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ABSTRACT

Cyclic organic silicon monomers (siloxanes) used in the manufacture of personal hygiene, health care and industrial silicone products are found in wastewater and solid wastes deposited in landfills.  In wastewater treatment plants and landfills, they volatilize into digester gas and landfill gas.  When this gas is combusted to generate power (such as in gas turbines, boilers or internal combustion engines), siloxanes are converted to silicon dioxide (SiO2) precipitants, which in turn deposit in the exhaust stages of the equipment.  Deposition on turbine blades, heat exchangers and emissions control equipment is common, resulting in loss of heat transfer efficiency, premature equipment failure and poisoning of catalytic converters.  The Los Angeles County Sanitation Districts (Districts) have collected siloxane data from their wastewater treatment plants and landfills plus other similar operating facilities.  The Districts have also compared various test methods for measuring siloxane levels and pilot tested several siloxane removal technologies and processes. 

INTRODUCTION

Digester and landfill gases are widely used as fuel to produce electricity, drive pumps and fire boilers.  Unlike natural gas, these gases are normally saturated with moisture and contain varying quantities of sulfur, chlorine, and organosilicons that warrant special attention.   This, however, has not deterred the successful use of both digester and landfill gases in a wide variety of applications.  The Districts first used digester gas for power generation in 1938 in internal combustion reciprocating (IC) engines (Rawn, 1965).  This was followed by full utilization of the digester gas in IC engine pump drives, boilers for digester heating and space heating, and finally gas turbines.  The Districts also operate three landfill gas fired power plants that have over ten years of successful operation each.  

Evidence of siloxanes in the biogas was found in the form of a white powder (silicon dioxide—a product of combustion of siloxanes) in the gas turbine combusters or as a light coating on boiler tubes.  At some landfills, minimal, if any, performance degradation has been attributed to siloxanes except for fouling of the preheaters of the landfill gas boilers.  This is a relatively minor problem solved by periodic washing.  In some applications, however, siloxanes have created significant problems.  The numerous unsuccessful attempts to apply precious metal CO catalysts to biogas applications is one example.  The result is a coating or deposit on the catalyst resulting in rapid loss of removal efficiency.  The most common reported complaint is buildup of solid substances in IC engines that results in increased maintenance.  Measures to reduce the maintenance, however, have only been attempted in limited situations where fuel gas chillers were employed.  

The Districts first became interested in siloxanes in the mid ‘90s as a result of a requirement to retrofit the gas turbines at the Districts’ Joint Water Pollution Control Plant (JWPCP) with Selective Catalytic Reduction (SCR) to achieve a NOx limit of 9 ppm.  Although the quantity of siloxanes in the gas was known, the SCR vendor was confident that the proposed zeolite catalyst would not be affected.  The SCRs were installed and subsequently failed in a relative short period.  The exact cause of failure is still being debated but siloxanes are suspected to be the major culprits.  A secondary issue has been the buildup of a coating on the heat recovery steam generators (HRSG) following the turbines.  This has become a major problem after the gas turbines were upgraded to the latest configuration.  Figure 1 shows photographs of the clean and SiO2 fouled HRSG units.  Each year, additional steam generation capacity is lost due to SiO2 build up.  Confronted with this problem, the Districts initiated a program to identify the level of siloxanes present in the digester gas and to evaluate potential methods of removal.  The following discusses the data collected at the Districts’ landfills and wastewater treatment plants as well as data from similar facilities and the results of extensive pilot testing at the JWPCP on digester gas. 

FIGURE 1
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Condensation at Low Temperature for Two Different Coalescer Filters
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CLEAN AND SILICON DIOXIDE FOULED HEAT RECOVERY STEM GENERATOR TUBES

SILOXANE SOURCES

Based on a literature review and discussions with siloxane manufacturers, it is apparent that siloxanes are used in many consumer and industrial products.  Siloxanes are used as dispersion agents for specialty chemicals and fragrances in consumer products such as deodorants, shampoos and shaving creams (Chandra, 1997).  In industrial applications, siloxanes are the basic building block of silicones, also called polydimethylsiloxanes (PDMS), such as room temperature vulcanizing (RTV) silicone, used as a universal sealant.  During the manufacturing of PDMS, cyclic silicon monomers (volatile methyl siloxanes or VMS) undergo ring-opening polymerization reactions, but the reactions are incomplete, and PDMS manufacturers may inadvertently discharge siloxanes to wastewater.  According to Dow Corning Chemical, 1 gram of typical PDMS may contain up to 1 mg of VMS (Meeks, 1999).  Through industrial and residential discharges to sewers, siloxanes are introduced into the wastewater treatment process.  In wastewater treatment plants, hydrophobic siloxanes partition to the sludge (Watts et al., 1995).  In landfills the siloxanes are speculated to result from the volatilization of a wide range of residential and commercial products containing siloxanes (Niemann et al., 1997). 

