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DISCLAIMER

The contents of this report are offered as guidance, The report has bec
prepared as accurately and completely as possible; however, the Georgia Institute ¢
Technology and the Georgia Tech Research Institute (GTRI) do not make ar
warranty or representation, expressed or implied, that the use of any inlormatio
apparatus, method, or process disclosed in this report may not infringe on private
owned rights or assume any liabilities to the use of, or for damage resulting [ro
the use of any information, apparatus, method, or process disclosed in this report.

The report does not reflect the official views or policy of the above mentione
institutions. Mention of trade names or commercial products does not constitu
endorsement or recommendation for use.

The Georgia Tech Research Institute is a division of the Georgia Institute
Technology which is a unit of the University System of the State of Georgia. As
state organization, GTRI cannot endorse a private entity but can only provide t}
guidance of its employees on a particular project.

CovIRS Rusicarie From

VUR
“Yanue CRavcen

Telr 20S-XRL-Xo8(¢






NOTICE

This report was prepared as an account of work sponsored by an agency of

the United States Government. Neither the United States Government nor

any agency thereof, nor any of their employees, makes any warranty, express
or implied, or assumes any legal liability or responsibility for the accuracy,
completeness, or usefulness of any information, apparatus, product, or process
disclosed, or that its use would not infringe privately owned rights. Reference
herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply
its endorsement, recommendation or favoring by the United States Government
or any agency thereof. The views and opinions of authors expressed herein do
not necessarily state or reflect those of the United States Government or

any agency thereof.
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CHAFIER 1
INTRODUCTION

Biogas is a combination of methane, carbon dioxide, and other constituent:
produced by the anaerobic digestion of hydrocarbons. For many years, biogas wa:
considered a waste product of anaerobic sludge digestion systems, and was simply
flared off to prevent injury to personnel. In fact, some plants converted to aerobis
digestion systems to eliminate this and other problems associated with anaerobic
sludge disposal systems. At covered landfills, biogas was a nuisance which woulc
simply migrate out of the ground. Many landfills installed peripheral gas collection
systems and flares to burn the gas and prevent injury to personnel as well as the
surrounding community.

The energy crisis initiated by the 1973 Arab oil embargo brought a new
awareness of the use of renewable fuels, including biogas. Subsequently, a number
of projects sponsored by the U. S. Department of Energy (USDOE), other
governmental funding agencies, and private industries, evaluated the use of
anaerobic treatment systems for the production of energy. In addition, private
critc_:rpriscs have successfully recovered biogas from more than 200 landfills for
production of thermal or electric energy. Although economic fcasil_:ility remains
dependent upon waste characteristics, treatment system efficiency, and fluctuations
in the energy market, these projects have clearly demonstrated the technical
feasibility of anaerobic systems for the production of energy.

The interest in anaerobic systems has been furthered by more stringent
pretreatment requirements imposed by many Publicly Owned Treatment Works
(POTW's). Faced with making pretreatment choices and considering the rising cost
of electric power in many localities, many industries favor low energy consumption
systems such as anaerobic treatment. However, many of the industries which have
chosen anaerobic processes simply flare the biogas produced, illustrating that
anaerobic treatment is a good pretreatment alternative irrespective of the energy
production potential.

One of the major obstacles to effective industrial use of biogas is the lack of
a single source of.information on_.the handling,- storage; -compression, clean-up,
combustion, and safety equipment requirements. The information on the projects
sponsored by the USDOE and other private or public organizations are scattered
throughout the literature. Design and management strategies for energy recovery

are unique with almost every new initiative, and manufacturers of equipment



specifically designed for biogas are sometimes difficult to locate. A unifie
approach and information clearinghouse are clearly needed to guide developmer
efforts into the 1990’s. This handbook is designed to provide a single source
information to help guide industries in their choice of technologies for cos
effective utilization of biogas.

This handbook evolved from literature searches of available publications ¢
landfills, wastewater pretreatment systems, and biogas utilization systems, an
contains information on laboratory-, pilot-, and full-scale anaerobic treatmer
systems and landfills. This information has been analyzed, condensed, and combine
where appropriate to provide guidelines generic to most anaerobic treatmer
systems. The handbook contains an extensive list of references, and the reader
encouraged to use these to obtain more specific information on particular designs ¢
operating strategies.

A list of suppliers for the equipment needed to recover and utilize the biog:
from an anaerobic treatment system is c¢ontained in the appendix. Thes
manufacturers were identified through 2 mail survey and the Thomas Registe
However, the listing does not include suppliers of common items such as pip
fittings, valves, gauges, etc. The authors do not wish to imply that the firms liste
are the only manufactures of this equipment, and it is recommended that any firn
considering the installation of a system consult publications such as the Thoma
Register for other potential equipment suppliers. The Thomas Register can be foun
in many libraries.

The handbook does not extract design information from national standards suc
as those published by the American Society for Testing and Materials (ASTM), th
American Society of Mechanical Enginecers (ASME), and the American Nation:
Standards Institute (ANSI). In places where information from these standards
appropriate, the standard is referenced. The purpose of referencing these standard
is to avoid any conflict between the handbook and these standards. Thes
standards are updafcd and revised on a periodic basis, and the potential exists fc
future revision to conflict with recommendations set forth in this handbook. Befor
finalizing a design, it is recommended that the most current ASTM, ASME, or othe

applicable national and-local codes-be consulted.



CHAPTER 2
SOURCES AND CHARACTERISTICS OF BIOGAS

Introduction

Biogas is 2 product of microbiological degradation processes. The primar
sources of biogas in the United States are currently waste treatment system
utilizing anaerobic digesters, or solid waste landfills. Both of these waste treatmen
systems rely upon anaerobic bacteria to convert organic matter to methane (CH,
and carbon dioxide (CO,). The major differences between these processes is tha
landfills are more analogous to batch digesters rather than continuous treatmen
systems. Moreover, optimum conditions for methane production in landfills are
established over a period of years rather than days, thus control requirements fo
landfills and continuous treatment systems vary greatly.

Anacrobic Treatment Fundamentais. Anaerobic treatment processes rely upor
the microbiological degradation of organic wastcs‘ in an environment absent of
molecular oxygen. Fundamentally, the process can be divided into three stage:
(Figure 2-1) with three distinct physiological groups of microorganisms. The proces:
is briefly summarized here, and is discussed in more detail by Mcinerney and Bryan!
(1981).

Figure 2-1. Steps Involved in the Anaerobic
Biological Production of Biogas
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Source: McInerney and Bryant 1981



The first stage involves the fermentative bacteria (and fungi in landfills
including both anaerobic and facultative (acrobic/anacrobic) microorganism
Complex organic materials, carbohydrates, proteins, and lipids are hydrolyzed an
fermented into fatty acids, alcohols, carbon dioxide, hydrogen, ammoniz, an
sulfides.

In the second stage, acetogenic bacteria consume the primary organic produc
and produce hydrogen, carbon dioxide and acetic acid. The third stage utilizes tw
distinct types of methanogenic bacteria, The first reduces carbon dioxide 1
methane, and the second decarboxylates acetate 1o methane and carbon dioxide.

The objective of the biogas process is to completely degrade all organ:
material to methane, Therefore, it is important to optimize biochemical conditior
for all reactions leading to the formation of methanogenic precursors and, mo:
importantly, for those reactions responsible for the formation of methane itself. A
the same time, production of carbon dioxide, nitrogen, and other gases which dilui

the energy content of the gas should be minimized to the greatest extent possible.

Anaerobic Digesters

Anaerobic digesters are typically used for treating biological sludgcs,' manure
and other high solids wastes. These are most often intermittently fed a slurry ¢
municipal or agricultural wastes at prescribed time intervals. In the reactor, th
wastes are held at a certain temperature range for a specified retention time. Th
nature and composition of the wastes determines the optimum loading rat
temperature, and retention time required for successful operation of the systen
Most systems are site-specific, and these variables arc‘ best determine
experimentally for each individual operation. The type of digester Puscd can var
from simple plug-flow trench type to more complex multi-tank batch systems, ¢
continuously fed and well-mixed continuously stirred tank reactors (CSTR’s).

Due to their low cost and relative ease of operation, most farm digesters ar
the plug-fiow type. Process descriptions and discussions of the advantages an
disadvantages of various digester types and their applications can be found i
publications by the USEPA (1979c), Stafford (1980), Berdoll (1985), Walker ¢t a
(1985), Pratt gt al. (1986), Sasser (1986), Walsh-¢1-31-(1986); and-Splinter (1987).

Biogas from various sources varies in quality and is dependent upon certai
factors, The composition of the biogas depends on the kinds of wastes bein
digested, and the length of the retention time in which the waste undergoe

4



digestion. The biogas produced from anaerobic digesters is a mixture of gases
This mixturc- typically consists of 60-70% CH, 30-40% CO, and less than I%
hydrogen sulfide (H,S). The H,S lcvcl.s are generally from about 100 to 2000 ppm,
but levels as low as 2 ppm and as high as 8000 ppm have been reported. Trace
amounts of nitrogen (up to 10%), hydrogen (up to 5%), oxygen, and various othe:
constituents may also be present, However, as a result of their very smal
guantities, they are often very difficult to detect and most often inconsequential.

