or all three are collected from 
the stacked particle bioreactor Will depend on the feedstock, 
the types of microorganisms used to perform the biotreat 
ment, and the extent to Which the digestion of the carbon 
aceous material Within the bioreactor is carried out. 

[0029] For example, While the principal end products of 
aerobic degradation of organic carbon compounds are carbon 
dioxide and Water, in reaching the ?nal aerobic degradation 
products, aerobic and facultative anaerobic microorganisms 
perform the ?rst and second biochemical processes identi?ed 
above. Thus, by stopping the aerobic degradation reactions 
before completion is reached synthetic petroleum or alcohol 
may be produced from a Wide variety of carbonaceous mate 
rials. Further, if desired, all of, or some portion of, the organic 
compounds produced during the aerobic fermentation phase 
may be further digested and converted to methane during a 
subsequent anaerobic biotreatment. As such, the aerobic fer 
mentation products Within the bioreactor are considered to be 
part of the biodegradable carbonaceous material in the biore 
actor for purposes of the present patent document. 
[0030] The principal end products of anaerobic degradation 
of organic carbon compounds are methane and carbon diox 
ide. In reaching those ?nal degradation products, hoWever, 
fermentative anaerobes and facultative anaerobes Will per 
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form the ?rst and second biochemical processes identi?ed 
above, While methanogens Will perform the third. Thus, it is 
possible to collect synthetic petroleum products and alcohol 
from the bioreactor as larger molecular Weight carbon com 
pounds are anaerobically degraded, particularly large 
molecular Weight hydrocarbons. If, hoWever, anaerobic deg 
radation is permitted to go to completion on at least some of 
the organic carbonaceous material in the bioreactor, a biogas 
comprising methane Will be produced. 
[0031] After formation, the stacked particle bioreactor Will 
continue to produce synfuel for a period of several months or 
years. The liquid and/or gaseous synfuel produced in the 
bioreactor may be collected and removed from the bioreactor 
by a netWork of pipes incorporated into the bioreactor during 
its construction. 

[0032] According to another embodiment, a method of pro 
ducing gaseous fuel from carbonaceous material using a 
stacked particle bioreactor is provided. The method com 
prises the steps of a.) forming a stacked particle bioreactor 
from particles that include biodegradable carbonaceous 
material; b.) forming an anaerobic microorganism supporting 
environment Within the bioreactor; c.) anaerobically biocon 
verting biodegradable carbonaceous material in the stacked 
particle bioreactor into a gaseous fuel; and d.) collecting the 
gaseous fuel from the bioreactor. Preferably the gaseous fuel 
produced and collected in the method comprises methane. 
[0033] In a particularly preferred implementation of the 
embodiment, the stacked particle bioreactor is aerobically 
biotreated prior to forming an anaerobic environment Within 
the bioreactor. This is done to aerobically ferment carbon 
aceous material in the bioreactor and/or release native oil 
from the carbonaceous material. Preferably, the method also 
includes the step of collecting oil from the stacked particle 
bioreactor. 

[0034] The anaerobic environment Within the bioreactor 
may be formed, for example, by covering the stacked particle 
bioreactor With a gas impermeable barrier, such as a clay or 
plastic barrier layer. Although the reactor Will naturally turn 
anaerobic With such a barrier over time unless air or oxygen 
are introduced into the covered bioreactor, the bioreactor may 
also be purged With argon, nitrogen, carbon dioxide, ammo 
nia or hydrogen gas to speed up the conversion of its environ 
ment to an anaerobic microorganism supporting environ 
ment. In addition to purging oxygen from the reactor, these 
gases may provide necessary nutrients for the microorgan 
isms in the bioreactor or precursors for methane production 
(e.g., carbon dioxide and hydrogen). 
[0035] If the biodegradable carbonaceous material includes 
particles less than about 0.3 cm, it may be desirable to 
agglomerate the particles prior to forming the stacked particle 
bioreactor. Preferably, the resulting agglomerates have a par 
ticle siZe in the range of about 0.3 cm to about 2.54 cm. 
Alternatively, the particles of biodegradable carbonaceous 
material may be coated on the surface of a plurality of sub 
strates having a particle siZe greater than or equal to about 0.3 
cm and preferably less than or equal to about 5 cm, and more 
preferably less than or equal to about 2.54 cm. The coating 
technique is particularly advantageous When the substrates 
are signi?cantly larger than the particles of biodegradable 
carbonaceous material to be coated thereon. For the particles 
of carbonaceous material to properly coat on the substrates, 
typically they should have a particle siZe of about 250 pm or 
less. 
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[0036] According to yet another embodiment, the particles 
are screened into tWo or more siZe fractions and then a plu 
rality of stacked particle bioreactors having a void volume 
greater than or equal to about 15% are formed, With each 
bioreactor being formed from the particles from one of the 
separated siZe fractions. Preferably if one of the siZe fractions 
includes a signi?cant ?nes fraction, or substantial number of 
particles less than about 0.3 cm in diameter, that siZe fraction 
is preferably agglomerated to form particulates having a par 
ticle siZe in the range of 0.3 cm to 2.54 cm before forming a 
bioreactor With that siZe fraction. 
[0037] According to yet another embodiment, a method of 
converting biodegradable carbonaceous material into synfuel 
using a stacked particle bioreactor is provided. According to 
the method, a stacked particle bioreactor is formed from 
particles comprising biodegradable carbonaceous material. 
The bioreactor is inoculated With a culture comprising one or 
more aerobic and/or facultative anaerobic microorganisms 
capable of fermenting carbonaceous matter. The carbon 
aceous matter in the stack is aerobically fermented, and syn 
thetic petroleum and/or gaseous fuel is collected from the 
stack. The environment Within the stack is converted from an 
aerobic environment to an anaerobic environment, and the 
stack is inoculated With a culture comprising one or more 
anaerobic microorganisms. The aerobically biotreated stack 
is then anaerobically biotreated to produce synthetic petro 
leum and/or gaseous fuel. Finally, synthetic petroleum and/or 
gaseous fuel is collected from the anaerobically biotreated 
stack. 

[0038] According to yet another embodiment, a method of 
bioconverting organic carbonaceous material into synfuel 
using a stacked particle bioreactor is provided. The method 
according to the present embodiment comprises the steps of: 
a.) coating the surface of a plurality of substrates having a 
particle siZe greater than or equal to about 0.3 cm With organic 
carbonaceous material and thereby forming a plurality of 
coated substrates; b.) forming a stacked particle bioreactor 
With the coated substrates, the stacked particle bioreactor 
having a void volume greater than or equal to about 15%; c.) 
forming an anaerobic environment Within the stacked particle 
bioreactor; d.) anaerobically biotreating the stacked particle 
bioreactor until a desired amount of organic carbonaceous 
material Within the stacked particle bioreactor has been con 
verted to a gaseous fuel; and e.) collecting the gaseous fuel 
from the stacked particle bioreactor. 
[0039] Preferably the gaseous fuel produced and collected 
in the method comprises methane. Further, in a preferred 
implementation of the embodiment, synthetic petroleum is 
also collected from the stacked particle bioreactor. 
[0040] The plurality of substrates may comprise, for 
example, one or more materials selected from the group con 

sisting of oil shale, coal, rock, asphalt, rubber, and plant 
Waste. Moreover, the types of plant Waste that may be used as 
substrates in the method include, for example, plant Waste 
selected from the group consisting of bark, corn cobs, nut 
shells, Wood by-products, and crop by-products. 
[0041] The organic carbonaceous material coated on the 
substrates may comprise, for example, an organic carbon 
aceous material selected from the group consisting of oil 
sands, oil shale, asphaltic oil, Waste oil, bitumen, tar, pitch, 
kerogen, coal and agricultural Waste. Further, the types of 
agricultural Waste that may be coated on the substrates 
include, for example, manure, fruit Waste, straW, fermentation 
Waste, and pulverized plant Waste. Grape skins are a particu 
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larly preferred form of fruit Waste that may be coated on 
coarse substrates for biotreatment. In addition, rice straW is a 
particularly preferred form of straW that may be coated on the 
substrates for biotreatment. 
[0042] Notably, the energy content of one pound of rice 
straW is about 6,500 Btu, Which is similar to the energy 
content of some of the lignite coals. In the Sacramento Valley 
alone, approximately 1,500,000 tonnes of rice straW are pro 
duced annually. Thus, the energy content stored in the annual 
crop of rice straW from the Sacramento Valley is about l.95>< 
l0l2 BTU, making it a potentially valuable reneWable 
resource for producing synfuel. 
[0043] As used herein, the term “coal” includes all types of 
coals, including, in order of decreasing metamorphic rank, 
anthracite coal, semianthracite coal, semibituminous coal, 
bituminous coal, subbituminous coal, lignite coal, peat coal, 
peat, and cannel coal. If coal is used as the organic carbon 
aceous material coated on the substrate, preferably the coal 
has a metamorphic rank of bituminous coal or less, and more 
preferably a metamorphic rank of peat or less. Moreover, if 
the organic carbonaceous material coated on the substrate 
comprises coal or oil shale, preferably the coating is a con 
centrate of these materials. 