Since many siloxanes are volatile, both digester gas and landfill gas typically contains some siloxanes.  At the Districts’ Joint Water Pollution Control Plant (JWPCP) in Carson, CA (and documented at other wastewater treatment plants), hexamethylcyclotrisiloxane (abbreviated D3), octamethylcyclotetrasiloxane (D4), decamethylcyclopentasiloxane (D5) and dodecamethylcyclohexasiloxane (D6) have been measured in digester gas.  Physical properties of these compounds are listed in Table 1.  Of these compounds D4 and D5 are the most widely found in wastewater.

The most widely found siloxane compounds in the Districts’ landfill gas are also D4 and D5 but linear organosiloxanes L2 through L6 are also found in varying amounts.  Trimethysilanol is another silicone compound that has been detected in landfill gas.

SAMPLING AND ANALYSIS OF SILOXANES

A major obstacle to understanding siloxanes has been the ability to accurately measure all of the siloxane compounds.  The siloxanes in digester gas appear to be predominately D4 and D5, representing over 90 percent of the total.  Both of these compounds can be reliably quantified by GC/MS from a canister sample, methanol impingers, or carbon tubes.  Landfill gas, however, may contain significant quantities of other siloxane compounds such as trimethylsilanol, D3 and D6  plus L 2 through L5.  The result is that D4 and D5 may represent slightly more than a majority in some reported tests to over 90 percent of the total in others.  The following describes some of the methods used to obtain the data reported for Districts’ facilities and other test methods that are commercially available today.

Metal Canister – GC/MS

The Districts have developed a sampling procedure that utilizes metal canisters to collect samples for analysis in the JWPCP Water Quality Laboratory.  Samples are collected in a 6-liter metal Summa canister that is under vacuum and then analyzed by a Krados GC/MS after being pressurized for 24 hours.  This procedure can detect siloxane concentrations as low as 0.1 ppm-0.3 ppm range for eight compounds: L2, L3, L4, L5, D3, D4, D5 and D6.    This procedure has been compared with the carbon tubes and methanol procedures with consistent results.

Table 1

Selected Cyclic and Linear Organosiloxane Properties

	Name 
	Formula
	Abbreviations
	Molecular

Weight

(gm/mole)
	Vapor Pressure at 25oC

(mm Hg)

	Hexamethylcyclotrisiloxane 
	C12H18O3Si3
	D3
	222
	10

	Octamethylcyclotetrasiloxane 
	C8H24O4Si4
	D4
	297
	1.3 

	Decamethylcyclopentasiloxane 
	C10H30O5Si5
	D5
	371
	0.4 

	Dodecamethylcyclohexasiloxane
	C12H36O6Si6
	D6
	445
	0.02

	Hexamethyldisiloxane
	C6H18Si2O
	MM, L2

	162
	31

	Octamethyltrisiloxane
	C8H24Si3O2
	MDM, L3
	236
	3.9

	Decamethyltetrasiloxane
	C10H30Si4O3
	MD2M, L4
	310
	0.55

	Dodecamethylpentasiloxane
	C12H36Si5O4
	MD3M, L5
	384
	0.07


Carbon Tubes

Clayton Laboratory in Novi, Michigan provides analytical services where gas samples are captured in coconut shell charcoal sample tubes for GC analysis.  This procedure works well for D4 but has reported erroneously high D3 levels.  Also, this method requires that the sample be dry (dehydrated).

Methanol Impinger

ESS Laboratories (Cranston, Rhode Island) and Air Toxics (Folsom, California) both use a procedure where the sample is drawn through two impinger tubes in series of 20 ml of methanol each.  A GC/MS is used to identify D4 and D5.  Applied Filter Technology will provide a sample train similar to the above that uses methanol impingers.  For a single price this company will lease the sample collection train, have the sample analyzed and provide a quote for a siloxane removal system.

CAT

CAT has a portable Silicon Evaluation Unit (SiTEST) that also uses methanol impingers to determine total silicon using atomic flame absorption.

SILOXANES MEASURED IN BIOGAS
The following provides an indication of the siloxane levels that are commonly found in digester gas and landfill gas.  It is important to note that the data reported represents the actual siloxane that was measured and not necessarily the total silicone present.

Digester Gas

Figure 2 presents the measured values of D4 and D5 (combined) for various wastewater treatment plants in the Los Angeles area as well as several European facilities.  The values for the non-European facilities were determined at the JWPCP laboratory using the Krados GC/MS.  Some wastewater facilities have thermophilic (131oF) digesters and all have mesophilic digesters (95oF).  When not specifically labeled, the digesters are mesophilic.  The JWPCP has a condenser discharging digester gas at 40oF to remove VOCs prior to combuster influent.  This condenser reduces siloxanes to 26.9 mg/m3.
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Landfill Gas

Figure 3 provides an example of the levels of siloxane found in landfill gas.  As with digester gas, there is a wide range of reported values.  The six values prefaced with a D in Figure 3 represent data from Districts’ landfills.  The samples were collected in canisters and analyzed by GC/MS.  