The production of biogas in digesters is influenced by a number of factor:
which are presented together with a general commentary in Table 2-1. In general
potential gas production can usually be estimated from the volatile-solids (VS
loading of the digester and the percentage of VS reduction. Gas production rates
can vary over a wide range, depending on the VS content of the sludge feed and
the level of biological activity in the digester. Typical methane yields for variou:

wastes, loading rates, temperatures and retention times are presented in Table 2-2,

Landtil |

Biogas from landfills typically has a lower methane content {approximately 40-
55%) than that of gas produced from digesters. The remaining volume is comprised
primarily of carbon dioxide and a total of 1 10 2% of hydrogen suifide and
miscellaneous inorganic gases and organic vapors. Gas composition data from a
number of full-scale landfill sites are listed in Table 2-3. The H,S levels are
usually less than 100 ppm, due in part to the low sulfur content of fill material and
the complexation of H,S with metal ions produced by landfill degradation. Unlike
digester gas, landfill gas can contain a larger variety of trace constituents. A
representative list of these constituents is compiled in Tables 2-4 and 2-5. The low
concentrations of these constituents make them very difficult to detect, and theis
potential impact remains to be fully evaluated and documented.

Optimum conditions for methane production are rarely, if ever, observed in
landfills. The rate of gas production may be limited by any of the contributing
factors in Table 2-6. Methane production may be increased by monitoring and
controlling (to a varying extent) these factors, as outlined by Harper and Pohland
(1988).



Table 2-1. Factors Affecting Digester Biogas Production

Temperature

Retention Time

Ailr

Bacteria

C/N Ratio"

C/P Ratio’

pH

Volatile Acids

Solid Contents

Toxic Substances

most popular is within the mesophilic range of 80°F to 104°
optimum occurs around 86°F to 95°F; thermophilic digestion
also possible (113 to 141°F); smal! fluctuations from establish
effective temperature range can upset process.

depends on influent concentration, type of influent, and
temperature. Typically 1 to 30 days in full-scale treatme
systems and 10 to 20 years in landfills.

must be excluded; toxic to anaergbic processes.

dependent upon waste and temperature; Methanosarging mig
be preferred for high rate methane production processes.

less than 43:1.

less than 187:1.

successful range of 6.0-8.0; optimum is near 7.0.

bicarbonate alkalinity should exceed volatiie acids alkalinity.

optimum influent solids content is 7-9% by weight; but hij

rates have been observed at higher concentrations.

the presence of certain cations and heavy metals in sufficie
concentrations are toxic to the anaerobic process; 100 numero
to generalize, but, in general, high concentrations «

halogenated organics can be harmful.

" based on the anacrobic biomass approximation of CgH,NO,P,, assumed by
Pohland and Harper {1987b)

Source: Price (1981), ESCAP (1980), and Pohland and Harper (1987a)



Feed
Slurry Temp
°F)
Beef Manure 95
Beel Hanure 140
Beef Manure 131
Beef Manure | %5 1
Becef Manure 131
Dairy Manure 95
Dairy Manure 140
Dairy Manure 95
Dairy Hanure 91.
Dairy Manure 99
Swine Manure 95
Swine Manure 140
Swine Mamure, 54

Poultry Maoure 95
Poultry Manute 140
Poultry Hanure 54
Potatoe Tops -
Wheaten Straw -

Wheat Starch 95
Brewery

By-Products 99
Tomato Solids 95
Whey 72-77

Milk & Cheese
Meat Packing
Slaughterhouse -
Sewapge Sludge -
Municipal Garbage -

{1) HMethane yield as cft/ib Live Welght added
{2) Loading as 1b COD/cfcr day
(3) Methane yield as cft/1lb COD added

{4) COD reduced

VS - Volatile Solids

Table 2-2. Digester Performance Characteristics

Retention Methane Methane Vs
Loading Time Yield Content Reduction
(1b vS/£t} day) (days) (£t3/lb VS added) (vol %) )
.29 14 22.10 {1) - -
1.10 6 22.26 (1) - -
.21 20 3.52 58 44 .2
7L 3 3.68 - 5] 46,1
.47 9 4 .48 52 -
.28 14 17.45 (1) - -
1.07 6 18.58 (1) . - -
.4h 12 .78 65 21
.34 [ 11] 2.27 64 29
.25 13 3.52 60 42
.25 14 24.50 (1) - -
.83 [ 24.66 (1) - -
.19 15 - - 55
.17 14 53.65 (1) - -
.13 6 54.29 (1) - -
15 40 - - 55
- 6 9.77 75 -
- 24 5.93 78 -
.02 - - - 91 (7)
.37 10 4 .80 60-85 -
.19 25 1.60 62 33
12 (2) - 7.21-8.01 (3) - 97-98 (4)
.197 (5) .53 7.16 (&) - 96 (7)
075 (5) 1.4 8.00 81 93.1L ()
- 16 9.77 78 -
- 12 10.09 62 -

(5) Loading as 1b BoD/ft3 day
(6) Methane yield as ft3/1b BOD added
{7) BOD reduced

(8) Productivity as volume methane produced per volume of reator per day

TS - Total Seolids

Productivity

(£e3/1b T8)

3.
3.20

15

.18 (8)

Reference

Safley (1286)
Safley (1986)
Price (1981)
Price (1981)
Fannin (1982)
Safley (1986)
Safley (1986)
Price (1981)
Price (1981)
Fannin (1982)
Safley (1986)
Safley (1986)
Smith (1980)
Safley (1986)
Safley (1986)
Smith (1980)
Stafford (1980)
Stafford (1980)

Joseph 0at Corp.

Fannin (1982)
Fannin (1982)
Price (1981)

Stafford (1980)
Stafford (1980)
Stafford (1980)
Stafford (1980)

(



Landfill
and
Location

Azusa,
CA

Palbs Verdes,
CA

Cinnaminson
Newark,
NJ

Frésh Kills
Staten Island,
NY

Chicago,
1L

Louisvilie,
KY

Royalton Road,
OH

Aikin Co.,
5C

Houston,

TX

Richmond,
VA

Table 2-3.

Depth

{ft)

170

150-250

60

50

128

46

40-120

33

62

39-118

Landfil Performance Characteristics

Area MSW In Ro. of Depth of
Place Gas Wells Vells
(acres) (tons) (ft)
74 7,000,000 41 100-160
42 20,000,000 12 150
62 2,500,000 29 50-60
400 75,000,000 123 55
296 7,000,000 14 128
- 900,000 30 -
74 2,000,000 20 40-80
40 - - -
297 - - . -
99 1,500,000 30 59

Sources: Pohland and Harpef (1987a) and GRCDA (1983)

LFG
Recovered

{scf/day)

4,240,000

1,800,000

700,000

5,000,000

3,531,000

700,000

1,400,000

700, 000

7,700,000

7,000,000

Heat
Content

(Btu/scf)

500

720

550-600

700

707

354

354



Table 2-4. Trace Constituents Detected in Landfill Gas

Mountain View, CA Scholl Canyon, CA
Constituent {grains/100scf)* (grains/100sef)*
Hydrogen Sulfide 0.40-0.91 <0.01
Mercaptan Sulfur 0.00-0.33 0.01%*
Sulfides (as Sj) 0.41-0.80 -
Residuals 0.93-1.65 -
Acetic Acid - 0.27
Propionic Acid - 0.4]
Butyric Acid - 0.39
Valeric Acid ' . | 0.13
Caproic Acid - 0.08
Water Vapor - . 3.0

* grain/100scf = .00034 Ib/scf
** Reported as organic sulfur compounds

Source; EMCON 1980



Table 2-5. Organic Compounds [dentified in Landfill Gas

Benzene
Bimethylbenzene
Butycyclohexane
Chlorobenzene
Cycloheptane
Cyclohexyl-eicosane
Decahydroaphthalene
Decane

Dichloroethane
Dichloroethylene
Dichlorofluoromethane
Dichloromethane
Diethyleyclohexane
Dimethylcyclohexane
Dimethylcyclopentane
Dimethylheptane
Dimethylhexane
Dimethylhexene
Dimethyl(methylpropyl)cyclohexane
Dimethylpentane
Ethylbenzene
Ethylbutanol
Ethylcyclohexane
Ethylmethylbutene
Ethylmethylcyclohexane
Ethylmethylcyclopentane
Ethylmethylheptane
Ethylpentene

Heptane

Heptanol

Hexadiene

Hexane

Source: GRI 1982

Hexene

Iso-octane

Iso-octanol
Isopropylbenzene
Methylbenzene
Methylcyciopentane
Methylene-butanediol
Methylheptane
Methylhexane
Methyl(methylethenyl)-cyclohexene
Methylnonene
Methylpentane
Methylpentylhydroperoxide
Methylpropylpentanol
Napthalene

Nonane

Nonyne
Octahydromethylpentalene
Octane

Pentane

Propylbenzene
Tetrachloroethene
Tetrahydrodimethylfuran
Tetramethylbutane
Tetramethylcyclopentane
Tetramethylhexane
Tetramethylhexene
Tetramethylpentane
Trichlorethane
Trichloroethylene
Trimethyleyclohexane
Trimethylcyclopentane

10



Table 2-6. Factors Affecting Landfiil Gas Production

Nature of Refuse

Moisture Content

Particle Size

Refuse Compaction

Buffer Capacity

Nutrients

Temperature

Gas Extraction

availability of usable substrate; organic material moisture anc
nutrient contents; presence of potential inhibitors; protectior
from microbial activity (i.e., encapsulation in bags o
containers). :

provides transport phase for organic substrates and nutrients
expect increasing CH, production rates with increasing moisture
up to approximately 60% (40% solids).

particle size reduction by refuse shredding may be expected tc
increase gas production rates; however, due to the large
number of variables involved, studies are contrary and nol
clearly conclusive,

may impede moisture and gas [low through wastes, but wil
minimize volume of wastes; studies give conflicting results.

beneficial in accelerating biological stabilization and increasing
gas production rates; buffer needed to moderate efflects of
volatile and other acids; site specific based on leachate
analysis.

whether or not nutrient sufficiency exists may be evaluated
ghrough leachate analysis; some have found PO, to be limiting.
area nceds more study.

affects microbial activity within landfill and vice versa; winter
time activity is usually slower.

should not exceed biological production; if so, this may lead to
excessive amounts of N, and O, O, is toxic to the anaerobic
process and excess N, decreases the energy value and requires
expensive gas treatment.