[0044] In a particularly preferred implementation of the 
present embodiment, the method further comprises the step of 
covering the stacked particle bioreactor With a gas imperme 
able barrier. The gas impermeable barrier may, for example, 
comprise a clay barrier layer or a plastic barrier layer. 
[0045] The stacked particle bioreactor is also preferably 
inoculated With a culture comprising one or more aerobic 
and/or facultative anaerobic microorganisms. The organic 
carbonaceous material in the bioreactor is then aerobically 
fermented prior to an anaerobic environment being formed 
Within the bioreactor. Preferably, the bioreactor is aerated 
during at least a portion of the aerobic fermentation. 
[0046] An anaerobic environment may be formed Within 
the bioreactor by reducing the oxygen concentration Within 
the bioreactor through aerobic fermentation. Alternatively, or 
in addition, the stacked particle bioreactor may be purged 
With argon, nitrogen, carbon dioxide, ammonia or hydrogen 
gas. 
[0047] According to a further embodiment, a method of 
bioconverting organic carbonaceous material into synfuel is 
provided comprising the steps of: a.) agglomerating particles 
comprising organic carbonaceous material With an agglom 
eration aid into a plurality of agglomerates having a particle 
siZe greater than or equal to about 0.3 cm; b.) forming a 
stacked particle bioreactor With the agglomerates, the stacked 
particle bioreactor having a void volume greater than or equal 
to about 15%; c.) forming an anaerobic environment Within 
the stacked particle bioreactor; d.) anaerobically biotreating 
the stacked particle bioreactor until a desired amount of 
organic carbonaceous material Within the stacked particle 
bioreactor has been converted to a gaseous fuel; and e.) col 
lecting the gaseous fuel from the stacked particle bioreactor. 
Preferably the gaseous fuel comprises methane as in the other 
embodiments. In addition, synthetic petroleum is preferably 
collected from the stacked particle bioreactor as it drains from 
the bioreactor. 
[0048] The particles used to form the agglomerates may 
comprise a Wide variety of organic carbonaceous materials, 
including one or more selected from the group consisting of 
oil sands, carbonaceous rock, asphalt, rubber, and agricultural 
Waste. Suitable agricultural Wastes include, for example, 
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bark, com cobs, nut shells, Wood by-products, and crop by 
products. Suitable carbonaceous rocks include any of the 
coals and oil shale. Coal particles used to form the agglom 
erates preferably have a metamorphic rank of bituminous coal 
or less, and more preferably a metamorphic rank of peat or 
less. 
[0049] The method also preferably includes the step of 
covering the stacked particle bioreactor With a gas imperme 
able barrier. The gas impermeable barrier may, for example, 
comprise a clay barrier layer or a plastic barrier. 
[0050] The stacked particle bioreactor is also preferably 
inoculated With a culture comprising one or more aerobic 
and/or facultative anaerobic microorganisms. The organic 
carbonaceous material in the bioreactor is then aerobically 
fermented prior to an anaerobic environment being formed 
Within the bioreactor. Preferably, the bioreactor is aerated 
during at least a portion of the aerobic fermentation. 
[0051] An anaerobic environment may be formed Within 
the bioreactor by reducing the oxygen concentration Within 
the bioreactor through aerobic fermentation. Alternatively, or 
in addition, the stacked particle bioreactor may be purged 
With argon, nitrogen, carbon dioxide, ammonia or hydrogen 
gas. 
[0052] The plurality of agglomerates may also be coated 
With a liquid or semi-liquid carbonaceous material such as 
asphaltic oil, Waste oil, bitumen, tar, pitch, and kerogen to 
increase the concentration of carbonaceous material Within 
the bioreactor and to provide a readily biodegradable source 
of organic compounds for the microorganisms to biodegrade 
Within the bioreactor. 
[0053] According to a further embodiment, a method of 
converting organic carbonaceous material into synfuel is pro 
vided comprising the steps of: a.) providing particles of solid 
carbonaceous organic material having a particle siZe of less 
than about 5.0 cm; b.) screening the particles into tWo or more 
siZe fractions; c.) forming a plurality of stackedparticle biore 
actors having a void volume greater than or equal to about 
15%, each bioreactorbeing formed With particles from one of 
the separated siZe fractions; d.) forming an anaerobic envi 
ronment Within each of the stacked particle bioreactors; e.) 
anaerobically biotreating each of the stacked particle biore 
actors until a desired amount of organic carbonaceous mate 
rial Within the stacked particle bioreactor has been converted 
to a gaseous fuel; and f.) collecting gaseous fuel from each of 
the stacked particle bioreactors. Preferably the gaseous fuel 
comprises methane as in the other embodiments. In addition, 
synthetic petroleum is preferably collected from the stacked 
particle bioreactor. 
[0054] The particles of solid organic carbonaceous material 
may comprise a Wide range of solid organic carbonaceous 
materials, including, for example, oil sands, carbonaceous 
rock, asphalt, rubber, and agricultural Waste. Suitable agri 
cultural Waste for use in the method, includes, for example, 
one or more plant Wastes selected from the group consisting 
of bark, com cobs, nut shells, Wood by-products, and crop 
by-products. Suitable carbonaceous rocks for use in the 
method include any of the coals and oil shale. 
[0055] Preferably the method further includes the step of 
covering each of the stacked particle bioreactors With a gas 
impermeable barrier. The stacked particle bioreactor is also 
preferably inoculated With a culture comprising one or more 
aerobic and/or facultative anaerobic microorganisms. The 
organic carbonaceous material in the bioreactor is then aero 
bically fermented prior to an anaerobic environment being 
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formed Within the bioreactor. Preferably, the bioreactor is 
aerated during at least a portion of the aerobic fermentation. 
[0056] An anaerobic environment may be formed Within 
the bioreactor in the manner described in connection With any 
of the embodiments above. 
[0057] Preferably a liquid or semi-liquid carbonaceous 
material such as asphaltic oil, Waste oil, bitumen, tar, pitch, 
and kerogen is added to at least one of the bioreactors to 
increase the concentration of carbonaceous material Within 
the bioreactor and to provide a readily biodegradable source 
of organic compounds for the microorganisms to biodegrade 
Within the bioreactor. 
[0058] According to another aspect of the invention, a 
bioreactor for converting biodegradable carbonaceous mate 
rial into synfuel is provided. According to one embodiment, 
the bioreactor comprises a.) a plurality of particles stacked to 
form a heap having a void volume of greater than or equal to 
about 15%, the particles comprising biodegradable carbon 
aceous material; b.) means for communicating gases to the 
heap; c.) means for communicating aqueous solutions to the 
heap; d.) means for communicating gas from the heap; e.) 
means for collecting liquids that drain from the heap; f.) a gas 
impermeable barrier covering the heap; and g.) a microbial 
consortium Within the heap capable of biodegrading biode 
gradable carbonaceous material Within the heap to synfuel. 
[0059] Further aspects, objects, desirable features, and 
advantages of the invention Will be better understood from the 
detailed description and draWings that folloW in Which vari 
ous embodiments of the disclosed invention are illustrated by 
Way of example. It is to be expressly understood, hoWever, 
that the draWings are for the purpose of illustration only and 
are not intended as a de?nition of the limits of the invention. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0060] FIG. 1 schematically illustrates a biodegradation 
poWer plant and its corresponding bioreactor and associated 
equipment for recovering synfuel from carbonaceous mate 
rial. 
[0061] FIG. 2 is a cross sectional vieW of an agglomerated 
particle of one or more types of organic carbonaceous mate 
rials held together With a binding agent. 
[0062] FIG. 3 is a cross sectional vieW of a coated particle 
that may be used to form a support and a coating of a carbon 
aceous material. 

[0063] FIG. 4 is a schematic illustration of a process for 
producing agglomerated and/or coated particles. 
[0064] FIG. 5 is a schematic illustration of a process for 
forming a plurality of bioreactors according to the present 
invention. 

DETAILED DESCRIPTION 

[0065] Consistent With its ordinary meaning, the term “syn 
fuel” is used herein to refer to a liquid or gaseous fuel derived 
from a fossil fuel that is solid, such as coal, or part of a solid, 
such as tar sands or oil shale, or from fermentation. The 
synfuel produced may be, for example, synthetic petroleum, 
alcohol, and/or a gaseous fuel containing methane. 
[0066] As used herein, the terms “biodegradable carbon 
aceous material” and “organic carbonaceous material” are 
essentially interchangeable and refer to carbonaceous feed 
stock Which can be used in the processes or bioreactors of the 
present invention to produce synfuel. It should be appreciated 
that those terms are also intended to encompass and refer to 
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organic fermentation products derived from the original car 
bonaceous feedstock that are Within the bioreactor. 

[0067] FIG. 1 schematically illustrates a biodegradation 
poWer plant 10. PoWer plant 10 includes a stacked particle 
bioreactor 20. In the present embodiment, bioreactor 20 
includes a heap 30 comprised of a plurality of stacked par 
ticles and a gas impermeable barrier 36 covering heap 30. 
Barrier 36 is provided so that bioreactor 20 may be operated 
in an anaerobic mode. If bioreactor 36 Will not be operated in 
an anaerobic mode then barrier 36 is unnecessary. 

[0068] Stacked particle bioreactor 20 may be formed by 
stacking particles comprising biodegradable carbonaceous 
material so as to form a heap 30. The stacked particle biore 
actor 20 is then aerobically and/or anaerobically biotreated to 
convert carbonaceous material Within the bioreactor 20 into 
synfuel, Which is then collected from the bioreactor, for 
example, by Way of liquid collection system 32 and/or gas 
collection system 33. 
[0069] The biodegradable carbonaceous material treated in 
the bioreactor 20 may include, for example, oil sands, car 
bonaceous rock, asphalt, asphaltic oil, Waste oil, bitumen, tar, 
pitch, kerogen, rubber, and agricultural Waste. Carbonaceous 
rock materials that may be processed in the methods and 
bioreactors of the present invention include, for example, all 
of the different coals and oil shale. LoWer rank coals are 
particularly preferred due to the fact that they have less ?xed 
carbon, have higher hydrogen concentrations, and are gener 
ally easier to biodegrade. Thus, it is preferred that the coal 
have a metamorphic rank of bituminous coal or beloW, more 
preferably of lignite coal or beloW, and even more preferably 
of peat or beloW. 

[0070] Both natural and synthetic asphalt may be processed 
in the methods and bioreactors of the present invention, thus 
providing a neW use and alternative means of disposing of 
asphalt stripped from road surfaces. Similarly, shredded or 
ground tires may be used as a source of rubber in the methods 
and bioreactors of the present invention. Agricultural Waste 
includes both animal and plant Waste, useful examples of 
Which include manure, bark, corn cobs, nut shells, Wood 
by-products, crop by-products, fruit Waste, straW, fermenta 
tion Waste, and pulveriZed plant Waste. 
[0071] A large variety of stacked particle bioreactors 
designs may be employed to practice the methods of the 
present invention. In fact, many of the heap bioreactor designs 
used in heap bioleaching of metal ores may be adapted foruse 
in the present invention. Further, the siZe and siZe distribution 
of the particles used to form the bioreactor 20 are preferably 
chosen so that a large percent of the carbonaceous material is 
exposed to the microbes used to perform the biotreatment. 
The siZe and siZe distribution of the particles are also prefer 
ably selected so that the void volume of the reactor 20 is 
greater than or equal to about 15% and more preferably 
greater than or equal to about 20%. A preferred range for the 
void volume for the reactor 20 is betWeen about 15% and 
35%, and more preferably betWeen about 20% and 35%. It is 
also desirable for the void volume to be substantially uniform 
throughout the reactor. 
[0072] For bioreactors 20 that are aerobically biotreated, 
generally void volumes on the higher side of the above ranges 
Will be desired, as good permeability Will be needed for 
oxygen and liquid transfer Within the heap. Although, the 
same level of permeability is not required for bioreactors that 
are to be exclusively or primarily anaerobically biotreated, 
permeability in such bioreactors remains important. This is 
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because permeability is still required in such reactors for pH 
and temperature control, precise loW level oxygen control, 
and e?icient changeover to aerobic conditions Within the 
heap. Permeability is also needed to permit adequate liquid 
transfer Within the heap so that inoculum and nutrients can 
reach all areas of the reactor. Further, one tonne of coal is 
capable of producing as much as 0.5 tonnes of methane gas. 
That is about a one thousand fold volume expansion. Thus, it 
is important that the reactor have adequate permeability so as 
to permit this gaseous synfuel to vent. 
[0073] One or more cultures may be used to biotreat the 
stacked particle bioreactor 20, With each culture comprising a 
single type of microorganism or a group of different micro 
organisms. Typically, the cultures Will comprise a group of 
different microorganisms. Further, the microorganisms used 
to biotreat the carbonaceous material in the reactor 20 may be 
aerobic, facultative anaerobic, or anaerobic microorganisms, 
and this may change over time. For example, in a particularly 
preferred embodiment, the biotreatment begins as an aerobic 
microbial degradation process and then is converted to an 
anaerobic microbial degradation process. In other implemen 
tations, hoWever, it may be desirable to perform only an 
aerobic biotreatment or only an anaerobic biotreatment. 