The Districts’ values represent multiple samples (three to eight) for each landfill collected over several months.  The individual values were consistent in all cases.   The landfills varied from Palos Verdes that has been closed since 1980 to Puente Hills East that has been receiving waste for seven years.  The values reported are D4 and D5, but trace amounts of D3, D6, and L2 were detected.  It should be noted that the Districts landfills typically operate at methane values below the normal, ranging from 20% methane at Palos Verdes up to 47% for the Puente Hills East.  Even adjusting for the lower methane concentrations, the Districts’ landfills have siloxane levels far below other sites.
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The values preceded by a C were provided by CAT and reported as total Si in methane.  The values in Figure 3 were adjusted to reflect 50% methane and reported as siloxane by dividing by 38% Si in siloxane.  The samples were collected in methanol impingers with total Si determined by flame atomic absorption.  The data preceded by a G were collected in carbon tubes, analyzed by GC/MS and reported as D3, D4, and D5.  

DIGESTER GAS SILOXANE REMOVAL PILOT TESTS

Figure 4 provides a schematic of the gas turbine fuel processing system, as well as the location of the carbon units and the condenser pilot tested at the Districts’ JWPCP.  As  shown, this work was performed after the digester gas was compressed to 365 psig and dehydrated to a 40o F dew point.  The results of the testing of each of these technologies is discussed in detail below. 

Solid Phase Adsorption

Three pilot plant filters (one supplied by the resin vendor and two identical filters built by the Districts) were installed downstream of the condenser, just upstream of three turbine generators that combusted the digester gas (see Figure 4).  The effective adsorptive capacities of virgin and regenerated media were compared to one another in these filters.  Each filter was designed to treat a digester gas nominal loading of 50 scfm at 365 psig and 70-90oF.  All three vessels were ASME rated for 450 psig.

The volume of the resin vendor’s filter was 2 ft3  containing 50 lbs of resin. The Districts vessels were each 2.5ft3, and could be configured for either serial or parallel-flow.  The graphite vendor requested the filters be arranged in a lead/lag manner, such that when the first tower achieved breakthrough, the second tower would still had adsorption capacity.  Each of these filters could be charged with 60 lbs of activated carbon. 
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Each of the adsorbents was tested for several cycles (adsorption/regeneration) to determine the regenerated efficiencies of the media. The adsorption capacities for the media range from 2,000-17,000 mg siloxane/lb adsorbing media (carbon or resin).  Table 2 summarizes the various trials of all the media studied in this test.  A detailed discussion of each series of tests is provided below.

Resin Adsorbent:  The resin was a methylene-bridged copolymer of styrene and divinylbenzene.  Some of the unique features of this commercial resin included a large amount of micropores with sizes 100-200 A, a hydrophobic nature and a low affinity for adsorption of methane (Opperman and Brown, 1999).   When water is retained on the pores of hydrophilic media, it can cause a rate-limiting step that decreases the adsorption capacity of the hydrophilic adsorbent.

Some of the disadvantages of using the resin included a significant decrease in adsorption efficiency above 110oF and degradation from oxidizing gases.  To protect against high temperatures, an automatic shutdown occurred if the temperature of the digester gas exceeded 100o F.  Further, typical kiln activated carbon regenerating temperatures of 1400-1600oF exceeded the melting temperature of the resin, which is 500o F.  Consequently, the vendor proposed using an innovative microwave technology to regenerate the resin.

Virgin proprietary resin (Resin A) had a high adsorption capacity of 17,000 mg siloxane/lb resin prior to siloxane breakthrough.  The microwave regenerated resin, however, had an adsorption capacity of only 30% of virgin resin 

[image: image6.wmf]Figure 6

Siloxane Removal Cost

0.00

0.10

0.20

0.30

0.40

0.50

0.60

0.70

0.80

0.90

1.00

0

20

40

60

80

100

120

140

160

180

200

Siloxane, mg/m3

Cost in $/mmbtu or cents/kwh


(5,000 mg siloxane/lb resin).  Successive regenerations yielded similar low efficiencies.  While this resin has been found elsewhere to be an excellent renewable adsorption agent for methyl ethyl ketone and other volatile organic compounds (Price, 1996), it could not be successfully used here probably because of simultaneous adsorption of long-chain organic compounds present in digester gas (Opperman, 2000).  The micropore size of the resin (100-200 A) was greater than the micropore size of the graphite (100 A) and coconut shell-based activated carbon (10-20 A).  This may have led to the co-adsorption of high-molecular weight organics. The resin vendor subsequently provided an enhanced, more hydrophobic resin (Resin B), which yielded similar low regenerated adsorptive capacities of  5,800 mg siloxane/lb resin even when its initial use was truncated at a loading of 8,200 mg siloxane/lb resin to prevent co-adsorption of high molecular weight contaminants.  Because of these low regeneration capacities, the proprietary resin was eliminated from further consideration.

Graphite-Based Activated Carbon:  Graphite-based activated carbon is similar to coconut shell carbon, but the raw material of graphite carbon is mined graphite of many different kinds (polymorphous) of crystal structures (Chemisinoff and Ellerbusch, 1978). The graphite vendor (Applied Filtration) tested several different graphite-based activated carbon variations.  Both the diameter of the graphite pellets and the reference adsorption capacity for carbon tetrachloride (CCl4) were varied in different trials.  The reference adsorption capacity for CCl4 is also known as the CTC number.  The reference is the relative weight of adsorbed chemicals to the weight of the graphite pellet.  For example, a CTC number of 70 implies that a gram of graphite can adsorb 0.70 grams of CCl4.  The average pore size of the graphite was 100 A. The graphite vendor regenerated the graphite offsite, with both the oven kiln method of heating at 1400-1600o F and microwave technology.  The adsorptive capacities of the kiln and microwave regenerated graphites were compared to one another.