Sources; EMCON (1980) and Pohiand and Harper (1987a)
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There are several methods available for formulating projections of gas yie
from landfills. Theoretical and empirical approaches are reviewed in detail |
EMCON (1980) and Pohland and Harper (1987a). These are not useful in sizi
recovery equipment, but can be used to predict gas yields. The theoretical mod:
make use of stoichiometric and kinetic methods. Because they fail to inclu
numerous factors and assume 100% recovery of gases produced, at best these a
rough estimates of potential gas production. Field and laboratory observations a
the best indicator of actual gas yields in landfills. Gas yield production ra
predictions are generally obtained by comparing the overall gas yields fro
laboratory studies to stabilization time, by installing observation wells, or |

literature comparison,
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CHAPTER 3
BIOGAS COMBUSTION CALCULATIONS

Approximate Fuel Value

Pure methane at standard temperature and pressure has a lower heating value
of approximately 912 Btu/ft3, Typical biogas of 65% methane has a heating value of
approximately 600 Btu/ft® since only the methane portion will burn. Approximate

equivalents of biogas to other fucls arc presented in Table 3-1.

Table 3-1. Fuel Equivalents of Biogas (per 1000 fi3)"

600 ft* of matural gas
6.6 gal. of propane
5.9 gal. of butane
4.7 gal. of gasoline

4.3 gal. of #2 fuel oil

44 1b. of bituminous coal
100 1b. of medium-dry wood
* Biogas with 65% methane

Source: Palmer 1981

Properties of

The physical and chemical properties of biogas affect the choice of technology
used for clean-up and combustion; therefore, a knowledge of these properties is
useful for optimizing biogas utilization. Since biogas contains primarily methane and
carbon dioxide (see Chapter 2), this discussion is focused on their respective
physical characteristics, as listed in Table 3-2. Other components (nitrogen,
hydrogen sulfide, trace organics) are present in relatively small quantities, the
magnitude of which varies greatly and depends on the composition of the material
digested, Although the small concentration of these trace gases have little effect
on the physical properties of the gas, they influence the choice of technologies.

Therefore, individual components should be evaluated on a site-specific basis.

13



Table 3-2. Physical Constants of Methane and Carbon Dioxide*

Methane (CH,) Carbon Dioxide (CO,)
Molecular Weight 16.04 44.01
Specific Gravity, Air=]1¢ 0.554 1.52
Boiling Point @ 14.7 psia 259.0°F 109.4°F®
Freezing Point @ 14.7 psia -296.6°F -69.9F
Specific Volume 24.2 ft¥/1b 8.8 ft¥/1b
Critical Temperature 116.0°F 88.0°F
Critical Pressure 673 psia 1,072 psia
Heat Capacity C, 1 atm 0.540 Btu/1b-°F 0.205 Btu/1b-°F
Ratio C,/C, 1.307 1.303
Heat of Combustion 1012 Btu/ft®

23,875 Btu/lb
Limit of Inflammability 5-15% by volume
Stoichiometry in Air® 0.0947 by volume

0.0581 by mass

a - Properties of pure gases given at 77°F and atmospheric pressure
b - Sublimes
¢ - Air at 14.7 psia, 60°F

Volumetri m n
Volumetric mcasprcr'ncnt of biogas, like any gas, must be compensated fo
pressure and temperature dif{ferences. The equation below (Salisbury 1950
illustrates a simple method of gas volume compensation for a saturated gas:
V,(sat) =V x 17,626 x (H - A}

(4596 + T)
Where:

Y = gbserved voiume

V¥, = volume at standard conditions, 60°F and 30 inches Hg

H = absolute gas pressure, inches Hg

A = water vapor pressure, inches Hg, for gas at temperature T
T = temperature of gas, °F

lame Velociti
A major consideration in analyzing gascous fuels, particularly those such a
biogas with low energy contents due to dilution with various non-combustible gases
is the flame velocity..of that fuel during -combustion. -Flame velocity is defined a:
the speed at which a flame progresses into a mixture relative to the speed of the
fuel mixture. It is important in the design of systems for feeding fuel and air

burners and in the setting of the spark advance for internal combustion engines.
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The impact of carbon dioxide concentrations on flame velocities over the limit:
of inflammability of a methane/carbon dioxide mixture are illustrated in Figure 3-1
The information can be used to compare the performance of a combustion system
designed for natural gas that will be modified for operation on biogas. The datz

were computed using techniques outlined in Salisbury (1950).

Figure 3-1. Flame Velocity as a Function of Carbon Dioxide Concentration
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Flammability Limits

Flammability limits (or limits of infiammability) indicate the maximum and
minimum percentages of a fuel in a fuel and air mixture at which the mixture will
burn. This is a critical parameter in biogas combustion due to the dilution of
methane in a biogas fuel with carbon dioxide and other inert gases. The
flammability limits of methane are listed in Table 3-1, and range from 5% to 15% in
air. These two values are also known as the lower explosive limit (LEL) and upper
explosive limit (UEL), respectively. The impact of CH, dilution (by CO, and water
vapor) on flammability limits are illustrated in Figure 3-2. The data were computed

using techniques in Salisbury (1950).
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Figure 3-2. Flammability Limits as a Function of Carbon Dioxide
and Water Vapor Concentration
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Fiame Temperatures

The temperature of the flame front created by a combustible mixture i
important with respect to the performance of all types of combustion systems. Ir
the operation of boilers, flame temperature (sometimes referred to as hot mi>
temperature) is an indication of thermal efficiency. The temperature of the exhaus
gases from a combustion system will affect the potential for heat recovery and the
formation of nitrogen oxides in the exhaust. The theoretical flame temperature ol
methane in a stoichiometric mixture with air and including dissociation is 3484°F
(North American Mfg. 1978). However, the theoretical flame temperature decrease:
as the concentration of non-combustibles increases; accordingly, the theoretica
flame temperature as a function of water vapor and methane content is shown in
Figure 3-3, The data were computed using techniques in Salisbury (1950).
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Figure 3-3. Theoretical Flame Temperatures as a Function of Methane
and Water Vapor Conceniration
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Fuel Energy Value

The gross and net heating values of simplé fuels are important in defining the

energy available from different gases and are compared in Table 3-3. Since
different gases have different heating values, calculation of the net heating value of
a mixture such as biogas must take into account not only the amount of methane
but also all other combustible and non-combustible gases. The higher heating value
(HHYV) is the energy released from a given mass of a fuel where the energy required
to vaporize the water in the fuel is recovered. The HHV of methane, the primary
combustible in biogas, is listed as 1012 Btu/SCF. The lower heating value (LHV) is
defined as the higher heating value less the energy required for the vaporization of
water in the fuel and combustion products. For methane, the net or lower heating
value is 912 ‘Btu/SCF. "The effect of biogas moisture content and CH, content on
the net heating value of biogas is illustrated in Figure 3-4. The data were
computed using techniques in Salisbury (1950). A comparison of energy values for

several commercial fuels is provided in Table 3-4.
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Table 3-3. Comparative Fuel Values for Several Simple Fuels
Heating Values

Btu/ftS Btu/lb

ir- 1 Ratl
FEuel Higher Heating Values Yol Air __Wt Ab
(Lower Heating Vailues) Yol Fuel Wt Fue
Butane, n-C Hy, 3,271 21,321 31.0 15.5C
(3,018) {19,678) .
Hydrogen, H, 325 61,095 2.38 34.5¢€
(2758) (51,623)
Hydrogen Sulfide, H,S 646 7,097 7.15 6.08
(595) (6,537)
Methane, CH, 1,012 23,875 9.53 17.20
o1 (21,495)
Octane, CgH,, 6,260 20,796 - 15.10
(5,806) {19,291) -
Propane, CgHg 2,524 21,669 23.8 15.70

(2,322) (19,937)