[0074] If an aerobic biotreatment is to be performed, then 
the heap 30 is preferably inoculated While heap 30 is being 
formed, or soon thereafter, With a microbial consortium that is 
capable of biodegrading the biodegradable carbonaceous 
material that Will be processed in bioreactor 20. For example, 
inoculant may be sprayed onto the particles as they are being 
stacked, preferably conveyor stacked, to form the heap 30. 
Alternatively, each layer of particles laid doWn to form the 
heap 30 may be sprayed With inoculant prior to laying doWn 
another layer of particles. Further, if the agglomerates or 
coated particles discussed beloW are used to form the heap 3 0, 
then inoculation may also occur during the particle formation 
process. The foregoing inoculation techniques are not exclu 
sive, and those skilled in the art Will appreciate from the 
instant disclosure that there are a Wide variety of other Ways 
to inoculate bioreactor 20, including using the Wild microor 
ganism strains that are already present on the particles used to 
form the reactor. 

[0075] If the carbonaceous material Within the bioreactor 
20 is to be anaerobically biotreated, then bioreactor 20 is 
preferably designed so that neW cultures of microbes can be 
introduced anaerobically into the bioreactor and dispersed 
e?iciently throughout the bioreactor. This may, for example, 
be accomplished through an irrigation system 34, Which is in 
communication With a supply 40 of microbes and nutrients 
and Water 66 recovered from oil/Water separator 37. In the 
present embodiment, irrigation system 34 is preferably a drip 
irrigation system so as to permit gas impermeable barrier 36 
to be positioned as closely as possible over heap 30. Irrigation 
system 34 is preferably positioned adjacent to the top portion 
of heap 30, so that all of heap 30 may be irrigated. HoWever, 
it may also be desirable to have emitters 61 buried at various 
depths throughout the heap, With different portions of the 
irrigation system being independently controllable to 
enhance process control Within the bioreactor 20. 

[0076] The bacteria listed in Table 1 below may be used to 
aerobically biodegrade hydrocarbon materials found in fossil 
fuels such as coal, oil shale, and oil sand. In addition, Wild 
strains found associated With these natural resources may also 
be used. The typical microorganisms found in a compost pile 
may be used to aerobically biodegrade the agricultural and 
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organic Waste in the bioreactor 20. Inoculum derived from 
aerobic or facultative lagoons may also be used. 

TABLE 1 

Aerobic and Facultative Anaerobic Organisms 
Capable of Degrading Long-chain Hydrocarbons 

Achromobaclerpara?noclaslus 
Acinelobacler calcoacericus 
Arlhrobacler para?neus 
Arlhrobacler simplex 
Candida ZipoZyricum 
Caphalosporium rosem 
Corynebaclerium glulamicum 
Corynebaclerium hydrocarboclaslus 
Corynebaclerium pelrophilum 
Flavobaclerium species 
Micrococcus glulmicus 
Mycobaclerium para?icum 
Micrococcus para?nolyricus 
Mycobaclerium smegmaris 
Nocardia pelrooleophila 
P aeruginosa 
Pseudomonas?uorescens 
ToruZopsis coZZicuZosa 
Slreplomyces argenzeolus 
Slreplomyces aureus 

[0077] The facultative microorganisms in Table 1 and the 
microorganisms listed in Table 3 beloW may be used to 
anaerobically ferment various carbonaceous materials Within 
bioreactor 20. Further, the methanogenic microorganisms 
listed in Table 2 may be used to ?nish the biodegradation of 
the carbonaceous materials included in bioreactor 20 by con 
verting the simple organic compounds resulting from aerobic 
and/ or anaerobic fermentation into methane. Anaerobic 
microorganisms useful in the biodegradation of agricultural 
and other organic Waste may also be readily obtained from, 
for example, coW manure or the sludge of facultative or 
anaerobic Waste treatment ponds. 

[0078] The bacteria and Archaea listed in Tables 1, 2, and 3 
are all available from the American Type Culture Collection 
or like culture collections. 

TABLE 2 

Methanogenic Organisms 

Melhanobacleriumformicicum 
Melhanobaclerium lhermaulolrophicum 
Melhanobaclerium Wolfei 
Melhanobaclerium aZcaZiphiZum 
Melhanobaclerium lhermoformicium 
Melhanobaclerium lhermaZcaZiphiZum 
Melhanobacillus omelianskii 
Closlridium bulyricum 
Pelobacler acelylenicus 
Melhanospirillum hungalei 
Melhanobrevibacler ruminanlium 
Melhanobrevibacler smilhii 
Melhanobrevibacler arboriphilicus 
Melhanolhermusfervidus 
Melhanolhermus sociabilis 
Melhanosphaera sladlmanae 
Melhanosarcina barkeri 
Melhanosarcina mazei 
Melhanosarcina lhermophila 
Melhanogenium cariaci 
Melhanogenium marisnigri 
Melhanogenium lhermophilicum 
Melhanogenium olenlangyi 
Melhanogenium larionis 
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TABLE 2-continued 

Methanogenic Organisms 

Melhanococcus vannieZii 
Melhanococcus vollae 
Melhanococcus maripaludis 
Melhanococcus lhermolilholrophicus 
Melhanomicrobium mobile 
Melhanomicrobiumpayrnleri 
Melhanococcoides melhylulens 
Melhanoplanus ZimicoZa 
Melhanolobus rindarius 
Melhanolobus siciZiae 
Melhanolobus vuZcani 
Melhanolhrix soehngenii 
Melhanolhrix conciZii 
Melhanolhrix lhermoacelophila 

TABLE 3 

Anaerobic fermenting Microorganisms 

Organic Substrate Digesting Anaerobe 

Alcohol oxidation Desulfovibrio vulgaris, Thermoanaerobium 
brockii, Pelobacler venerianus, 
and Pelobacler carbinolicus. 
Synlrophobacler WOZinii, 
Synlrophobaclerpfennigii 
Synlrophomonas Wolfei, Synlrophomonas 
sapovorans, Synlrophospora bryanrii 
Closlridium ullunense 

Oxidation of propionate 

Oxidation of butyrate 

Oxidation of acetate 
Oxidation of glycolate Synlrophobolulus gZycaZicus 
Oxidation of aromatic Synlrophus busweZZii, Synlrophus genrianae 
compounds 

[0079] Whether one or more of the microorganisms listed 
in Tables 1-3 or Wild strains are selected for use in the present 
process Will depend on factors such as the type of carbon 
aceous material being biodegraded, the expected pH of the 
environment, and the expected temperatures in the heap dur 
ing biodegradation. These selection criteria, hoWever, are 
Well Within the skill of those in the art and need not be 
described in detail here. In general terms, hoWever, it Will be 
preferable to use a consortium of microorganisms during both 
aerobic and anaerobic biotreatments. Consortia of microor 
ganisms are preferred because the environmental conditions 
(e. g., pH, temperature, Eh, nutrient types and concentrations, 
organic substrates, toxin levels, etc.) Will typically vary 
throughout the heap 30. Thus, When a consortium is 
employed, the conditions Within heap 30 Will naturally select 
for those microorganisms that are best suited for the condi 
tions that exist Within heap 30, or some portion of it. 
[0080] Moreover, the methods and bioreactors disclosed 
herein are not limited to using bacteria and Archaea to per 
form the biodegradation. For example, yeast, fungi and/or 
molds that biodegrades a carbonaceous material Within biore 
actor 20 may also be used. 

[0081] As noted above, the stacked particle bioreactor 20 
preferably starts as an aerobic bioreactor and is then con 
verted to an anaerobic bioreactor. The anaerobic environment 
Within bioreactor 20 may be formed, for example, by cover 
ing heap 30 With a gas impermeable barrier 36. Gas imper 
meable barrier 36 is preferably a clay barrier layer or a plastic 
liner. 
[0082] Once the heap 30 is covered, unless additional air or 
oxygen is supplied to bioreactor 20, bioreactor 20 Will natu 
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rally become anaerobic over time because all of the available 
oxygen Will be consumed by the aerobic biodegradation of 
the carbonaceous material Within bioreactor 20. As the avail 
able oxygen is consumed, the process Within bioreactor 20 
Will convert from an aerobic biodegradation process to an 
anaerobic biodegradation process. To speed the conversion 
process up, oxygen can be purged from the bioreactor by 
sWeeping or purging the bioreactor With a non-oxygenated 
gas such as argon, nitrogen, carbon dioxide, ammonia, hydro 
gen or combinations thereof, as Well as any other anaerobic 
environment supporting gas. The biodegradation process Will 
also bene?t from the use of facultative anaerobic bacteria 
during conversion from an aerobic to an anaerobic environ 
ment Within heap 30. This is because the facultative anaer 
obes can continue the degradation process While there is still 
too much oxygen in the environment to support the groWth of 
obligate anaerobes, but insuf?cient oxygen for robust aerobic 
fermentation to continue. 