At first, three different graphites were tiered in a staggered configuration in the two Districts vessels operating in series.  Each graphite pellet was 3 mm long, and the activity of the graphite was split evenly among CTC numbers of 50, 60 and 70.  Virgin graphite had an adsorption capacity of 6,900 mg siloxane/lb graphite.  Kiln regenerated graphite had a capacity of 5,800 mg siloxane/lb graphite and microwave regenerated graphite had a capacity of 6,900 mg siloxane/lb carbon.  The size of the kiln regenerated batch was very small (only 60 lbs) and disintegration losses were high.  Based on further kiln regeneration experience (detailed in the coconut shell-based activated carbon results discussed below), it is believed that the kiln can regenerate the graphite to the full adsorption capacity of the virgin and microwave regenerated graphite.

In an attempt to increase the virgin graphite adsorption capacity, 80 CTC graphite was tried.  Due to availability, these were 4 mm diameter.  Adsorption capacity was not dependent upon pellet diameter, so the size of the pellet was immaterial (Tower, 2000).  Virgin 80 CTC graphite was found to have an adsorption capacity of 13,200 mg siloxane/lb graphite.  Virgin 95 CTC graphite was found to have an adsorption capacity of 14,200 mg siloxane/lb graphite.  It is anticipated that regenerated graphite will have as high a capacity as virgin graphite, based on the high regenerated capacity 1000 lb batches of activated coconut shell-based activated carbon regenerated in the kiln discussed below.

Coconut Shell-Based Activated Carbon:  The JWPCP uses coconut shell-based activated carbon for odor control at several unit operations within the treatment plant.  It was reasonable for the JWPCP to compare the performance of graphite-based activated carbon and proprietary resin with coconut shell-based activated carbon.  During the testing period 1999-2000, the plant exclusively used regenerated activated carbon.  No make-up activated carbon was used.  Consequently, in these experiments, all coconut shell-based activated carbon is regenerated, and as convention, it is labeled  “first generation-siloxane usage.”   The average pore size of the coconut shell-based activated carbon was 15-20 A.  Its CTC activity was 60 minimum, and typically above 70.  The coconut shell-based activated carbon was exclusively regenerated in a kiln.   

The first-generation-siloxane usage carbon was tried in two parallel columns and the adsorption capacity was found to be 9,900 mg siloxane/lb carbon.  This activated carbon was regenerated and the second generation-siloxane usage, coconut shell-based activated carbon was found to have an adsorption capacity of 4,600 mg siloxane/lb carbon.  However, this low regenerated carbon capacity was suspect.  The kiln that the carbon was regenerated in was sized for batches of 1,000 lbs, and the kiln operator believed that less disintegration of coconut (and subsequent capacity reduction) could occur if 1,000 lb batches were regenerated in the kiln.  These original regeneration batches were 60-120 lbs in size.  The Districts charged subsequent loads into the filter and stockpiled used activated carbon until the appropriate size 1,000 lb batch could be regenerated.  When the larger batch was regenerated, it was found to have a capacity of  9,900 mg siloxane/lb carbon, the same loading as first generation-siloxane usage carbon was done.   Hence it is believed that the carbon can be regenerated to nearly its full adsorption capacity.

Condensation

In the existing digester treatment VOC removal chiller, the gas is chilled from 110o F to 40o F and siloxane concentrations drop 50% from values of 4-5 ppm to 2-2.5 ppm.  The conditions in this heat exchanger are 6,000 scfm digester gas at 365 PSIG.  The Districts tested a pilot-plant condenser at progressively lower temperatures less than 32o F to determine if additional chilling promoted the condensation and removal of siloxanes.  At these lower temperatures water froze, and the condenser required periodic thawing.  It was found that chilling the digester gas to

–13o F would result in almost total siloxane removal when a coalescing filter was installed downstream of the pilot condenser (see Figure 5).

The pilot-plant test condenser, placed downstream of the existing plant condenser, was composed of three parallel, coiled, stainless steel tubes in a 100 gallon open face drum rated to operate at 420 psig.  Each tube was 24 feet long and 1.5 inches diameter.  The total design flow through the test condenser was 50 scfm at 365 psig.  The coolant solution was 50% ethylene glycol/50% isopropyl alcohol chilled with typical batches of  100 lbs solid carbon dioxide (dry ice).  The alcohol/ethylene glycol solution has been found to conduct heat transfer very well at low temperatures, while maintaining a low viscosity.  Condensate drained through an open needle valve to a ground drain or to a sample vessel.  The condensate was analyzed for silica content, as high silica concentrations would be indicative of siloxane removal.  