Source: North American Manufacturing 1978

Table 3-4. Comparison Fuel Values for Commercial Fuels

Heating Valyes
Btu/Ib Alr-Fuel Ratio
(Btu/gal)
Wi Air SCF
Euel Higher Lower Wt Fuel Gal
Natural Gas 21,830 19,695 15.73
Gasoline 20,190 18,790 1480 1,183
(123,361) {114,807)
Diesel (#2) 18,993 17,855 14.35 1,354
(137,080) (128,869)
Fuel Oil (#4) 18,884 17,790 13.99 1,388
(143,010) (135,013) :
Propane 21,573 19,886 15.35 851
{91,500) (84,345)

Source: North American Manufacturing 1978
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Figure 3-4. Lower Heating Values as a Function of Methane
and Water Vapor Content
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Fuel Mixtures

As described under flammability limits, methane and air mixtures will combus
between 5% and 15% methane in air. The optimum concentration of CH, in air
often referred to as the stoichiometric mixture (i. ¢., the concentration at whicl
complete combustion occurs without unused air or fuel) is 9.4%. This is alsc
referred to as the Air-Fuel! Ratio, which is defined as:

Air-Fuel Ratio (AF) = mass (lowrate of air

mass flowrate of luel
For methane in air, the stoichiometric AF is 17.21 1b air/ Ib CH,.
Equivalence ratios (¢) are used to describe the degree of variation from the

stoichiometric ratio, from excess air to excess fuel. The equivalence ratio i

defined as:

Equivalence Ratio ¢) = AF. Stoichiometric
AF Actual
Where:
¢ = 1 is a stoichiometric ratio
¢ < 1 is a lean mixture, excess air
¢ > 1 is a rich mixture, excess fuel
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The stoichiometric ratio of biogas will obviously vary with the amount of nc
. combustible gases mixed with the methane., For e¢xample, a mixture of 60% metha
and 40% carbon dioxide will have the theoretical chemical reaction with air of:

CH, + 0.67 CO, + 2 O, + 7.52 Ny ~-> 2 H,;0 + 1.67 CO, + 7.52 N,

and will have a stoichiometric ratio ¢=1) of 6.03 Ib air/lb biogas.
For comparison, the Air-Fuel Ratio of biogas can be defined as (Stahl 1983):

AF Actual = __m air
vbg T PCH4

Where:
m air =  mass flowrate of intake air
Ve = flowrate of biogas at standard condition
r = volume ratio of CH, in biogas
Pong - density of methane (See Table 3-1)

This ratio is directly related to the concentration of methane, and can
compared to the stoichiometric ratio for air and mecthane of 17.2] to calcula
equivalence ratios. Additional comparative data on combustion characteristics
methane and other fuels are illustrated in Tables 3-3 and 3-4, and the variation
Air-Fuel Ratio for biogas as a function of the methane and water vapor content a
illustrated in Figure 3-5.- The data were computed using technigues im Salisbu
(1950).

A rule-of-thumb often used by combustion engineers is one cubic foot of air
required to produce 100 Btu of heat. North American Mfg. (1978) recommends f
gascous fuels having more than 400 gross Btu/SCF the following empirical formula:

Required Air Volume = gross heating value in Btu/SCF - 0.6
Fuel Gas Volume 100

20



FIGUre 3. AINrTJel Flaliv vaiidauisyn
WATER CONTENT RS SHOWN

10
gl-
o
S|
@
o ] 0 mg/L H20
o AN
ol .
! N
N " 50 mg/L W20
LS
E 4
w0 50 50 70 0 % 100
METHANE CONTENT, Z BY VOLUME
ater Vapor

While not as prevalent a diluent as carbon dioxide, water vapor can have a
nificant effect on biogas combustion characteristics. As illustrated in Figures 3-
throﬁgh 3-5, water vapor has a small but noticeable impact on flame temperature,
ammability limits, lower heating value, and Air-Fuel Ratios of biogas.

These effects plus the potential for corrosion highlight the need for water
por reduction in biogas. Depending on temperature, biogas samples immediately
ter the outlet from a digester may contain as much as 50 mg/L water vapor,

hich is near the saturation level.

oplication of Data

Much of the data presented in this section will be utilized by the engineer
ring the design of equipment for biogas systems. The information is needed to
termine the sizing, flow rates, and configuration for equipment specifically
signed for the combustion of biogas. The data can also be used to modify
uipment designed for other fuels such as natural gas and propane for operation on
ogas fucls. Many of the systems designed for these conventional fuels can be

mply modified for biogas combustion by using the appropriate design factors.
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However, as discussed in Chapter 2, the biogas produced from a digester ar
landfill can change in composition depending on a number of factors. Changes
feed, loading rates, temperature and other factors can significantly affect tl
composition of the biogas produced. Therefore, 3 knowledge of the data discusse
in this chapter is important to the operator of a biogas utilization system whe

analyzing problems in the performance of a biogas combustion system.
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CHAPTER 4
HANDLING AND COLLECTION OF BIOGAS

introduction

The systems and equipment required for collection of biogas from an anaerobi
system or landfill, and for biogas transport to the combustion equipment, and/or i«
other pieces of equipment such as compressors, clean-up systems, and storage tank:
are discussed in this chapter. Most of this equipment consists of piping and valves
but special designs and materials are required for the removal of condensed watel

and the prevention of corrosion,

Pipin tem

Design i P . The opcratihg pressure of most bioga:
handling systems will generally be less than 1 psig (30 inches water column, w.c.)
However, if the system contains a compressor, some piping in the system could have
an operating pressure as high as 500 psig. Most systems will need a relief valve
therefore, the maximum operating pressure will be the set pressure of the relief
valve. If a system with a compressor does not have a relief valve, the maximum
operating pressure will be the shut-off pressure of the compressor which occurs
when the gas flow through the compressor is zero and the output pressure is 2
maximum.

The design pressure used for determination of pipe and valve wall thicknes:

schedules should be computed as follows:

Design Pressure = 1.5 x Maximum Operating Pressure

High pressure systems should be hydrostatically tested to assure that there are
no safety problems with the system. The pressure at which the system should be

hydrostatically tested is computed as follows:

Hydrostatic Test Pressure = 1.5 x Design Pressure

Design_and Operating Temperatures. The temperature of the biogas will be

approximately the same as the temperature of the source from which the gas is
produced, i. ¢, digester or landfill. The maximum operating temperature of 2 biogas
handling system will be approximately 150°F since the highest temperature biogas

generators known are thermophilic digesters which operate best at a temperature of
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131°F. If the gas is compressed without cooling to remove the heat of compressic

the gas temperature will be significantly increased. The gas temperature can

computed as follows:

Tcompreuor out *® Tcomprulor in X (Pout/ Pin)
where:

T compressor out = Compressor Outlet Gas Temperature (°R),
T compressor in = Compressor Inlet Gas Temperature (°R),
P.ut = Compressor Outlet Pressure (psig),
P;, = Compressor Inlet Pressure {psig), and
T°R = T°F + 460

The design temperature is computed as follows:
Design Temperature = 1.5 x Maximum Operating Temperature

Pipe Sizing. A quick determination of pipe size can be

made using t

diagram presented in Figure 4-1. In order to use the figure, the rate of gas flo

in cubic feet per hour and the length of pipe must be determined.

As shown in t

figure, a flow rate of 50 cubic feet per hour in a pipe 75 feet long requires a pi

diameter of 1/2 inch. Likewise a flow of 80 cubic feet per hour in a 50 foot pij

requires a 3/4 inch pipe.

Figure 4-1. Recommended Pipe Sizing
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] 6 73 109 ks

Source: ESCAP 1980
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Pipe Thickness Selection. The design pressure and temperature computed in
the preceding sections are used to select the pipe thickness. Jn general, most low
pressure systems can use standard weight ﬁipc (Schedule 40), but high pressure
systems usually require heavier walls. Carbon steel should be adeguate for all low
pressur¢ systems but other materials may not. The temperature and pressure rating
of any material other than carbon steel, stainless steel, or galvanized iron should be
checked, and the pipe should not be used if this information cannot be obtained.

Some materjals may be marked with an indication such as ASTM D-124. This
indicates that information on the material can be obtained from the American
Society for Testing and Materials (ASTM).

The wall thickness needed for high pressure piping depends on several factors
such as the design pressure, material, corrosion allowances, and allowances for
threaded ends (if used). ANSI B3l.1, Code for Pressure Piping, should be used for
the determination of the wall thickness of 21l high pressure piping systems.

Materials. Once the design temperature and pressure of the handling and
collection system have been established, the materials for the system can be
selected. The advantages and disadvantages of the more common materials used in
biogas handling and collection systems are compared in Table 4-2. High pressure
systems will require steel or iron pipe, but plastic piping may be preferred for ease
of installation with low pressure systems.

Piping Codes. State and local building codes and/or insurance carriers may
require that the biogas piping systems be designed in accordance with national
codes or standards. Table 4-3 lists the principal codes that may apply to biogas
piping systems as published by the American Society for Testing and Materials
(ASTM) and the American National Standards Institute (ANSI).

Spectal Considerations for Pipe Installation., There are other additional
considerations which should be incorporated in the design of a piping system.