[0083] Gas delivery system 60 may be used to deliver gas 
throughout the bioreactor. Gas delivery system 60 includes 
perforated pipes 31 that are buried Within heap 30, preferably 
adjacent to the bottom portion of heap 30, at the time the heap 
is constructed. Gas delivery system 60 also includes pipe 62 
Which is in communication With perforated pipes 31 and 
selectively communicates, through valve 27, With air bloWer 
28 or purging gas supply 64. Prior to converting the bioreactor 
20 to an anaerobic system, valve 27 is preferably positioned to 
open communication betWeen air bloWer 28 and pipe 62. As 
a result, air from air bloWer 27 can be delivered to the biore 
actor 20 through perforated pipes 31 While aerobic biodegra 
dation is being carried out Within bioreactor 20. Thus, gas 
delivery system 60 may be used to adjust and control oxygen 
levels Within the heap 30 as Well as to control the temperature 
Within the heap 30 during the aerobic phase. 
[0084] Preferably, gas delivery system 60 is adapted so that 
it may also be used to deliver a purging gas to the bioreactor 
20 in order to create an anaerobic environment Within the 
bioreactor. In this regard, When bioreactor 20 is to be con 
verted to an anaerobic reactor, valve 27 is preferably adjusted 
to close communication betWeen pipe 62 and bloWer 28 (or 
atmosphere). In addition, hoWever, preferably valve 27 may 
also be adjusted to open communication betWeen pipe 62 and 
a source of purging gas 64. Once bioreactor 20 is suf?ciently 
purged, valve 27 may be adjusted to a third position in Which 
communication betWeen pipe 62 and both bloWer 28 and 
purging gas supply 64 are shut off. 

[0085] Gas collection system 33 may be used to collect and 
remove gaseous synfuel from the bioreactor 20. Gas collec 
tion system 33 includes a plurality of perforated pipes 68 
positioned toWard the upper portion of heap 30 during con 
struction of heap 30. In addition, collection system 33 
includes a means for communicating the collected gaseous 
fuel, such as pipe 70, to a holding tank 26. As the gaseous 
synfuel Will typically contain a methane and carbon dioxide 
mixture resulting from methanogenic degradation, preferably 
the captured gaseous synfuel is processed through a separator 
39 prior to storing the desired methane fuel values in holding 
tank 26. Separator 39 is designed to separate out carbon 
dioxide from the methane in the captured gaseous synfuel. 
Examples of suitable carbon dioxide/methane separation 
technologies are described in US. Pat. No. 4,518,399, Which 
is hereby incorporated by reference. The separated carbon 
dioxide gas is preferably communicated via pipe 72 to con 
duit 62 of gas delivery system 60 and is thereby recycled to 
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the bioreactor 20. Puri?ed methane obtained from separator 
39 may then be stored in holding tank 26 for subsequent sale 
or use. 

[0086] Carbon dioxide from separator 39 is preferably 
recycled to the bioreactor 20 to maintain positive pressure 
Within the bioreactor during the anaerobic phase, thereby 
helping to maintain anaerobic conditions by minimiZing the 
chance for oxygen contamination. Furthermore, carbon diox 
ide is actually one of the substrates that methanogenic organ 
isms use in the production of methane. 
[0087] If the gaseous synfuel collected from bioreactor 20 
has su?icient methane fuel values, it may alternatively be fed 
directly to gas-?red electric poWer generator 45. The gas-?red 
electric poWer generator may be driven by a gas turbine or 
internal combustion engine adapted to run off the collected 
gaseous synfuel. The poWer generated from the generator 45 
may be used to provide electricity for other plant operations, 
sold to a local poWer company, or sold directly to consumers. 

[0088] Due to the ef?ciency of engines and turbines, only a 
small percentage (24 to 38% for internal combustion engines 
and 16 to 18% for small turbines) of the methane fuel values 
burned Will be transformed into electrical energy. The 
remainder of the fuel values in the burned methane gas Will be 
converted to excess heat. HoWever, if biodegradation poWer 
plant 10 is located near a coal, oil shale, or oil sand reserve, 
the excess heat produced by gas-?red electric poWer genera 
tor 45 may be used for a variety of purposes, including, for 
example, the production of steam and/or hot Water for use in 
extracting petroleum-like products from oil sands, gasi?ca 
tion of coal, and pyrolysis of oil shale; thus permitting the 
excess heat generated from poWer plant 10 to be used in 
conventional technologies for recovering oil from these fossil 
fuel resources. 

[0089] While all portions of heap 30 are being aerobically 
biodegraded, only carbon dioxide gas Will be produced. 
Accordingly, a valve 71, Which may be provided in pipe 70, 
may be opened to vent the carbon dioxide produced Within the 
bioreactor. 
[0090] A variety of sensors 35 may be placed at one or more 
locations throughout heap 30 to measure oxygen levels Within 
the bioreactor 20 during the biodegradation process. Sensors 
35 may also monitor other process parameters, including 
temperature, ionic strength, sulfate concentration, toxic metal 
levels, pH, or Eh. Oxygen levels and other gases can also be 
measured by monitoring the gases traveling through gas col 
lection system 33. Similarly, parameters such as temperature, 
ionic strength, sulfate concentration, toxic metal levels, dis 
solved oxygen, Eh or pH can be measured Within the biore 
actor by monitoring liquids removed from the bioreactor 20 
via liquid collection system 32. 
[0091] Liquid collection system 32 includes a drainage sys 
tem 74 built into the loWest layer of heap 30. Drainage system 
74 is adapted to remove liquids from the bioreactor 20 and 
includes a drain 80 from Which ?uids that drain from the heap 
30 may be collected and recycled to the heap 30 or processed 
for their fuel values. In the present embodiment, drainage 
system 74 essentially comprises a series of French drains in 
that it comprises a series of generally parallel perforatedpipes 
76 oriented With their perforations toWard the ground and 
buried in a layer of gravel 78. Liquids that drain through 
perforated pipes 76 collect in drain 80 Where they are prefer 
ably communicated to an oil/Water separator 37. Liquid syn 
fuel produced in bioreactor 20 is removed from the top of 
separator 37 and Water 66 from the bottom. The liquid synfuel 
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is communicated to tank 25 for storage pending future use or 
sale. The recovered liquid synfuel may include a variety of 
hydrocarbons as Well as alcohols, thus, it may be desirable to 
further re?ne the liquid synfuel prior to use or selling it on the 
market. 

[0092] Water 66 recovered from separator 37 is preferably 
recycled to the bioreactor 20 through irrigation system 34, 
and to the extent necessary supplemented With additional 
inoculant and nutrients from supply 40. Inoculant Within 
supply 40 may come from liquid taken from different oper 
ating heap as a means for introducing active and adapted 
microorganisms into heap 30. In addition to inoculant and 
nutrients, liquids introduced into the heap may have other 
agents added from supply 40 as the liquid is moved back into 
the heap. Additional additives may include, for example, 
Water, buffering agents, sugars, Waste oil, slurried coW 
manure. Preferably, contaminants and/or biotoxins are 
removed from Water 66 recovered from separator 37 before 
the recovered Water 66 is recycled to heap 30. 

[0093] The stacked particle bioreactor 20 Will continue to 
produce gaseous and/or liquid synfuel for a period of several 
months or years. The eventual yield of energy from the fossil 
fuels or other carbonaceous material included in the bioreac 
tor, hoWever, Will be high because very little energy Will be 
lost to the formation of carbon dioxide as an end product. 

[0094] After bioreactor 20 is depleted of carbonaceous 
material, the bioreactor may be left intact. Alternatively, it 
may be desirable to aerate the bioreactor to completely 
remove all residual hydrocarbons or other carbonaceous 
material in the bioreactor. Finally, if the bioreactor is formed 
from coated substrates, Which are discussed more fully beloW, 
the substrates may be recovered, recoated With more carbon 
aceous material, and stacked into a neW heap. 

[0095] Several preferred types of particles for forming heap 
30 of bioreactor 20 are noW described in connection With 
FIGS. 2-5. 

[0096] In general terms, heap 30 is preferably made up of a 
plurality of coarse particles comprising a carbonaceous mate 
rial. The particles preferably fall Within a fairly narroW siZe 
range to ensure adequate ?uid ?oW, particularly liquid ?oW 
throughout the heap. The use of substantially uniform siZe 
particles to form a particular heap 30 Will alloW the uniform 
How of liquid or gas through the bioreactor. Wider siZe dis 
tributions, on the other hand, Will cause packing and reduc 
tion of void volume. The void volume in the heap should 
generally be greater than or equal to about 15%, and more 
preferably greater than or equal to about 20%. Typically, the 
void volume Will be in the range of 15 to 35%. More prefer 
ably, the void volume Will be in the range of 20 to 30%. 
Uneven packing or siZe segregation may cause uneven How of 
gas and liquid Within heap 30 and reduce the ability to control 
the uniform How of liquid or gas Within the stacked particle 
bioreactor 20. 