Coalescing filters were used downstream of the research high-pressure test condenser to remove any condensate (droplets or particulate matter) not removed in the condenser.  Prior to installing the coalescing filters, particle size analysis was performed on the digester gas entering and exiting the HPLT condenser.  The test results indicated that over 30% of the particulate matter collected was condensable (particulate matter that is in a gaseous phase at ambient temperature but soluble in water), 60% was non-condensable (solid) less than 0.25 microns diameter, and the remaining 10% was non-condensable greater than 8 microns (Delta Air Quality Services, 2000).  Two different coalescing filters were tested.  They were designed to remove particles of 8 and 1 micron diameter size, respectively. 

At the low temperature of -9o F, almost 100 % siloxane removal was achieved with a coalescing filter of 1 micron.  Without the coalescing filter, temperatures as low as -22o F would be required.  The condensate at -22o F was tested for its concentration of silicon.  It was found to contain 48,000 mg/liter (4.8%) silicon and 113,000 mg/liter (11.3%) carbon, indicative of siloxane and other hydrocarbon removal.
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DIGESTER GAS BENCH SCALE TESTS 

Absorption in Methanol

Pure methanol was found to be an effective absorbent in laboratory impinger experiments.  However, a diluted 50% water/50% methanol solution was found to only absorb 6% of the siloxanes.  The use of high concentrations 

(greater than 50%) of methanol posed significant safety risks due to methanol’s flammability and toxicity.  Consequently, methanol was ruled out as a potential adsorbent, other than for analytical purposes. 

Absorption in polypropylene glycol
Bench-scale tests using a 10% solution of commercial polypropylene glycol solution (90% H2O) in two serial 30 ml impingers indicated that this could be an effective absorbent, as it absorbed over 80% of the siloxanes.  The supply and cost of this absorbent discouraged Districts management from pursuing this option.  Rather, the Districts tested propylene glycol solution and found that a 10% solution of this removed 70% of the siloxanes in bench-scale tests.  When the Districts tested a 10% propylene glycol/90% water solution in a full-scale venturi, propylene glycol did not remove any siloxanes at the flowrates tested.  Further optimization of this absorption study is planned.  

Ethoxy-based surfactant

The commercial ethoxy-based surfactant was tested at a concentration of 0.5% surfactant/99.5% water in a bench-scale one liter impinger.  It was capable of absorbing 42% of D4 siloxane and over 64% of D5 siloxane.   Higher concentrations of the ethoxy-based surfactant resulted in unreasonably large amounts of foaming.  The Districts are currently pursuing further testing of this solution.  

Low Pressure Condensation

Low pressure digester gas was chilled to 44o F using a bench-scale chiller (copper tubing inside an ice bath) located near the outlet of the digester.  This resulted in a 39% removal of D4 and 75% D5.  However, this same condensation is likely occurring in digester gas piping as gas leaves the warm digesters and is subject to conductive cooling in non-heated pipes.

COMMERCIAL REMOVAL SYSTEMS

There are full-scale systems that are currently operating in biogas applications for the removal of siloxanes.  These facilities are discussed separately below.

University of California at Los Angeles

The first known full scale siloxane removal system is located at the closed Mountain Gate Landfill.  Landfill gas is first passed through a Selexol process and then through carbon.  This gas is then compressed and piped to UCLA for use as supplemental fuel for GE LM1600 gas turbines with SCRs.  The landfill gas processing system was designed for 5 million scfd (3,500 scfm) but is presently processing 2.4 million scfd (1,700 scfm).  Two carbon vessels operate in parallel, each containing 16,500 lb. of carbon.  The carbon is reported to last for one year, yielding a capacity of 26,500 scf/lb.  The system has been operating since 1995.

Carson Ice Plant, Sacramento, California

This facility uses digester gas from a nearby wastewater treatment plant as supplemental fuel for a combined cycle power plant with GE LM6000 gas turbines.  Upon startup, with untreated gas, the SCRs were fouled within three months.  This resulted in the addition of a carbon-graphite system similar to the one pilot tested at JWPCP.  The system consists of three units that are operated in a lead/lag mode with one unit on standby.  Upon siloxane breakthrough, the lag unit becomes the lead, the standby becomes the lag and the exhausted unit is regenerated.  The units are constructed from fiberglass and operate at low pressure.  Each vessel is 10 feet in diameter and 12 feet high, containing 10,000 lbs. of carbon-graphite.  The combined D4 and D5 siloxane concentrations total  20 mg/m3.  The carbon-graphite in one unit is replaced every three month yielding 13,000 mg siloxanes/lb graphite.  Because of ongoing problems with the turbine fuel nozzles, attributed to moisture in the gas, the gas is now only burned in duct burners.  

Bergen County Utility Authority, New Jersey

Bergen County Utility Authority installed two CAT 3608 engines operating on wastewater digester gas.  The engines were provided with catalysts for removal of CO and VOCs.  After several weeks of operation the catalysts were fouled by a particulate dust that was determined to be silica.  After extensive pilot testing of a unit provided by Applied Filter Technology, the Authority installed full scale units that will be operational in the spring of 2002.    