Agcidental Breakage - One of the major dangers with piping systems
transporting a combustible gas (particularly plastics) is the
susceptibility of the these systems to accidental breakage by plant
personnel, vehicles, or animals. Methods of pipe protection include
burying 'pipes in soil and placing heavy steel pipes near plastic

piping that could be accidentally broken.
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Table 4-1. Advantages and Disadvantages of Materlals for Gas Piping

Material Advantages
Plastic (PVC, CPVC) Easy to work
with, relatively
inexpensive
Galvanized Iron Less breakable
Flexible Ease of connection
(5 ply rubber to equipment
hose)
Plastic (ABS) None

Sources: ESCAP 1980 and EMCON 1980

Disadvantaecs

Subject to breaking,

¢an be eaten by rodents;
valves more expensive
than galvanized, aiso
subject to ultraviolet
degradation

Can rust, pipe more
expensive than plastic

Expensive

Not Recommended

Table 4-2. National Standards Applicable to Piping Systems

ANSI B-31, "Piping Codes"

ASTM D-3350, "Polyethylene Plastics Pipe and Fitting Materials"

ASTM D-2774, "Underground Instaliation of Thermoplastic Pressure Piping”

ASTM D-232{, "Underground Installation of Flexible Thermoplastic Sewer Piping"

ASTM D-2513, "Thermoplastic Gas Pressure Pipe, Tubing and Fittings"
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Vibration Isolation - Compressors can potentially transmit vibration
loads to plastic pipe or plastic storage vessels, which could
eventually damage these components. Vibration dampers may be
required to preclude transmission of vibration loads.

Thermal Expansion - Thermal loads could be placed on plastic pipe
or storage vessels by steel pipe heated by combustion or compression
equipment. Thermal expansion loops or joints may be required to

reduce these loads and prevent damage to equipment.

Valves
A summary of the advantages and disadvantages of the different types «

valves that can be used in biogas systems is presented in Table 4-3. Valve materi
selection is subject to the same restrictions as piping systems. Brass ball valv
(brass taps) can be used; but, these must not contain any lead as hydrogen sulfic

tends to attack the lead and destroy the tap.

Painting

All metallic. piping should be painted to prevent rust or corrosion, Paintir
should be accomplished regardiess of whether or not the pipe is indoors, outdoor
or buried. Table 4-4 contains some recommendations on paint for biogas handlin

and collection equipment.

onden Drain

One of the major problems associated with handling biogas is the larg
quantity of water vapor contzined in the gas. In order to remove water from th
pipe, all horizontal runs of pipe should be installed with a pipe slope of 1:100.
condensate drain must be located at all low points in the piping.

There are a number of different systems which can be used for drainin
condensate from a pipe. Figures 4-2 through 4-5 illustrate 2 manual system (tee),
U-pipe drain, a siphon system, and a water outlet device. The main advantages an

disadvantages of ecach system are listed in Table 4-6,
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Table 4-3. Advantages and Disadvantages of Valves for Biogas Systems

Type

Gate

Globe

Butterfly

Ball

Source: ESCAP 1980

Source: ESCAP 1980

Advantages

Low Cost

Disadvantages

Moisture can be

trapped in slot

Slightly higher
cost than gate

Low cost

Not good for quick
shut-of f

Not recommended for

combustible gas service

Best choice
for shut-of

28
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Table 4-4. Recommendations for Painting
Primer Number Paint Number
Cost Iype of Coats Tvoe of Coats
Low Red Oxide | Normal 2
Medium Anti-saline 1 High-Build 2
Black
Bitumen
High Epoxy | *Epoxy 2
¥ Steel must be sand- or grit-blasted.
Source: ESCAP 1980
Table 4-5. Condensate Draining Systems
Ivpe Advantages DRisadvantages
Tee Inexpensive, no Manual attention
danger of flooding required
if checked
U-pipe Design Automatic Danger of gas leak in
the event of evaporation
Siphon Automatic _ ...« -Expensive, can flood
and block gas line if
underground
Water Qutlet Device Automatic Expensive



Figure 4-2. Manual Condensate Drain
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Figure 4-3. U-Pipe Condensate Drain
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Figure 4-4. Siphon Condensate Drain
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Figure 4-5. Water Outlet Device
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Flame Arresters

A flame arrestor should be located in the gas line just downstream of the gas
source. The purpose of this device is to prevent a flame from running back down
the pipe and causing an explosion. A ball or roll of fine mesh copper wire works

well for this application. Two typical flame arrestor installations are shown in

Figures 4-6 and 4-7.
Figure 4-6. Flame Arrestor Installation A
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Figure 4-7. Flame Arrestor installation B
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L.eak Checks
The entire piping system should be pressure tested for leaks. The method |

checking for leaks depends on the pressure at which the system will operate. Hi
pressure systems can be checked for leaks during hydrostatic testing. Low presst
systems can be checked using a simple pressurization system such as the o
illustrated in Figure 4-8. The elevation level between the top and the water in t
bucket and the top of the water level in the U-tube should be equal to the desi
pressure of the system. If the water level in the bucket remains constant for
hours, the system can be considered "leak free If the water level drops, the le
can be found by brushing or sqﬁirting soapy water on joints and other connectio

until bubbles identify the source of the leak.

Figure 4-8. Leak Test Pressurization System
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Collection from Digesters

Biogas is typically extracted from digesters with a pipe inserted in the ga
space. The pipe may be vertically or horizontally aligned. Care must be taken te
insure that the pipe is not blocked by the material being digested, by any scum o
foam layers at the top, or by the collapse of a flexible cover.

Collection from lLandfills

The most common system for extraction of biogas from a landfill is the
induced well system. The system uses a compressor to pull the gas from the
decomposing material and through a piping network. A typical vertical pipe landfil
extraction system is illustrated in Figure 4-9. A series of wvertical wells with
perforated pipe inserted in these wells is used for gas removal. The wells are
spaced such that the radii of influence overlap and the pipes are inserted below ‘the
refuse level. The lower portion of the pipe is perforated, and the insertion hole i
backfilled after insertion to prevent air infiltration. Horizontal trenches can be
used to remove gas, but these tend to be more difficult to operate without undue
air leakage or air intrusion {USEPA 1979a).

Figure 4-9. Vertical Pipe Landfill Extraction System
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CHAPTER 5
BIOGAS CLEAN-UP

Treatment of Blogas

The equipment selected for the treatment of biogas will depend upon th
intended use of the gas. Product gases may be withdrawn from treatment system
and landfills and simply flared to prevent migration and environmental impact
Alternatively, the gas can be withdrawn and sold to a consumer directly, used on
site with or without prior treatment, or treated and sold to-a consumer as bipelin:
gas.

The type and extent of treatment nceded depends on the composition of tht
gas. AS seen in previous chapters, raw biogas typically has a relatively low heating
value due to dilution of methane with CO,; N, and possibly O, Biogas also ofter
contains water and hydrogen sulfide, which can be corrosive, In some cases, trac
levels of hydrocarbons are also present (particulﬁrly in landfill gases) and may be ol
some concern with respect to migration and environmental impact, but thest
compounds may be expected to oxidize rapidly and be of minimal concern if the ga:
is burned (except in internal combustion engines). Therefore, the primary objective:
of gas treatment are e¢ither the removal of corrosive constituents (hydrogen sulfide
and water), or those which dilute methane and affect the volumetric heating valu:
{carbon dioxide and nitrogen), or both.

Accordingly, there are a number of treatment processes available for removing
water, hydrogen sulfide, carbon dioxide, and nitrogen cither singularly or ir
combination. These have been carefully reviewed by Jones and Perry (1976), USEPA
(1979a), Ashare (1981}, Love (1983), and EMCON (1983). These are summarized anc
reviewed in the remainder of this section. The gases produced by such treatmen!
systems may be classified on the basis of heating value as either medium BTU (500
600 Btu/SCF) or high BTU (600-1000 Btu/SCF) gases.

Medium BTU Gases

Medium BTU gases are useful for process heating and for driving internal
combustion engines. They are generally produced from raw biogas by removing water
vapor and/or hydrogen sulfide, with nitrogen and carbon dioxide remaining un

treated.
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Hydr ulfide Remov

As indicated in Figure 5-1, hydrogen sulfide can be removed using a variety
liquid absorbents and/or solid phase oxidants. Hydrogen sulfide can be selective
removed with a l"ew of the aqueous processes, but most of these also remove c¢arb
dioxide which is unnecessary for some applications. Therefore, the so-called d
processes are preferred for medium BTU applications, where CO, removal is n
necessary, and are also more economical on the scale of most biogas-producii

processes.

Agueous Absorption Processes. Hydrogen sulfide can be -somewhat selective

absorbed in a variety of agueous solutions. To accomplish this, the biogas is blow
through a scrubbing tower (Figure 5-2) equipped with fixed trays, baffles, or sor
other packing material which provides a high surface area and small fil
thicknesses. Aqucous solutions which can be used to remove H,S are listed in Tat
5-1, and inciude an assortment of sodium or potassium carbonates, ammonia, .
giycols in combination with various intermediate oxygen carriers and corrosic

inhibitors.