[0097] The particles used to form heap 30 should also have 
suf?cient integrity to be able to Withstand the anticipated 
compression forces that Will be encountered Within heap 30. 
Typically, this Will mean that the particles should have the 
ability to Withstand the force of many tonnes of material 
stacked on top of them. And, While the particles are preferably 
of a generally uniform siZe to promote ?uid ?oW Within 
bioreactor 20, they also preferably have a rough, nonuniform 
surface morphology to help increase the total surface area of 
the bioreactor 20. 
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[0098] Three methods of achieving particles With suitable 
characteristics for practicing the methods disclosed herein are 
described in Us. Pat. Nos. 5,766,930, 5,431,717, and 5,332, 
559, Which are incorporated herein by reference. 
[0099] Agglomeration of crushed particles is one approach 
to increasing particle siZe and thereby improve percolation of 
liquid through the heap. FIG. 2 shoWs a cross sectional vieW 
of an agglomerated particle 14, a plurality of Which may be 
used to form heap 30. The agglomerated particle 14 is com 
prised of a plurality of smaller particles 15, 16 and 17 held 
together by a binder 18. The smaller particle 15, 16 and 17 
may comprise ?nes generated from crushing a biodegradable 
carbonaceous material. Alternatively, smaller particles 15, 
16, and 17 may comprise particles from tWo or more different 
sources of carbonaceous material that have been combined 
together to make the agglomerated particle 14. Thus, it may 
be desirable to combine particles from tWo or more carbon 
aceous materials having different biodegradation character 
istics to improve the overall biodegradation process Within 
bioreactor 20. It may also be desirable to coat the plurality of 
agglomerated particles 14 With additional carbonaceous 
material. For example, the agglomerated particles 14 used to 
form heap 30 may be coated With a slurry created from bio 
mass from ethanol fermentations, municipal Waste sludge, or 
agricultural Waste to provide nutrients to the biodegrading 
microorganisms present in the heap. 
[0100] Agglomeration should be considered When the bio 
degradable carbonaceous material to be biodegraded includes 
a signi?cant fraction of particles less than about 0.3 cm in 
diameter. FolloWing agglomeration, preferably the agglom 
eratedparticles 14 have a particle siZe in the range of about 0.3 
cm to about 2.54 cm. In this regard, if the carbonaceous 
material is particularly ?ne grained such that it is less than 
about 250 pm in siZe, then the coating process discussed 
beloW may be a more appropriate particle fabrication option. 
[0101] A means for producing the above mentioned 
agglomerated particles 14 is illustrated in FIG. 4. Particles of 
carbonaceous material 41 that are to be agglomerated are fed 
into a rotating drum 43 along With an appropriate amount of 
binder 18. The binder 18, for example, may be lime, Portland 
cement or any suitable polymeric binding agent used in the 
mining industry. Alternatively, it may be possible to use 
another hydrocarbon source such as asphaltic oil, Waste oil, 
bitumen, tar, pitch, or kero gen as binder 18, but at a minimum 
such materials may be added as a coating on the agglomerated 
particles 14. 
[0102] Suitable binding agents Will be those materials that 
bind the particles of carbonaceous material 41 together into a 
plurality of relatively uniform siZed particles 14 and that 
produce particles that are strong enough to Withstand the 
Weight of the heap. Further, the resulting agglomerated par 
ticles 14 must be compatible With the pH of the biological 
process and not prevent the access of the microbes to the 
carbonaceous material to be degraded and converted to liquid 
and gaseous synfuel. The methanogenic and fermentative 
microorganisms used in the preferred embodiments of the 
present invention can groW in the pH range of 6 to 8 and are 
thus compatible With Portland cement and other neutral to 
alkaline pH agglomeration aids. Because microbial degrada 
tion of carbonaceous materials produces organic acids that 
can loWer the pH out of the optimal range of 6 to 8, hoWever, 
the use of cement as a binder may help maintain the optimal 
pH range for the methanogenic anaerobes. The primary 
advantage of Portland cement type agglomeration aids 
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though is their strength and thus non-compressibility of the 
particles 14 When cement is used as the binder 18. 

[0103] Once the agglomeratedparticles 14 are formed, they 
can be stacked into a heap 30 and used in the bioreactor 20 
disclosed herein. 

[0104] FIG. 3 illustrates a cross sectional vieW of a coated 
particle 23, a second type of particle that may be used in the 
present invention. In this embodiment, particles of carbon 
aceous material 41 are coated onto a plurality of substrates 21 
to form a plurality of coated particles 23 having a coating 22 
of carbonaceous material. Alternatively, the coating 22 may 
include or be formed from a liquid carbonaceous material. 
The particles of carbonaceous material 41 and/or liquid car 
bonaceous material may be coated onto the substrates 21 
using a variety of techniques, including the use of rotating 
drum 43 as shoWn in FIG. 4 or a high pulp density slurry 
sprayer. 

[0105] The substrates 21 are preferably solid and prefer 
ably have particle siZe greater than or equal to about 0.3 cm 
and less than or equal to about 5 cm. More preferably sub 
strates 21 have a particle siZe greater than or equal to about 0.3 
cm and less than or equal to about 3 cm. While the coarse 
substrates 21 preferably have a particle siZe greater than about 
0.3 cm, it is recogniZed and contemplated that some of the 
substrates may actually be smaller than this particle siZe. As 
those skilled in the art Will recogniZe, if the coarse substrates 
21 are produced by crushing larger material to the desired siZe 
range, the crushed material Will have a certain siZe distribu 
tion. And even if the material is screened to exclude material 
less than about 0.3 cm, some material having a particle siZe 
less than the 0.3 cm target minimum Will still be present in the 
coarse substrates due to inherent inef?ciencies in the screen 
ing process and due to particle attrition during handling. Thus 
by greater than or equal to about 0.3 cm it is intended that 
substantially all of the coarse substrates are above this siZe so 
that the void volume of the reactor remains above at least 
about 20% during formation of heap 30 and, preferably 
throughout its operation. Preferably the amount of coarse 
substrates beloW the 0.3 cm cutoff is less than 5% by Weight. 

[0106] It is desirable to form a relatively uniform coating 22 
of the particles of carbonaceous material 41 on the substrates 
21 to maximize the integrity of the coating and the surface 
area of the particles 41 exposed to the microorganisms in the 
bioreactor 20. Further, as the particle siZe of particles 41 
decreases, the biodegradation process Will proceed more 
quickly. Smaller particles Will also tend to stick better to 
substrates 21. In vieW of this, the particle siZe of the particles 
of carbonaceous material 41 is preferably less than about 250 
um, and more preferably the nominal particle siZe of the 
particles of carbonaceous material 41 to be coated on sub 
strates 21 is greater than about 75 um and less than about 106 
pm. The thickness of the coating material is preferably less 
than 1 mm to ensure that the microorganism(s) being used to 
perform the biodegradation have adequate access to all of the 
carbonaceous material being treated. 
[0107] The total surface area of the bioreactor 20 can also 
be increased by decreasing the particle siZe of substrates 21, 
using substrates 21 that have a rough, nonuniform surface 
morphology and/ or increasing the number of coated sub 
strates 23 stacked on the heap 30. The advantage of increasing 
the total surface area of the substrates Within the heap is that 
the amount of carbonaceous material that can be loaded on 
substrates 21 in coating 22 increases proportionately, Which 
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in turn increases the amount of carbonaceous material that 
can be degraded into liquid and gaseous fuel. 
[0108] The coated particles 23 may be produced using a 
variety of techniques. One possibility is to add substrates 21 
and particles 41 to a rotating drum 43 in appropriate quanti 
ties. Preferably the substrates 21 are dry and particles 41 are 
in a high pulp density slurry so that it Will stick to substrates 
21 to form coating 22. Alternatively, both substrates 21 and 
particles 41 may be added to rotating drum 43 dry and then 
Water and/or other binding agent may be sprayed into the 
rotating drum 43 to promote adhesion of the particles 41 to the 
substrates 21. 
[0109] An alternative method of forming coated particles 
23 comprises spraying particles of carbonaceous material 41 
in a high density slurry onto substrates 21 before, or as, the 
substrates are being stacked to form heap 30 of bioreactor 20. 
[0110] A neutral to alkaline pH resistant binder 18, such as 
Portland cement may be used to help hold the coated particles 
of carbonaceous material 41 onto the solid substrate 21. HoW 
ever, the particles of carbonaceous material 41 coated on 
substrates 21 may also be applied to the substrate Without a 
binder as Well, if substrates 21 andparticles 41 are suf?ciently 
hydrophobic. An advantage of this latter approach is that the 
cost of a binding material may be avoided. A liquid or semi 
liquid hydrocarbon may also be used to hold particles 41 to 
substrate 21 to form a coating 22 With su?icient structural 
integrity. Thus, for example, asphaltic oil, Waste oil, bitumen, 
tar, pitch, and/or kerogen may be used to bind particles 41 to 
substrates 21. Or the coated particles 23 may be further coated 
With such substances to further increase the content of car 
bonaceous matter Within bioreactor 20. 

[0111] The advantage of using a plurality of coated par 
ticles 23 to form heap 30 over using agglomerates 14 is that 
the solid substrate 21 of the coated particles 23 provides high 
strength to maintain the shape of the particle. Another advan 
tage of this embodiment is that the coating 22 may be a softer 
hydrocarbon or biomass that could not be agglomerated into 
a particle With su?icient strength to Withstand compression, 
but can Withstand compression When coated onto a substrate. 
Thus, by coating the softer material onto a solid support the 
permeability in very large heaps can be maintained. Another 
advantage is that the outer coating of hydrocarbons Will be 
fully accessible to microbes for conversion to liquid fuel, oil 
and/ or methane. 

[0112] The substrates 21 may be created from any number 
of materials that are capable of Withstanding the Weight of the 
stacked particles. Examples of suitable substrates 21 that do 
not contain any practical concentration of carbonaceous 
material include barren rock, gravel, lava rock, barren rock 
containing carbonate minerals, brick, cinder block, and slag. 
Preferably, hoWever, substrates 21 also comprise a biodegrad 
able carbonaceous material that Will also eventually be con 
verted to either oil or methane. In this regard, the plurality of 
substrates may comprise, for example, one or more materials 
selected from the group consisting of oil shale, coal, rock, 
asphalt, rubber, and plant Waste. Examples of suitable plant 
Waste that may be used as substrates 21 include, for example, 
plant Waste selected from the group consisting of bark, corn 
cobs, nut shells, Wood by-products, and crop by-products. 
Coal substrates may comprise any of the true coals, including 
semianthracite coal, semibituminous coal, bituminous coal, 
subbituminous coal, and lignite coal. 
[0113] The particles of carbonaceous material 41 coated on 
the substrates 21 may comprise, for example, an organic 
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carbonaceous material selected from the group consisting of 
oil sands, oil shale, asphaltic oil, Waste oil, bitumen, tar, pitch, 
kerogen, coal and agricultural Waste. Further, the types of 
agricultural Waste that may be coated on the substrates 
include, for example, manure, fruit Waste, straW, fermentation 
Waste, and pulverized plant Waste. Grape skins are a particu 
larly preferred form of fruit Waste that may be coated on 
coarse substrates for biotreatment. In addition, rice straW is a 
particularly preferred form of straW that may be coated on the 
substrates for biotreatment. If coal is used as the organic 
carbonaceous material coated on the substrate, preferably the 
coal has a metamorphic rank of bituminous coal or less, and 
more preferably a metamorphic rank of peat or less. More 
over, if the organic carbonaceous material coated on the sub 
strate comprises coal or oil shale, preferably the coating is a 
concentrate of those materials. 

[01 14] In a particularly preferred embodiment, the particles 
of carbonaceous material 41 forming coating 22 comprise a 
carbonaceous material that is readily biodegraded, such as 
biomass or agricultural Waste, and thereby accelerates the 
overall process by providing large amounts of fatty acids to be 
converted into methane by the methanogenic microorganisms 
Within bioreactor 20. 

[0115] A third method of producing particles of uniform 
siZe is illustrated in FIG. 5. In this embodiment, ?ner particles 
are removed to enhance air and liquid ?oW Within the heap 3 0. 
Crushing and screening can remove the ?ne material from the 
crushed carbonaceous material. By removing ?nes before 
stacking, the siZe distribution is narroWed and thus air and 
liquid ?oW through the heap improved over the How charac 
teristics of the entire crushed material. In addition to remov 
ing the ?nes, the crushed rock can be further separated by siZe 
fractions. The various siZe fractions can then be stacked into 
separate heaps 30 or layers Within a heap as discussed more 
fully beloW in connection With FIG. 5. 