Capstone Mictoturbines  

Other commercial removal systems include carbon based units used in digester and landfill applications with Capstone microturbines.  One system, supplied by Applied Filtration, has been in operation for over six months on digester gas at the Inland Empire Utility District in San Bernardino County, California.  Another siloxane removal  system will be in operation this spring for 50 Capstone microturbines at the Lopez Canyon Landfill in Los Angeles, California.

LANDFILL GAS APPLICATIONS

The Districts’ pilot and bench scale test results were performed on a single digester gas.  Since landfill gas contains a wider variety of siloxanes as well as other compounds, these results may not apply directly to landfill gas.  In fact, it is possible that many of the problems attributed to siloxanes may be related more to the presence or quantity of other compounds such as H2S or chlorine than the quantity of siloxanes.  This leaves anyone attempting to solve a problem attributed to siloxane, to first hope that it is actually caused by siloxane and then assume siloxane removal in landfill gas will be similar to digester gas.  An extensive test program conducted at three separate landfills with CAT engines (Niemann, 1997) concluded that the engine deposits were primarily related to the engine oil rather than siloxane as suspected.

In the case of carbon, the many operating units pre-treating landfill gas for Capstone Microturbine installations will soon answer the question of loading.  Whether carbon will actually solve the problem of fouling or erosion  is yet another question.  Finally, even if siloxane removal is successful, it may be too costly for consideration.  With natural gas back to the $2 to $3 per mmbtu range, removal costs must be low to warrant use of  biogas over natural gas
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If the carbon loading is consistent with the digester gas results of 9,900 mg siloxane per pound of carbon, the operating cost for siloxane removal will be as shown in Figure 6.  This cost is based on the total cost for carbon, including removal and disposal or regeneration, of $.86 per pound, 50% methane in the gas and a heat rate of 10,000 btu/kwh. 

The installed cost of a carbon system is dependent on siloxane levels, design configuration, and the operating pressure of the units.  The cost for the Carson Energy Plant is reported to be $39/kw for fiberglass units operating at approximately 3 psi.  Capstone projects costs on the order of $50 to $100 per kw and Bergin County reports a cost of 

$160 per kw for a system operating at 55 psi

The interesting aspect of Figure 6 is that the operating cost is relative low for low siloxane levels but there is little to be gained in reduced operating costs.  On the other hand, for the high siloxane levels the cost of removal appears excessive.   
CONCLUSION

There is a wide variation in the quantity of siloxanes in biogas and hence the expected cost of removal.  In normal applications the cost of siloxane removal is expected to exceed any anticipated reduction in operating or maintenance cost.  For certain applications, however, a carbon based siloxane removal system may be very attractive.  One example is landfill gas fired Capstone microturbines.  In this case siloxane removal will, in most cases, be more economical that purchasing natural gas.  A second example involve co-firing with natural gas in gas turbines similar to UCLA or Carson Ice where siloxane removal was a requirement to use the gas.    

With the large number of landfill gas siloxane removal systems either operating or under construction, reliable removal data on the cost of removal should be available by the end of this year. 
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TABLE 2


Summary of Siloxane Adsorption Results








MEDIA�
CAPACITY


(mg siloxane/lb media)


     Virgin         Regenerated�
�
Proprietary Resin�
�
�
�
     A�
17,000�
2,000 – 5,000�
�
     B �
Not measured�
5,800�
�
Composite Graphite�
�
�
�
     50/60/70 Microwave Regenerated�
6,900�
6,900�
�
     50/60/70 Kiln Regenerated�
6,900�
5,800�
�
     80 CTC�
13,200�
�
�
     95 CTC�
14,800�
�
�
Coconut Shell Activated Carbon�
�
�
�
     60 CTC (1st & 2nd usage)�
9,900�
9,900�
�





















$150,000



































[image: image9.png]


_1072853996.xls
Chart1

		3.641

		3.641

		5.627

		8.8046

		11.8498

		73

		66

		49

		102

		32.346

		136.8421052632

		131.5789473684

		115.7894736842

		110.5263157895

		73.6842105263

		44.7368421053

		39.4736842105

		7.3684210526

		5.7894736842





Chart2

		D-Palos Verdes

		D-Calabasis

		D-Scholl

		D-Spadra

		C-Nashua

		C-BCU

		D-Puente Hills

		D-Puente Hills East

		Burbank

		C-Albeuquerque

		C-Lopez

		G-3

		G-2

		G-1

		C-Prima

		NJ ~ LES

		C-Omega Hills

		C-Lakeview

		C-Modern

		C-Kiefer



Siloxane, mg/m3

Figure 3
Siloxanes in Landfill Gas

1.2578

3.641

3.641

5.627

5.7894736842

7.3684210526

8.8046

11.8498

32.346

39.4736842105

44.7368421053

49

66

73

73.6842105263

102

110.5263157895

115.7894736842

131.5789473684

136.8421052632



Chart3

		10

		180



Siloxane, mg/m3

Cost in $/mmbtu or cents/kwh

Figure 6
Siloxane Removal Cost

0.0492034477

0.8856620581



Chart4

		Palmdale

		Las Virgenes

		Chino

		Lancaster

		Orange County

		Hyperion

		Valencia

		Belguin

		Switzerland

		Germany

		JWPCP



Siloxane, mg/m3

Firure 2
Siloxanes in Digester Gas

1.8536

8.82

8.96

10.6582

11.76

14.7

16.8

20

25.1

59.8

66



Sheet1

										Siloxane in Landfill Gas

						PPM												mg/m3

		Site				L3		D3		D4		D5		D6		Total		L3		D3		D4		D5		D6		Total		As Si														Total, mg/m3								Removal Systems