Table 5-1. Aqueous Solutions Used To Remove Hydrogen Sulfide From Bio

Process Name Agucous Mediym
Ferrox ' " Sodium carbonate with ferric hydroxide
Giammarco-Vetrocoke Sodium or potassium carbonate with arsenic

Stretford Sodium carbonate with sodium vanadate and anthr
: quinone disulfonic acid

Takahax Sodium carbonate with naphthaquinone
Townsend Ethylene glycol with sulfur dioxide
Purox Ammonia with hydroquinone

The Ferrox process uses a solution of sodium carbonate and ferric hydroxid
while the Giammarco-Vetrocoke process uses sodium or potassium carbonates i
combination with arsenic compounds to absorb hydrogen sulfide. The Stretfor
process uses sodium--carbonate to convert hydrogen sulfide to sodivum bisulfid
which is then converted to clemental sulfur with sodium vanadate and sodium sal
of anthraquinone and disulfonic acid. The Takahax process uses naphthaquinone in
solution of sodium carbonate. The Purox process also uses quinones, dissolved in a
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Figure 5-2. Simple Biogas Purification Arrangement
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solution of ammonia, to absorb sulfide. The Townsend process uses a conc¢entrate
solution of di- or triethylene glycol in combination with sulfur dioxide.

For very large systems with gas flow rates in excess of 10% ft3/day, th
solutions indicated above can be regenerated, and sulfur recovered {or industris
use, Absorption is initially carried out at low temperatures and high pressurc:
where sulfide solubilities are highest, and regeneration of the absorbent is mos
typically accomplished by heating the solution to decrease solubility and release
concentrated gas. Sulfur may then be recovered from the concentrated gas by th
Claus process, wherein part of the sulfide is burned to form eiemental sulfur an
sulfur dioxide and the remaining sulfide is cataiytically convertcd to clementa
sulfur in the presence of aluminum oxide.

Most of these chemical solutions are expensive, and the treatment systems ar
also capital intensive, Therefore, these systems are more feasible for large scal
biogas rccovery projects. For smaller scale systems, dry adsorption is the mor
feasibie option and is described in the next section.

Rry _Adsorption Processes For small scale biogas producers, an alternative t

the wet absorption systems described above is dry adsorption, or chemisorptior
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Several dry processes are available, using particles of either activated carbon
molecular sieve, or iron sponge to remove suffide from the gas phase to the solic
phase. These are sometimes referred to as dry oxidation processes becaus
elemental sulfur or oxides of sulfur are produced {(and can be recovered)} durin;
oxidative regeneration of the catalyst.

Activated carbon adsorbs and oxidizes sulfide to elemental sulfur. Activates
carbon has a very high surface area (4,400 to 5,300 in? per ounce), a wide variet
of pore sizes, and a slightly charged nature which attracts both inorganic anc
organic compounds. The carbon is loaded into two or more sequential pressur:
vessels and the gas pumped through the packed beds. As the surface area of the
carbon becomes saturated with sulfur, the acid gas begins to appear in the gaseou!
effluent, and indicates that one of the vessels neceds to be recharged or regener.
ated. Activated carbon is typically regenerated with steam, at temperatures up te
750 °F. Activated carbon is widely availabie from a large assortment of commercia

manufacturers.
Molecular_sieves can be used to remove hydrogen sulfide, mercaptans, water

and a number of other impurities. Molecular sieves consist of activated alumina o1
silica compounds which have a high affinity for polar molecules. They provide
surface areas up to 1,300 in? per ounce and have well-defined pore sizes whict
allow for selective removal of different compounds. Regeneration of the surface area
on saturated materials is accomplished by passing a heated gas (400 to 600°F)
through the reactor bed. Molecular sieves are best suited to sclective water and
sulfur removal on 2 small to medium scale,

The iron sponge process uses coated pellets or wood shavings impregnated with
ferric oxide to chemically bind sulfur to iron. The amount of suifur which can be
removed is stoichiometrically linked to the amount of iron provided. System design
is based on the concentration of sulfide in the gas and the bulk density of the
sponge material.

In the removal (scrubbing) process, hydrogen sulfide reacts with ferric oxide
impregnated in wood shavings to form ferric sulfide and water. The gas is pumped
through a sponge bed similar in construction to aa activated carbon or molecular
sieve reactor, where the iron sponge is supported on screens or trays in a
cylindrical or rectangular tower. The linear gas velocity is kept below 10 ft/min ta
assure adequate reaction time and contact opportunity. The process may be operated

at pressures ranging from ambient to several hundred psig. Efficient operation c¢an
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be achieved at ambient temperature or warmer, but the moisture content of t}
sponge should be maintained between 30 and 60%. Operation at pH 8.0 to 8.5
best, and pH should never drop below 7.5.

In the regencration stage, oxygen is added to convert the ferric sulfide
ferric oxide and elemental sulfur. This can be accomplished by removing the spong
and exposing it to air by spreading it out in thin layers and periodically turning |
The sponge can also be recharged in the reactor by bleeding in oxygen, Howeve
this process must be carefully controlled because the regeneration reaction
exothermic. The catalyst may be poisoned with hydrocarbons above 120 °F, ther
fore, oxygen feed rates should be controlled to keep the vessel temperature belo
this value. Scrubbing and regeneration can take place at the same time by bleedin
oxygen into the feed gas and maintaining temperature at a prespecified level.

Sponge materials can be regenerated 3 to 5 times, depending on the amount ¢
sulfur removed and the care exercised in maintaining appropriate temperatures, pl
and moisture content. The sponge will eventually become oversaturated wit
elemental sulfur, but shorter lifetimes are caused by destroying the inert suppo:
material with acid and heat, or by catalyst poisoning. In general, 50 to 60% of th
original weight of the sponge can be adsorbed as elemental sulfur.

The sizing of an iron sponge system is illustrated in Table 5-2. Th
calculations are based on an iron sponge bulk density of 15 pounds per cubic foo
and a linear gas velocity of 10 ft per minute.

High BTU Gases

High BTU gases of pipeline quality can be produced by removing sulfide
carbon dioxide, and water vapor. This can be accomplished with aqueous scrubbes
operated over a wide range of temperatures and pressures, depending on the natur
of the solvation or chemical equilibrium responsible for acid gas removal. Otherwis:
semipermeable membranes are available to selectively remove specific gases in hig
pressure reverse 05mosis processes.

Carbon dioxide and Hvdrogen Sulfide removal. In addition to those aqueou
absorbents described for hydrogen sulfide removal in the previous section, there ar
many chemical solutions commercially available which can be used to remove carbo
dioxide and hydrogen sulfide concurrently. These are listed in Table 5-3 with th
operating conditions and the advantages and disadvantages of each process.
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Table 5-2. Design Example for a Small Scale Iron Sponge Process
Design Basis:

5000 scf/day
0.3 grains H,S/scf (30 grains/100 scf)

Sulfur Produced:

5000 scf/day x 0.94 1b S/1b H,S x 0.3 grains/scf x 1 1b/7000 grains =
0.20 1bs sulfur/day

Iron Sponge Required:

0.20 Ibs sulfur x 2.0 1b FeOgy/1b sulfur x safety factor (1.5) =
0.6 Ib iron oxide/day or 220 1b/year

Reactor Volume:

0.6 1b iron oxide/day x 1.0 ft® iron sponge/15.0 1b iron oxide =
0.04 ft® reactor/day or 15 ft3/year (110 gallons)

Reactor Dimensions:

volume = 15 ft% = height x flow area
flow velocity = 2 ft/min = flowrate/flow area

height = volume x velogity = 15 ft® x 2 ft/min x 1440 min/day =
flowrate 5000 ft3/day

height = 9 ft (maximum)
area = volume/height = 15 ft3/9 ft = 1.67 ft?

diameter = sqrt( 4 x area/ Pi ) = 1.5 ft

In general, these processes employ either solvation solutions where the
objective is to dissolve CO, and H,S in the liquid, or solutions which reac
chemically to alter the ionic character of these gases and, therefore, also drive
them into solution. Solutions of the former category include the Solvents and the
latter include the Alkanolamines and Alkaline Salts detailed in Table 5-3.