[0116] In a preferred embodiment, a carbonaceous mate 
rial, such as a hydrocarbon mineral ore 51, is crushed in an ore 
crusher 84 to a siZe of about 5 cm or less. The crushed ore is 
passed through a set of screens 86, 88 and 90 Which separates 
the crushed material into tWo or more siZe ranges. The siZe 
fractions might, for example, be separated as folloWs: a larg 
est siZe fraction being 3 to 5 cm, a mid siZe fraction being 1 to 
3 cm, a small siZe fraction being of 0.5 to 1 cm, and a ?nes 
fraction being 0.5 cm and less. The ?rst three separated frac 
tions of crushed material may be stacked into separate heaps 
according to fraction siZe. Thus, in the present embodiment, 
three heaps are formed: heap 54 for the large siZe fraction, 
heap 55 for the mid siZe fraction, and heap 56 for the small 
siZe fraction. The carbonaceous material in the ?nes fraction 
(e. g., the carbonaceous material less than 0.5 cm in siZe) 
might be too small to stack into a heap Without ?rst agglom 
erating the ?nes. Accordingly, as shoWn in FIG. 5, the par 
ticles of carbonaceous material 41 in the ?nes fraction may be 
agglomerated in an agglomeration drum 92. The agglomer 
ated particles 14 from agglomeration drum 92 may then be 
stacked to form heap 58 of agglomerated particles. 
[0117] The formation of agglomerated particles 14 in 
agglomeration drum 92 may be accomplished in the manner 
described above in connection With FIGS. 2 and 4. The ?nes 
fraction may also be further ground and then ?oated to form 
a higher-grade carbonaceous material. The resulting ?otation 
concentrate may then be agglomerated in agglomeration 

Mar. 4, 2010 

drum 92 to form agglomerated particles 14 or coated back on 
the surface of the solid crushed and siZed material to form 
coated particles 23. 
[0118] Another Way of treating the ?nes fraction is to treat 
that fraction separately from the heap bioreactor processes 
altogether. For example, the ?nes fraction may be treated in a 
conventional high temperature process, such as in a retort. 
[0119] Although the ?nes fraction of the present embodi 
ment is set at 0.5 cm and beloW, in other embodiments it may 
be set differently. For example, in some implementations, it 
may be desirable or su?icient to set the ?nes fraction at 
particles having a particle of about 0.3 cm or less. 
[0120] The siZe fractions of carbonaceous material col 
lected from various screens, such as the large siZe screen 86, 
may be able to hold a coating 22 as shoWn in FIG. 3. The 
carbonaceous material coated on the siZe fraction may be 
coated on the plurality of substrates 21 making up the siZe 
fraction in coating drum 53. The resulting coated particles 23 
may then be stacked, for example, in heap 54. The various 
types of carbonaceous materials that may be coated on the 
particles in the various siZe fractions are fully described 
above in connection With FIG. 3. HoWever, it is Worth noting 
that the coating material may be a softer carbonaceous mate 
rial than the hydrocarbon mineral ore being used as the sub 
strate. For example, the carbonaceous material used as the 
coating material may be, for example, biomass, a hydrocar 
bon slurry, biomass from ethanol fermentations, municipal 
Waste sludge, or agricultural Waste. 

[0121] Each heap 54, 55, 56, and 58 (or each layer if a 
strati?ed layer approach is taken) Will have better How char 
acteristics separately than it Would have if mixed together. If 
mixed together the smaller siZe material Will ?ll in the void 
spaces, thereby reducing void space and restricting ?oW. In 
addition to reducing the void space some areas Will inevitably 
have less ?nes and thus more void space and better How than 
others. This disparity in How rates Will lead to channeling and 
non-uniform ?oW around the area With excessive ?nes and 
restricted How. This is problematic When trying to purge 
oxygen out of the system or introduce a neW culture of 
anaerobic microorganisms. 
[0122] The smallest siZe fraction material Will have the 
fastest rate of degradation. Yet, if this fraction is stacked 
separately in heap 56, it Will still have uniform gas and liquid 
?oW characteristics. The larger siZed material Will have better 
How characteristics but sloWer rates of conversion to meth 
ane. The larger siZe fraction heap could also be used as a 
support rock for a coating of softer and more readily biode 
graded material as described above. Also, large siZe fractions 
Would have larger void spaces and could Withstand more 
compression and, therefore, be capable of being stacked 
higher than the smaller siZed material. The ability to With 
stand more compression Would make it possible to stack the 
?ner material as a layer on top of the larger siZe material. If 
stacked separately, each heap Will generate oil or methane at 
different rates. Once a heap is no longer producing methane at 
an economical rate, a neW heap may be formed on top of it. At 
that point, it Would not matter if the remaining material in the 
original heap is compressed to the point that permeability is 
lost. As a result, this may be the least expensive Way to 
produce high strength particles for large heaps. Further, the 
larger siZe particles Would not need to be re-crushed to the 
smaller siZe ranges, Which Would also generate more ?nes 
and increase cost. And, although the larger siZe range material 
Will biodegrade more sloWly, because it Will be able to be 
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stacked in higher and larger heaps, heaps formed from larger 
siZe fractions of material may actually be able to produce the 
same amount of methane per square foot of land occupied as 
heaps formed from smaller siZe fractions. 
[0123] Crushing hydrocarbon mineral ore 51, such as coal 
or oil shale, to a target maximum siZe in the range of approxi 
mately 0.5 to 3 cm may be readily accomplished using tech 
niques Widely knoWn in the art. The ultimate maximum target 
siZe of the crushing operation, hoWever, Will depend on the 
rate of biodegradation and the time that the heap is expected 
to produce a liquid or gaseous fuel. As the siZe of the particles 
are made smaller the surface area available to the microbial 
degradation becomes larger. However, smaller crushing siZe 
targets increase crushing cost and the amount of ?nes that are 
too small to be included into the heap Without agglomeration 
or coating as described above. 

[0124] As Will noW be appreciated, the biodegradation pro 
cess according to the present invention, and illustrated in FIG. 
1, is useful for forming a large ex situ bioreactor While insur 
ing adequate microorganism access to the carbonaceous 
material to be bio-converted into useful liquid and gaseous 
fuel or synfuel. Further, the enhanced liquid and gas ?oW 
provided by the preferred embodiments alloWs for the easy 
removal of liquid hydrocarbon fuels, such as synthetic petro 
leum, or gaseous hydrocarbon fuels, such as methane. The 
enhanced ?oW also alloWs for microorganisms and nutrients 
to be introduced into the bioreactor at any time after the 
formation of the heap. As illustrated in FIG. 1 and described 
above, means may be provided at the bottom, top, and 
throughout the heap 30 to facilitate the introduction and 
removal of liquids and gases. 
[0125] The present invention also provides a cost effective 
Way to achieve a very large, high surface area reactor for 
aerobic and/or anaerobic degradation of carbonaceous mate 
rials to synfuel. Indeed, it is possible to cost effectively scale 
the methods and bioreactors of the present invention to pro 
cess thousands of tonnes of oil shale or oil sand per day. A 
typical commercial development of this invention may 
involve, for example, stacking 10,000 tonnes or more per day 
of carbonaceous material into heaps of up to a million or more 
tonnes of carbonaceous material total. The ability to cost 
effectively scale the methods and reactors of the present 
invention to a very large scale is important, not only because 
the conversion process Will be sloW, but also because it Will be 
necessary to extract the fuel values from signi?cant quantities 
of carbonaceous material to make a material impact on the 
World’s petroleum supply. To put this in perspective, it Would, 
for example, be necessary to extract the fuel value from 
approximately 100,000 to 400,000 tonnes of oil shale per day 
to replace about 1% of the US’s current 10 million barrels of 
oil imported each day. 
[0126] In light of the foregoing advantages, the methods 
and bioreactor designs described in the instant patent docu 
ment are particularly Well suited for deriving synfuel from 
loW-grade fossil fuels. This is because it is possible With the 
methods and reactors of the present invention to process large 
quantities of such fossil fuels in a very large, loW-cost pro 
cess, Which is crucial considering the long residence times 
that Will be necessary to biodegrade those fossil fuels into 
synfuel and the concentration of energy values in those fossil 
fuels per tonne of material. Because oil shale, oil sands, peat 
and loW-grade coal tend to be closer to the surface, hoWever, 
they Will tend to be relatively inexpensive to mine, thus keep 
ing the costs of building the bioreactor relatively loW in com 
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parison to the recoverable fuel values added to the bioreactor. 
On the other hand, deeper deposits of carbonaceous rock Will 
cost more to mine, thus potentially impacting the economics 
of the process negatively even though the mined carbon 
aceous rock may be of higher grade. 

[0127] In considering the potential value of the present 
invention, and its economics, it is Worth revieWing some 
noteworthy facts regarding some of the loW-grade fossil fuels 
that may be processed in the present invention. 
[0128] Oil shaleiThe total World resources of oil shale are 
estimated at over 2.6 trillion barrels of oil, With one of the 
largest deposits being located in the Us. Thus, reserves of oil 
locked in oil shale dWarf knoWn petroleum reserves by sev 
eral time over. Oil shale typically contains 10 gal or more of 
oil per tonne of shale, With large quantities of shale in the Us. 
containing over 20 gal/tonne or even 30 gal/tonne. Indeed, it 
is estimated that in the Green River formation in the U. S. there 
are 731 billion barrels of oil in shale reserves that contain at 
least 25 gal of oil per tonne of shale. If such shale can be 
processed for a price of $5 per tonne or less, the process Will 
clearly be economical. Considering, hoWever, that the cost of 
processing a tonne of ore in heap bioleaching techniques in 
the mining industry is in the range of $2 to $5 per tonne, 
processing shale at a cost of $5 or less per tonne is very 
feasible. 

[0129] Oil sands4Oil sands of the World contain the larg 
est accumulations of liquid hydrocarbons in the earth’s crust. 
Sometimes called tar sands and bituminous sands, oil sands 
contain a heavy viscous petroleum substance called asphaltic 
oil. The largest reserves of oil sands in the World are located 
in Alberta, Canada, Which have been estimated to contain 
over one trillion barrels of oil. Another deposit of oil sands in 
SouthAmerica is said to contain 692 billion barrels of oil. Oil 
sands typically contain from 0.5 to 1 barrel of oil per tonne. 