		Conversion Factor																10.54		10		13		17		20																										Carbon, $		0.66

		D-Palos Verdes								0.07		0.02				0.09						1		0				1		0														D-Palos Verdes		1		14

		D-Calabasis						.		0.2		0.06				0.26						3		1				4		1														D-Calabasis		4		14				Carbon loading, mg/#   =				9,900

		D-Scholl								0.2		0.06				0.26						3		1				4		1														D-Scholl		4		14				Carbon cost, $/#  =				0.86		66 cents/# + 20 cents to load and unload

		D-Spadra								0.3		0.1				0.4						4		2				6		2														D-Spadra		6		14

		D-Puente Hills								0.49		0.14				0.63						6		2				9		3														C-Nashua		6		14				Siloxane		$/mmbtu		Cents/kwh

		D-Puente Hills East								0.67		0.18				0.85						9		3				12		5														C-BCU		7		14				mg/m3		at 50% CH4

		G-1						1.31		4.08		0.36				5.7502517623				13		54		6				73		28														D-Puente Hills		9		13

		G-2						0.81		3.47		0.73				5.01				8		46		12				66		25														D-Puente Hills East		12		13				10		0.05

		G-3						1.11		2.34		0.42				3.87				11		31		7				49		19														Burbank		32		13				180		0.89

		NJ ~ LES								2.87		3.87				6.74						38		64				102		39														C-Albeuquerque		39		15

		Burbank				0.99				1.4		0.18		0.02		1.6		10.4346				19		3		0		32		12														C-Lopez		45		20

		C-Kiefer														9.77		C - Total Si adjusted for 50% CH4										137		52														G-3		49

		C-Modern														9.40												132		50														G-2		66

		C-Lakeview														8.27												116		44														G-1		73

		C-Omega Hills														7.89												111		42														C-Prima		74

		C-Prima														5.26												74		28														NJ ~ LES		102

		C-Lopez														3.20												45		17														C-Omega Hills		111

		C-Albeuquerque														2.82												39		15														C-Lakeview		116

		C-BCU														0.53												7		2.8														C-Modern		132

		C-Nashua														0.41												6		2.2														C-Kiefer		137

		AVG.														3.65												51

										Siloxane in Landfill Gas

		JWPCP								3.02		1.57				4.59						40		26				66		25														Palmdale		1.8536		14

		Valencia														1.2												16.8																Las Virgenes		8.82

		Lancaster								0.18		0.5				0.68						2		8				11		4														Chino		8.96

		Palmdale								0.04		0.08				0.12						1		1				2		1														Lancaster		10.6582

		Hyperion														1.05												14.7																Orange County		11.76

		Orange County														0.84												11.76																Hyperion		14.7

		Las Virgenes														0.63												8.82																Valencia		16.8

		Chino														0.64												8.96																Belguin		20

																																												Switzerland		25.1

																																												Germany		59.8

		JWPCP @ turbine inlet								1.70		0.40				2.1						23		7				29		11														JWPCP		66		14

		Notes

		G1 is Granger South Side

		G1-T is Granger South Side

		G2 is Granger Ottawa

		G3 is Granger Wood Rd.

		G1-T																										63		24

		JWPCP @ turbine inlet based on exhaust measurement of Si																										100		38

		"																										79		30





Sheet2

		





Sheet3

		






_1074919988.xls
Chart2

		41

		31

		17

		3



Temperature (oF)

Normalized Siloxane Removal Concentration

Percentage Siloxanes Removed as a Function of Temperature at 15 Second Residence Time

43

50

60

67



DifferentCoalescers

		12.7		12.7

		-10		-10

		14.5		14.5

		30		30

		8		8

		-13		-13

		17		17

		21		21

		6.2		6.2

		8.3		8.3

		10		10

		40		40



Condensation Alone

With Coalescense

With Coalescense

With Condensation Alone

Temperature oF

Percentage Removal of D4 Siloxane

Percentage Siloxane Removal For Condensation and Coalescense as a Function of Temperature

52

64

71

94

34

0

52

55

35

55

30

53

70

73

69

66

72

68

0

0



ParkerAlone

		17		17

		21		21

		6.2		6.2

		8.37		8.37

		10		10

		40		40



Condensation Alone

With Coalescense

Condensation Alone

With Coalescense

% Reduction Condenser

% Reduction Coalescer

Temperature oF

Percentage Removal of D4 Siloxane

Percentage Siloxane Removal for Condensation and Coalescense as a Function of Temperature--Parker Coalescer