The Solvent processes are typically operated at low temperatures, since the
solubilities of CO, and H,S both increase with decreasing temperature. Thes
processes are also operated at high pressure, since solubility is a function of the

partial pressure of the gas being dissolved.
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Table 5-3. Liquid Absorption Processes for CO, and H,S Removal

Advantages

Gas Treatment Operating Operating Method of Acid Gases Removed Supplier(s)
Brocesn Absorbent Temperature Pressure Regeneration £02 H25 Mercaptang
¥et Brubber Water 41 to >200 psig High Temp Yes Yes Yes -
50°F Low Pressure
i
Amins-guard Haono-~ up 8° fiigh Rebolling Yes Yes - AmineGuard
sthanolamine 120°F Low pressure
(MEA) .
SNPA-DEA Diethano- up to >500 psig Heating Yes Yas - Ralph M.
lamine 120°F Lov pressuras Parsons,
{DEA) Fluor
Englneers
Ecopamine Hydroxy- up go >500 psig Heating Yfes Yes -~ Fluor
amino 120°P Lov pressure Enginaers
ethyleater
{DGA)
Alkaline Salts
Benfisld Potassium 240°F 100 to 2000 paig Steam Yo Yes - Banfield
carbonate
Catacarb Potassium 60 3° 100 to Steam Yes Yes ~ Eickmeyer
carbonate plus 450°F 1000 psig & assoclates
amina borate
Glammarco- Potassiun 120 Yo 0 to Steanm or Yes Yes Yes Giammarco
Vetrocoke plu.lnrsanic 250°F 1100 psig boiling -Vatrocoke
trioxide

or glycine

Low solvent
c¢ost, no
nitrogenous
vapors

High
efficiency,
moderate
solvent cost

High
efficiency
nonhcorrosive
& nonfoaming

Moderate
capital and

operating
costs

Low solvent
coat, high
efficiency

Low solvent
cost, high
efficlency
Non toxic
addatives

Low solvent
cost, high
efficiency

bisadvantage

Low efficient

High capita
cost, corrosi
inhibitors
toxic, foami
agents neede

High capita
and solvent
costs

High solven

cost, corrosi

inhibitors
needed

High capita
cost, corrosi
inhibjtors nee
Foaming agen
needed

High capita
cost, corrosi
inhibitors 1§
Foaming agen
needed

High capita
cost, corrosj
inhibitors a
foaming agen

needed
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Table 5-3. Liquid Absorption Processes for CO, and H,S Removal (con't)

Gas Treatment Operating oOperating Method of Acld Gases Removed Supplier{s) Advantages Disadvanta
Brocesg Absorbept Temverature [Eressure Redensration €02 H2S Mercaptans
Alkaline Salts (Con’t)
Alkazid-M Potassium - - - Yea Yes Yes 1. G. - -
salt of methyl Farber
amino propionic acia : Industries
Alkazid-DIK Potassium - - - Yes VYes Yes . I. G, - -
salt of methyl Farber
or dimethytamino- Industries
acetic acid
Alkazid-s = Sodium - - - Yes Yes Yes I. G. - -
phenoclate Farber
Industries
Sclvents
Sulfinol Tetrahydro- Amblent 0 to Rebolling YeB Yos Yes Shell Co. Moderate ' -
thiophene 1000 peig or flashing ) Development capital and
dioxide plus at low . chemical cost,
diisopropanolamine temperature flexible, .
low corrosien
Selexol Dimathyl ether -10 °F >300 psig Low Preasure Yes Yes Yen Alljed High efficiency Kigh capi!
of poly- to Chemical Selective and cheni
ethlyena ambient T for H,S, costs
glycol non corrosive
and nontoxic
Fluor Anhkydrous -50°F >300 pslg Low pressure Yes Yes Yes Fluor High efficiency High capl!
propylens Engineers Non corrosive and chemic
. carbonate and nontoxic costg
Purisol K-methyl Low High High temp No Yes - Lurgi High efficiency High capi!
pyrrolidone Kohle cost
Rectisol Methanol 5 to High High temp VYes Yes Yas Lurgi High efriclency High capi!
low pressure Mineral- low chemical and solve
oeltachnick cost loss
Union carbide
Amisol Activated Ambient ambient  Low pressure - - - - - -
carbon surface stean

area



The Alkanolamines are typically operated as warm processes, since heat hel
the chemical reaction. However, excessive heat can cause vaporization and loss
the chemical solution. Therefore, these processes are usually operated at ambie
temperatures (up to 120 °F). These chemicals are somewhat corrosive, and ant
corrosion agents are usually nccdcd.

Alkanolamine absorption methods have a widespread acceptance for (X
removal from natural gas. Monoethanol (MEA), diethanolamines (DEA), and diglycol
mine (DGA) have also been successfully applied. MEA is corrosive at 19
concentrations, wherecas, DEA may be used at solution strengths approaching 35
without undue corrosion. DGA is even less corrosive and is also nonfoamin
Therefore, DEA, which does not absorb heavy hydrocarbons and, therefor
selectively removes CO,, and DGA are generally preferred.

The Alkaline Salts are operated at very high temperatures (up to 450 °F) ar
very high pressures (up to 2000 psig). These soiutions, like the Alkanolamines, a
corrosive and require the addition of corrosion inhibitors if steel tanks are use
These solutions also usually employ 2 chemical activating agent and have a tendenc
to foam, therefore, anti-foaming agents are often included in the treatme:
strategy. The activating agents are proprietary, and in gt least one case {(Giammar
Vetrocoke), toxic and undesirable.

Another method of removing CO,; and H,S is using Semipermeable Membran
Processes (reverse osmosis). Commercial proécsscs are available from Gener:
Electric and Monsanto. In these systems, organic polymer membranes in one ¢
several configurations (spiral wound, tubular, and hollow fiber} are used to "filte:
carbon dioxide out of the gas stream. Under relatively high pressures ranging fro
150 to 2000 psig and temperatures below 120°F, CQ, is chemically bound to th
membrane surfaces and migrates by diffusion through the membrane.

The membrane materials are specially formulated to selectively separate carbo
dioxide from methane. The permeability of the membrane is a direct function of th
chemical solubility of the target compound in the membrane. To separate tw
compounds such as CO, and CH,, one gas must have a high solubility in th
membrane while the other is insoluble. Accordingly, rejection (separation) efficier
cies are typically quite high when the systems are operated as designed.

However, the membranes used are rather fragile by construction, and wit
extremely small pores, require a particulate-free input gas, However, variations i

input composition do not result in wide variations in gaseous components such ¢
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hydrogen sulfide, and mercaptans does not greatly affect separation efficiencies
These systems are very capital ‘intensive and not well suited to small scale
applications.

Dehvydration. Many of the Alkanolamine solutions also remove a large
percentage of the water vapor in biogas. However, if a dry oxidation process such
as iron sponge is used (this operates best with an iron oxide moisture content of 3¢
to 60%), further water vapor removal may be needed.

For large scale applications, the gas is typically compressed and cooled prior
to being dehydrated by absorption with glycol or triethylene glycol. As indicated in
Table 35-4, silica gel, alumina, or molecular sieves are also acceptable alternatives
for adsorbing excess water vapor, although these techniques can be prohibitively
expensive for large applications and are typically the preferred alternatives for
small scale operations.

Nitrogen Removal. Nitrogen may be removed by liquefying the methane
fraction of biogas by mechanical refrigeration, leaving the other gas fractions to be
exhausted. Considerable refrigeration equipment is required for this process and it
is usually prohibitively costly. The. best practice is to avoid drawing air into the
treatment system to the greatest extent possible, thereby minimizing the nitrogen

content,

Economi f Bio T n

The economics of implementing the preceding gas collection and treatment
alternatives have been reviewed in detail by others { Ashare 1981, USEPA 1979a).
In the EPA study, four gas treatment alternatives were considered, including
dechydration, dehydration pius CO, removal, dehydration plus CO; and N, removal,
and dehydration plus CO, removal and propane blending.

Each alternative was analyzed at several gas production rates, as summarized
in Table 5-5. These data illustrate the high costs of carbon dioxide and nitrogen
removal and underscore the importance of minimizing the introduction of air during
gas extraction from landfill projects. Based upon an energy value equivalent to
revenue of $2 per million Btu (1979 dollars), the probable payback periods associated
with each altermative ranged from <3 years (Alternative I) to 10 to 30 years
(Alternatives ILand IV) and >30 years (Alternative IHI).

Ashare {1981) presented a slightly more recent summary of the costs of several

commercially available systems, as reproduced in Table 5-6. Costs were presented for
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Table 5-4. Summary of Gas Treatment Methods Available for the
Removal of Water, Hydrocarbons, and Carbon Dioxide

Process

Compound Tvype

Water Adsorptio_n
Absorption
Refrigeration

Hydrocarbons Adsorption

Absorption

Combination

CO, and H,S Absorption

Adsorption

Membrane
Separation

46

L=

W=

Process Alternatives

Avajlable

Silica Gel
Molecular sieves, and
Alumina

Ethyiene glycol (at low
temperature -20°F)
Selexol

Chilling to -4°F
Activated carbon

Lean oil absorption,
Ethylene glycol, and
Selexol

all at low temperatures
(-20°F)

Refrigeration with
Ethylene glycol plus
activated carbon
adsorption

Organic Solvents

Selexol

Fluor

Rectisol

Alkaline Salt Solutions

Hot potassium and in-
hibited hot potassiuvm
(Benfield and Catacarb
processes)

Alkanolamines
mono,-di-tri-ethano
amines; diglycolamines;
UCARSOL-CR (proprietar)
chemical)