[0130] LoW rank coaliThe U.S. has signi?cant reserves of 
loW rank coal, such as broWn coal and peat, as Well as other 
humic substances. Moreover, the Us. has the World’s largest 
peat reserves. Peat has a persistently high moisture (minimum 
75%), Which typically requires it to be dried before it is 
burned in other processes. Peat may be used in the present 
process, hoWever, Without drying it ?rst, thus saving a sub 
stantial amount of money in processing this resource. 

[0131] High sulfur petroleum and coalsiDue to environ 
mental restrictions on sulfur dioxide emissions these fossil 
fuels can only be burned in plants having adequate pollution 
control systems or the sulfur must be removed prior to burn 
ing the fuels. In the present invention, hoWever, high sulfur 
fossil fuels may be readily processed. 
[0132] A preferred embodiment for producing and recov 
ering a liquid hydrocarbon fuel from tar sands or oil sands and 
oil shale is provided. Tar or oil sands and oil shale contain a 
large amount of hydrocarbons. Some portions of the hydro 
carbons can be Washed off or removed With Water and 
elevated temperatures. In addition, products of aerobic micro 
bial fermentation of these hydrocarbons Will aid in the 
removal of the hydrocarbon. For example, microbes of the 
genus Arlhrobacler, Bacillus Corynebaclerium, Pseudomi 
nass and others listed in Table 1 above produce surfactants 
and solvents that Will aid in dislodging oil held on the surface 
of the sand and shale of these hydrocarbon sources. 

[0133] In addition to these microbially produced extraction 
agents, microbes are capable of reducing the molecular 
Weight of paraf?nic hydrocarbons and thereby loWering their 
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viscosity. The resulting lower viscosity oil may then be 
removed more readily from the sand and shale by Water How. 
[0134] Thus, the biological process of mobilizing oil is a 
Way of enhancing the extraction of oil contained Within the oil 
sand or oil shale. In addition to producing extraction agents 
useful in the separation of hydrocarbon values from minerals, 
the microorganisms convert the hydrocarbons to loWer 
molecular Weight petroleum oil. Further, the aerobic micro 
organisms used to produce extraction agents and reduce the 
viscosity of the oil Will produce, through further biodegrada 
tion, small organic molecules Which may be subsequently 
consumed by methanogenic microorganisms and converted 
to methane and carbon dioxide. While microorganisms avail 
able from culture collections may be used, Wild type micro 
organisms isolated from the hydrocarbon site itself are likely 
to be the most useful to include in the heap culture. 
[0135] The released oil may subsequently be extracted 
from the minerals in the heap using the broth from the aerobic 
fermentation. As described above, the oil mobiliZation bac 
teria can be added to the heap of agglomerated oil sand or oil 
shale as the heap is being formed or shortly thereafter. This 
aerobic part of the process starts the mobilization and viscos 
ity reduction of the heavy hydrocarbons and tars into remov 
able oil that is eluded out of the heap by the How of liquid 
through the heap particles and into the liquid collection sys 
tem 32 Where it is then provided to oil/Water separator 37, and 
the separated oil collected in tank 25. 
[0136] After the heap is covered or sealed the process can 
be converted to an anaerobic environment by sweeping biore 
actor 20 With carbon dioxide or by letting the aerobic 
microbes consume the entrapped oxygen. The process of oil 
removal may still continue because anaerobic microbes can 
still mobiliZe oil by producing surfactants and solvents. 
[0137] As the heap becomes anaerobic, methanogenic 
microorganisms are introduced into the heap 30 through irri 
gation system 34 to start generating methane. These strictly 
anaerobic microorganisms can be obtained through culture 
collections, some of Which are listed in Table 2. In addition to 
obtaining methanogens from culture collections, mixed cul 
ture can be isolated under anaerobic conditions from peat 
bogs, seWage treatment plants, rice paddies, and the intestinal 
tracks of ruminants. In this part of the process the residual 
hydrocarbons and organic compounds produced by the aero 
bic part of the process are converted to methane. In addition, 
during this part of the process the oxygen level and other 
parameters such as temperature, pH, solution chemistry, sul 
fate levels, and toxic metals should be monitored using sen 
sors 35 or other means discussed above. Adjustments can be 
made to the heap environmental conditions by controlling the 
gas and liquid How to the heap via gas delivery system 60 and 
irrigation system 34. 
[0138] The anaerobic phase of this process Will take longer 
than the aerobic phase of the process. Further, the surface 
hydrocarbons on the particles that make up the bioreactor Will 
be converted to oil and methane fastest. Later in the process, 
the microbes Will consume the more embedded hydrocarbons 
Within the particles. The total time and rate of methane gen 
eration Will be a function of the siZe, distribution of the 
particles and the biodegradability of the carbonaceous mate 
rial. Most coal, for example, Will biodegrade anaerobically to 
methane, but at a very sloW rate. A solid support made of 
loW-grade coal may take several years to be converted to 
methane. A layer of tar sand coated onto the solid coal support 
may be converted to liquid oil and methane Within the ?rst 
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year of the process. A layer of biomass or agriculture Waste 
coated onto coal support may be converted to methane in a 
feW months. The rapid groWth of microbes on the outer layer 
of more susceptible organic material Will facilitate the bio 
degradation of the more resistant solid support by accelerat 
ing the rapid development of a thick coating of actively groW 
ing microbes over all the solid support particles. 
[0139] After the outer layers are degraded and most of the 
easily accessible hydrocarbons are converted to oil or meth 
ane the need for void space and good How characteristics 
Within the heap are diminished. Therefore, neW heap biore 
actors may be constructed on top of the older heap bioreactors 
that have consumed mo st of the outer softer material. At that 
point, the older heap in the sloWer part of the methane gen 
eration cycle may be better able to accommodate the extra 
Weight of another heap or lift built on top of it. 
[0140] The folloWing prophetic examples further de?ne the 
invention and should not be construed as limiting the inven 
tion to the examples set forth. For example, the speci?c 
examples described beloW are directed at biodegrading oil 
shale, oil sand, coal, and peat. HoWever, as described above, 
the device and method according to the present invention may 
be used to biodegrade all types of biodegradable carbon 
aceous materials. 

Example 1 

[0141] In this example, a solid hydrocarbon containing 
material such as oil shale is used in a heap bioreactor 20 to 
produce both oil and methane. The oil shale is mined and 
crushed to a siZe of less than 5 cm With an average siZe 
fraction of about 3 cm. As illustrated in FIG. 5, the smaller 
siZe fraction of less than about 1 cm is agglomerated into 
larger particles of about 3 cm. A polymeric or Portland 
cement binder 18 may be used to help form stable agglomer 
ates. It is recogniZed that another hydrocarbon source such as 
tar or high viscosity oil may act as a suitable agglomeration 
aid or may be coated on the surface of the agglomerate. 
Another Way of treating the ?nes is to remove them from the 
heap process altogether. Further grinding and ?otation may 
be used to form a higher-grade hydrocarbon that can then be 
agglomerated or coated back on to the solid crushed and siZed 
material. Alternatively, the ?nes fraction may be processed in 
a conventional high temperature process, such as in a retort. 
[0142] The siZe of the particles is chosen by a compromise 
betWeen cost and the rate of oil and gas production. The 
smaller siZe range of l to 3 cm Will give faster oil and methane 
production. The large siZe range 3 to 5 cm Will cost less to 
crush and produce less of the ?nes that Will need to be 
removed or agglomerated. A mixture or larger siZe range of 1 
cm to 5 cm Will pack more tightly and restrict gas and liquid 
How. It Would be better to stack tWo separate heaps or lifts of 
tWo siZe ranges (1-3 cm and 3-5 cm) than to combine them. 
Therefore, it is bene?cial to test each of the siZes or siZe 
ranges to determine the relative rates of organic carbon and 
hydrocarbon degradation and extraction and methane genera 
tion. This may be done in a small-scale laboratory test for 
each type of hydrocarbon mineral to be processed at commer 
cial scale. This type of test Will determine the rate of oil and 
methane production With time. Microbes used in the test and 
the environmental conditions such as temperature, pH and 
nutrients Will also affect the rate. 
[0143] As the agglomerates are being made, or as the heap 
is being stacked, a consortium of hydrocarbon degrading 
microbes is added to the heap. The consortium should be a 
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mixed culture of microbes of aerobic and facultative anaero 
bic microorganisms that are known to degrade hydrocarbons 
of the type being treated in the heap process. More speci? 
cally, the mixed culture should be adapted to feed on the 
hydrocarbon source being treated in the heap. Methods of 
isolating and adapting microorganisms for hydrocarbon deg 
radation of petroleum oil are generally knoWn by those skilled 
in microbiology. One method of microbe adaptation is taught 
by Ikeda et al. in US. Pat. No. 5,919,696, Which is hereby 
incorporated by reference. 
[0144] The heap Will be aerobic during the time that it is 
being stacked. Perforated pipes 31 and 76 in gas delivery 
system 60 and liquid collection system 32, respectively, are 
laid doWn ?rst and covered With rock or the heap particles 
directly. As the heap is stacked higher, irrigation system 34 
and gas collection system 33 are placed in the heap. These 
may be at the top and midsection of the heap. Sensors 35 may 
be added to the heap 30 to monitor various process param 
eters, including temperature, oxygen concentration, pressure 
and pH, and transmit the detected information to controller, 
not illustrated herein. 

[0145] In the aerobic phase of the process microbes feed on 
the hydrocarbons to produce bio-surfactants, solvents, and 
heat that help dislodge and mobiliZe the petroleum contained 
in the oil shale. In addition, the microbes bring about chemi 
cal changes to the viscous hydrocarbons that reduce the vis 
cosity of the oil contained in the shale. This oil migrates to the 
loWer part of the heap to be removed by the liquid collection 
system 32. Water may also be used as a carrier to help sWeep 
the oil off of the stacked particles. The aqueous solution and 
oil are then collected in an oil/Water separator 37 Where the oil 
can be separated from the aqueous solution and then provided 
to tank 25 for storage. The separated Water may then be 
circulated back into the heap through irrigation system 34. 
Alternatively, the Water can be removed as Waste. 