Molecular Sieves
Activated Carbon

Hollow Fiber Membrane



Table 5-5. Relative Economics of Several Gas Treatment Alternatives

| Cost
Ir nt Alternatiy Item Production Rate, scf/min
Alternative 1. ,
Input 485 1,225 2,450
Dehydration, compression Output 460 1,160 2,320
Capital Cost, 10%§ 636 957 1,388
Annual Operating Cost, 10%$ 185 273 387
Annual Energy Output, 10° Btu 109 273 484
Energy Cost, $/10° Btu 1.7 1.0 0.8
Alternative I,
Dehydration and CO0, Input 1,670 2,276 5,000
removal Output 485 959 1,495
Capital Cost, 10%% 1,740 2,772 3,792
Annual Operating Cost, 105§ 359 537 702
Annual Energy Output, 10° Btu 212 413 587
Energy Cost, $/10% Btu 1.7 1.3 1.3
Alternative IIL |
Input : 1,670 3,335 5,000
Dehydration plus CO, Output 420 370 1,425
removal and N, removal
Capital Cost, 10%% 2,612 4,038 5,450
Annual Operating Cost, 10°% 555 807 1,051
Annual Energy Qutput, 10° Btu 198 404 657
Energy Cost, $/10¢ Btu 2.0 2.0 1.6
Alternative IV,
Input 1,670 3,335 5,000
Dehydration plus CO, Cutput 502 1,004 1,543
removal and propane
blending
Capital Cost, 10$ 1,802 2,847 3,877
Annual Operating Cost, 109$ 463 730 992
Annual Energy Output 10° Btu 244 456 709
Energy Cost, $/108 1.9 1.6 1.4

source: USEPA 1979a
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several medium-to-large scale systems, with gas processing rates of 3.6 MM SCF/]
36 MM SCF/D, and 108 MM SCF/D. These systems are on the large end of ti
biogas scale, and are probably only meaningful for large landfill gas recove:
projects. Obviously, these costs arec not bearable for small systems, and it is unwi
to project cost for systems two orders of magnitude or smaller,

Moreover, the degree of treatment provided by these systems is only require
for pipeline gas production. For most on-site wuses, these systems are n¢
recommended. Especially on the farm, it is mor¢ advisable to use more rudimentar
systems such as the iron sponge for sulfide control, and adapt to the lower heatir
value (i.e, do not attempt to remove carbon dioxide). Iron sponge treatment systen
can be purchased from commercial manufacturers or be home-made relativel
inexpensively. As an alternate, it may be more cconomical to pay the highe
maintenance costs resulting from corrosion, or purchase corrosion resistar

equipment and avoid cleaning the gas altogether.

Table 5-6. Summary of Capital and Operating Costs
For Some Commercial Gas Treatment Systems

3.6 MM SCE/D 36 MM SCF/D 108 MM SCF/D

Commercial Capital Qperating Capital Operating Capital Operating

Process Cost Cost Cost Cost Cost Cost

(Thousands of $) {Thousands of §) (Thousands of §)
Selexol anes -~ 1,195 224 2,321 489
Amine-Guard 358 40 915 271 1,802 645
Benfield - — 777 194 1,601 426
Catacarb 283 30 893 226 1,727 513
Membrane " 97 12 432 [28 921 253

Source: Asharc 1981
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CHAPTER 6
COMPRESSION OF BIOGAS

Appli F mpr

Compressing biogas reduces storage requirements, concentrates energy conten|
and ingreases pressure to the level needed to overcome resistance to gas flow
Sometimes the production pressure of a biogas source does not match the pressur
requirements of the gas utilization equipment,. Compression can eliminate th
mismatch and guarantec the efficient operation of the equipment.

Systems that use biogas for digester mixing employ compressors {or blowers) t
overcome the resistance to gas fiow imposed by the digester contents, Maoreove:
large biogas systems rely on compression to reduce the size of the gas storag
facility or to transport the biogas to a pipeline. Biogas systems that fuel cars o
trucks use compressors to achieve the high energy density required by th
application. The choice of either a blower or compressor depends on the amount o
pressure incrcase needed. Regardless of the pressure requirements, both device

must meet stringent design specifications for handling biogas.

IR irem H I i
Compressing biogas requires a gas compressor suitable for flammable gases
These differ from regular compressors in several respects:
"o the cylinder is located further from the crankcase,

o higher quality packing is used,

o hardened connecting rods are used,

0 passageways are provided to vent leaks away f{rom tht
crankcase and prevent explosions,

o inlet and exhaust ports are designed to let contaminants pas!
through instead of collect in the compressor, and

o explosion proof motors and electrical connections are used or
all equipment.

Compression requires a "clean” gas that has had the H,S removed. Bioga:
typically contains 1000 ppm to 2% H,S by volume. H,S must be removed before
compression since it forms an acid when combined with the water vapor present in
the gas. The resulting acid corrodes compressor parts and will lead to premature

equipment failure. Additionally, removing the CO, and water vapor also improves
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the energy value of the compressed biogas and eliminates the cost of compressir
undesired and unusable gas components.

Condensation can be a problem in the compressor’s gas outlet line or at othe
locations in the gas train experiencing excessive pressure drop. Coolers are use
{(e.. shell and tube exchanger), especially between the stages of a multi-stag
machine to localize and control condensation. Water traps should be provided c
the inlet and discharge gas lines of all compressors used in biogas systems.

Some rcscaréhers have reported problems with freezing in piping downstrea;
of the compressor, when pressure regulating devices expanded the compressed ga
Typically, the gas is passed through a restriction that lowers the pressure (i. ¢
throttling the gas)) The temperature of a throttied gas may be either higher ¢
lower after throttling than before throttling, depending on the values of the initi:
pressure and temperature (P, and T,), rcspectiv;ly, and the final pressure (P,
For certain values of these properties, the value of the final temperature (T,) ma
decrease enough to cause freezing., Freezing can be predicted by determining th
slope of a constant enthalpy line on a T vs. P diagram for the biogas. The slope .
known as the Joule-Thompson coefficient, and is mathematically described by th

equation:
u = ( T/P),.
where: u = Joule-Thompson coefficient

( T/P), = change in temperature (T)
with respect to pressure (P)
at constant enthalpy (h).

If u is positive, the temperature will decrease during throttling. If it |
negative, the temperature will rise, If freezing could occur, the system desig
parameters may be altered to change the values of P, T,, and P, If desig
changes are impossible, heat may be added {e. g., from engine cooling water) to th

throttling process.
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electin Blower or Compressor

The choice of blower or compressor will depend on the amount of pressur
increase required by a system. Blowers are employed to overcome piping pressur
drop or for filling low pressure storage vessels. Compressors are typically used t
obtain either medium {around 200 psi) and high (2000 psi or more) pressures. Som
medium pressure compressors that handle small biogas flows are called boosters.

A typical biogas compressor and the accessories and controls needed fo
effective operation is depicted in Figure 6-1,

When deciding which equipment is best suited for a system, the followin
points should be considered:

0 Any part of a component that contacts the biogas stream should b
stainless steel, if possible. Other materials such as aluminum
ductile iroh, and high grade carbon steel can be used in some case
since they provide good corrosion resistance and cost much less.

o Copper or brass components should not be used where they ma
contact biogas.

0 Accessories like flame arresters and check valves are not alway
essential, although they may be required by local codes anc
insurance companies. They make a system safer and their use i
highly recommended.

0 Some companies (especially valve manufacturers) use special coating
on equipment used in biogas systems, These coatings are les
expensive than stainless steel, but it must be assured that the
coating will provide sufficient protection against biogas corrosion.

In the short term view these requirements only appear to increase the cost of
a biogas system. However, using the wrong materials or skimping on condensat
traps and other accessories will shorten the useful life of the system, and wil

compromise not only its long-term reliability, but also personnel safety,

Power Needed for Compression

The energy required for compression represénts a major operating cost of 2
biogas system. Accordingly, estimating the energy rcquircincnt becomes an
important component of the system design effort. Estimates are usuvally based on ar
adiabatic compression process {(compression without cooling) since such a calculatior

estimates the maximum energy required for compression in a frictionless compressor.
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Figure 6-1. Components of a Typical Biogas Compressor
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The non-linear relationship between the horsepower required to compress the
as and the compression ratio (the final pressure divided by the initial pressure) is
llustrated in Figure 6-2. The figure was generated by holding the compressor's
apacity constant while allowing the value of the compression ratio to change. A
inear relationship between the horsepower requirement and the compressor capacity
xists when the compression ratio is held constant, and is shown in Figure 6-3. In
eneral, the horsepower requirement is a non-linear function since the capacity and
ompression ratio are both likely to change in an actual system.

Mathematically, the relationship between the system pressure, the compressor
apacity, and the energy required for compression in a frictionless, adiabatic

ompressor ¢an be stated as:
w = C;RT,[ (Po/P})€% - 1]
where:
w = shaft work required for compression (horsepower)
Cy = k/(k - 1)
Cy=(k - 1)/k

k = the ratio of specific hc_ats of
the biogas (Cp/Cv), 1.3

R = gas constant for the biogas (Btu/Ib/°R), 0.0729"
T, = initial temperature (°F)

P, = initial pressure (psig)

P, = final pressure (psig)

* values for 60% CH,, 40% CO, biogas

The value of "w" represents the amount of energy required to compress biogas
f a known composition adiabatically and reversibly from P; to P,. However,
ompressors are never 100% ecfficient because of friction and heat transfer that
ccur during the compression process; and, therefore the actual energy required will
¢ greater than computed using the preceding equation. It should be noted that
anufacturers literature will indicate different efficiencies for almost every
ompressor.  Confusion can be avoided by asking the manufacturer of the
ompressor being analyzed for the actual energy consumption of the equipment.
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