[0146] The aerobic process may continue after the heap is 
stacked and covered With an impermeable liner 36, for 
example a clay cap or plastic liner. The length of time Will 
depend on the material being processed and the economic 
value of liquid oil vs. methane. The process is changed from 
an aerobic process to an anaerobic process by stopping the 
How of air through the gas delivery system 60 built into the 
heap or by sWeeping the heap With a loW oxygen (less than 
1.0%) gas mixture. A possible gas mixture could be nitrogen 
and carbon dioxide. The aerobic microbes Will break the 
higher molecular Weight hydrocarbons to smaller molecules. 
This Will help the start of methane generation during the 
anaerobic process. HoWever, the aerobic process Will Waste 
more of the energy potential of the hydrocarbon fuel by 
degrading the hydrocarbon all the Way to carbon dioxide, 
Water and heat. Economics Will determine the best time to 
convert the heap from the faster aerobic process to the sloWer 
anaerobic methane generation process. 
[0147] Careful control of oxygen levels may be needed to 
optimiZe methane generation Without hydrogen sul?de gen 
eration. Sulfate reducing bacteria Will compete With metha 
nogenic microbes for the acetate, fatty acids and hydrogen 
produced by fermenting anaerobic microbes. The sulfate 
reducing bacteria Will produce hydrogen sul?de and not 
methane, thereby decreasing the e?iciency of the process. 
[0148] Strictly anaerobic methanogenic microorganisms 
may need to be supplied to the heap after it has become 
anaerobic because they may not have been able to survive the 
aerobic part of the process. These methanogenic microorgan 
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isms may be obtained from an existing heap operating in the 
anaerobic mode, as such a heap is a source of adapted and 
actively groWing microorganisms. During the anaerobic 
phase liquid oil may still be produced and collected. The 
methane gas is produced until most of the available hydro 
carbon has been converted to liquidpetroleum/oil or methane. 
The time Will depend on the siZe of the particles or the crush 
siZe of the shale being processed. A smaller crush siZe than 5 
cm Will cost more to produce but Will produce oil and meth 
ane faster. Experimentation and economic analysis can deter 
mine the best crush siZe for a particular shale. 

Example 2 

[0149] In this example the hydrocarbon source is oil sand. 
This material is also called tar sands and contains bitumen 
similar to oil shale. Alberta Canada has three of the World’s 
largest oil sand deposits, Which are conservatively estimated 
at over one trillion barrels. Bitumen makes up about 10-12% 
of the oil sands. The remainder is 80-85% sand and clay 
minerals and 4-6% Water. Only about 10% of these deposits 
are considered recoverable With conventional hot Water 
extraction or ?otation enrichment technology. These non 
biological extraction processes leave about 25% of the bitu 
men in an alkaline tail. 

[0150] In this example, the oil sands material is agglomer 
ated into small pellets or particles of about 1 to 3 cm in siZe. 
The siZe of the particles biotreated should be selected based 
on the rate at Which microbes Will reduce the viscosity of the 
heavy oil and extract it from the particles. This can be deter 
mined in laboratory experimentation as Was done in Example 
1. In general, smaller particles Will yield more oil at a faster 
rate than the larger particles. HoWever, the smaller particles 
may be more expensive and dif?cult to produce. 
[0151] In addition to determining the appropriate particle 
siZe, the appropriate amount and type of binder may be 
experimentally determined using techniques knoWn in the 
mining art. The selected binder should be strong enough to 
hold an agglomerated particle 14 together and resist the 
Weight of the heap. The amount of the binder used, hoWever, 
should not be so much that the penetration of microbes or 
extraction of oil is prevented. Also the use of excess binder 
Will increase the cost of the process. Suitable binders include, 
for example, Portland cement and polymers. Flotation con 
centrate of bitumen may also be agglomerated into the par 
ticle or coated onto the outer surface of the particle. The 
amount of cement used Will typically be in the range of about 
1 to 3%. 
[0152] The agglomerated particles 14 are inoculated With 
an adapted consortium of microbes that are capable of reduc 
ing the viscosity of bitumen and converting it to lighter 
molecular Weight oil. This consortium should be a mixed 
culture of aerobic and facultative anaerobic microorganisms 
that are knoWn to produce surfactant solvents and heat that 
help dislodge the oil. The mixed culture should also contain 
thermophiles that can survive the higher temperature that 
results from the heat released by the aerobic hydrocarbon 
degradation. The heap should be designed and operated to 
conserve the heat generated because it Will aid in the oil 
extraction. 
[0153] The heap Will start as an aerobic process as in 
Example 1. Gas delivery system 60, irrigation system 34, and 
liquid collection system 32 may be built into the heap to inject 
process gas and Water and collect drainage Water that contains 
extracted oil and process Water. As the heap is stacked higher, 
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irrigation system 34 and gas collection system 33 are placed 
in the heap. The process Water collected in liquid collection 
system 32 is separated from the oil in oil/Water separator 37 
and then reconditioned for re-injecting and reuse through 
irrigation system 34. The reconditioning step may include pH 
adjustment and removal of toxic materials that may retard 
bacterial groWth. Also neW microbes could be added to this 
process Water. Those might be strictly anaerobic fermenting 
and methanogenic microbes for the production of methane. 
[0154] In addition to the irrigation system and liquid col 
lection pipes, the heap is constructed With gas supply and 
removal pipes 31, 68. The supply pipes 31 are necessary to 
inject gas mixture that can control oxygen levels Within the 
heap. During the aerobic part of the process the oxygen level 
can be from 1-10% or more to stimulate bitumen degradation 
and conversion to liquid oil. After most of the recoverable oil 
is removed, the oxygen level is reduced to facilitate methane 
generation. The remaining oil and loW molecular Weight 
organic compounds and the aerobic microbes themselves are 
quickly converted to acetate and other one or tWo carbon 
compounds by anaerobic fermenting microbes. Anaerobic 
methanogenic bacteria then convert these compounds into 
methane, Which is collected through the gas collection system 
33. 

[0155] The process then proceeds more sloWly as the 
anaerobic consortium of fermenting and methanogenic 
microbes continue to degrade the higher molecular Weight 
bitumen or other organic hydrocarbon sources. This sloWer 
process may go on for several years. The gas generated Will 
contain a mixture of methane and carbon dioxide. A more 
highly concentrated methane gas can be produced by remov 
ing the carbon dioxide from the gas mixture means of sepa 
rator 39. The puri?ed methane gas can be sold as natural gas. 
Alternatively, if not already of suf?cient concentration in pipe 
70, the gas can be cleaned up enough to be burned in electric 
poWer generator 45 to provide heat and/or electricity. 

Example 3 

[0156] The U8. and other countries throughout the World 
have vast amounts of mineable coal. Unfortunately, many of 
these sources of coal are of loW grade or are high in sulfur or 
ash and are not useful for poWer generation for environmental 
reasons. Stricter air quality requirements have reduced the 
usefulness of many of these coal sources. Most neW poWer 
generating plants are designed to use cleaner burning natural 
gas. 

[0157] In this example, loW-grade coal is converted to 
cleaner burning methane gas by anaerobic bioconversion of 
coal to methane in a large ex situ heap 30 of crushed and siZed 
coal. The solid nature of coal and its complex chemical struc 
ture make it sloW to be microbially converted into methane. 
Thus, in addition to inoculating With fermenting microbes 
and methanogenic microbes, a good source of nutrients and 
groWth substrate should also be combined With the coal. The 
substrate, nutrients and microbes can be mixed or agglomer 
ated or coated onto the coal particles as they are being stacked 
into the heap 30. Some good sources of groWth substrate 
materials are biomass from ethanol fermentations, municipal 
Waste sludge, and agricultural Waste. These Will provide 
organic material for microbial groWth and Will also help make 
the heap anaerobic by consuming oxygen. The more easily 
degraded organic substrate Will stimulate the groWth of a 
large amount of microbes that Will cover all the coal particles. 
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[0158] The siZe range of the coal particles should be deter 
mined in laboratory tests to determine the rate of coal to 
methane conversion as a function of siZe or surface area to 
volume. One method of performing these tests is to set up a 
number of columns each containing different siZe ranges each 
mixed With ample nutrient and microbe cultures. The col 
umns are kept anaerobic and the amount of generated meth 
ane measured. In addition to columns, small stirred reactors 
can be used to measure rates of bio-methane generation for 
much higher surface area to volume ratios then Would be used 
in a large-scale process. The results from this lab test could 
then be used to estimate rates of methane generation for 
large-scale ?eld heaps. 
[0159] This type of testing Will alloW for optimiZation of 
pH, temperature, and other environmental conditions that Will 
be used to model and control a large commercial operation. 
Models of the system could also be useful to predict and 
control the rate of methane generation. Several heaps of dif 
ferent siZe ranges may be constructed to produce methane at 
different rates as a method of con?guring production rates to 
meet anticipated methane demand. 
[0160] In this example, a large heap may be constructed 
nearby an old coal ?red poWer plant that is in the process of 
converting to a gas-?red poWer plant. Coal that is brought into 
the poWer plant that no longer meets air quality emission 
standards could be crushed to the experimentally determined 
siZe then siZe separated for one or more heaps or lifts of 
different siZe ranges. The ?nest siZe range could be agglom 
erated and stacked in another heap. Each heap or lift Will start 
to produce methane that may supply a gas-?red turbine elec 
tricity generator. The cleaner burning coal may continue to be 
used to generate electric poWer from the existing coal-?red 
poWer plant. In this Way the facility could continue to produce 
as much poWer as it had before and decrease emissions. This 
type of change over Would also make use of much of the 
existing facility. 

Example 4 

[0161] Peat bogs harbor approximately 30% of the World’s 
soil carbon reserves. The natural biodegradation of peat 
accounts for 3 to 7% of the global methane emissions. Peat is 
young coal and the Us. has the second largest peat resource 
in the World. The total energy contained in the Us. peat 
resources is estimated at the equivalent of about 240 billion 
barrels of oil. It is evenly distributed throughout the country 
and is at the surface With little or no overburden. 

[0162] Peat bogs are generally acidic and anoxic With 
methanogenic methane production as the major microbio 
logical process. HoWever, the top layer of peat contains 
methanotrophic microbes that consume much of the methane 
produced and oxidiZe it to carbon dioxide and Water. The total 
methane emission from peat bogs is less than 0.1 liters per 
square meter of surface per day. 
[0163] Peat can be deWatered and burned for fuel directly. 
For a number of reasons, including the cost of deWatering, this 
is not generally done in the U.S., although it is in other parts 
of the World. In this example, the peat is removed from the 
bog and made into small pellets or particles to be stacked into 
the bioreactor. Because of peat’s high Water content and its 
soft and compressible nature it should undergo some process 
ing to reduce the compressibility before it is stacked into a 
heap. In addition to changing its physical properties, addition 
of nutrients, pH adjustment and microbial inoculation can be 
When the heap bioreactor is being formed. 