35

65

51

53

61

73

65

67

72

68

0

0



KimreAlone

		12.7		12.7

		-10		-10

		14.5		14.5

		30		30

		8		8

		-13		-13



Condensation Alone

With Coalescense

Condensation Alone

With Coalescense

Temperature oF

Percentage Removal of D4 SIloxane

Percentage Siloxane Removal For Condensation and Coalescense as A Function of Temperature- 8 Micron Kimre Coalescer

52

64

71

94

34

0

17

52

55



Chart1

		-10.7222222222		-10.7222222222		-10.7222222222

		-23.3333333333		-23.3333333333		-23.3333333333

		4.4444444444		4.4444444444		4.4444444444

		4.4444444444		4.4444444444		4.4444444444

		4.4444444444		4.4444444444		4.4444444444

		-9.7222222222		-9.7222222222		-9.7222222222

		-1.1111111111		-1.1111111111		-1.1111111111

		-13.3333333333		-13.3333333333		-13.3333333333

		-25		-25		-25



% Reduction Condenser

% Reduction Coalescer

Temperature (oC)

Percentage Siloxane Removal

52

64

71

95

63

25

25

17

17

34

0

52

55



Chart3

		-25		-25		-25

		-23		-23		-23

		-14		-14		-14

		-13		-13		-13

		-13		-13		-13

		-12		-12		-12

		-11		-11		-11

		-10		-10		-10

		-8		-8		-8

		-6		-6		-6

		-1		-1		-1

		4		4		4



Condenser Alone

8 Micron

1 Micron

Condenser Alone

1 Micron

8 Micron

Temperature oC

Percentage Additional Siloxanes Removed

55

71

94

61

73

52

65

67

72

68

52

64

34

34

35

65

51

53

0

17

0

0



Sheet1

		





Sheet1

		-13		-13		-13

		-9.4		-9.4		-9.4

		6.8		6.8		6.8

		8.6		8.6		8.6

		8.6		8.6		8.6

		10.4		10.4		10.4

		12.2		12.2		12.2

		14		14		14

		17.6		17.6		17.6

		21.2		21.2		21.2

		30.2		30.2		30.2

		39.2		39.2		39.2



Condenser Alone

0.8 Micron

0.1 Micron

Condenser Alone

1 Micron

8 Micron

Temperature oF

Percentage Remining Siloxane Removed

Figure 5 
Condensation at Low Temperature for Two Different Coalescer Filters

55

71

94

61

73

52

65

67

72

68

52

64

34

34

35

65

51

53

0

17

0

0



Chart4

		-13		-13		-13

		-9.4		-9.4		-9.4

		6.8		6.8		6.8

		8.6		8.6		8.6

		8.6		8.6		8.6

		10.4		10.4		10.4

		12.2		12.2		12.2

		14		14		14

		17.6		17.6		17.6

		21.2		21.2		21.2

		30.2		30.2		30.2

		39.2		39.2		39.2



Condenser Alone

0.8 Micron

0.1 Micron

Condenser Alone

1 Micron

8 Micron

Temperature oF

Percentage Remining Siloxane Removed

Figure 5 
Condensation at Low Temperature for Two Different Coalescer Filters

55

71

94

61

73

52

65

67

72

68

52

64

34

34

35

65

51

53

0

17

0

0



For Drawing

		Temp, oF		% Silox. Condenssed Out		Cin		Cout
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						Condenser												Coalescer

		Date		Temp		D4 Concentration				D4 %		D5 Concentration				D5 %		Coal. Eff.		% Rem		Coal. Eff.		% Rem		Notes

				oF		In		Out		Removed		In		Out		Removed		D4 Conc.		(Total)		D5 Conc.		(Total)

		11/03/00		-20		1.2		<0.155		>87		0.53		<0.124		>76										Friess Experiment at 2.5 hrs residence time

		11/14/00		-13		2.0		<0.165		>91		not done		<0.132

		11/15/00		8		2.1		0.18		91.4285714286		0.44		<0.09		>79

		11/17/00		37		2.1		2.1		0		not done		not done

		11/20/00		31		1.5		1.8		0		0.4		0.2		50

		11/21/00		17		1.5		1.5		0		0.4		0.2

		12/12/00		40		1.4		1.4		0		1.2		1.2		0

		12/14/00		40		2.3		2.4		0		0.41		0.31		24.4

		12/15/00		41		3.3		not done		not done		0.74		not done		80		1.2		63.6363636364		0.15		79.7297297297		Synthetic Fiber from McMaster-Carr

		12/20/00		-15		3.3		0.58		82.4242424242		0.74		not done		not applic		0.11		96.6666666667		not done		not applic.		Synthetic Fiber from McMaster-Carr

		12/21/00		13		3.4		1.6		52.9411764706		not done		not done		not applic		1.2		64.7058823529		not done		not applic.		Synthetic Fiber from McMaster-Carr

		12/27/00		14		1.8		0.89		50.5555555556		not done		not done		not applic		0.52		71.1111111111		not done		not applic.		Kimre Coalescer (> 8 microns)

		12/28/00		34		1.8		1		44.4444444444		not done		not done		not applic		0.75		58.3333333333		not done		not applic.		Kimre Coalescer (> 8 microns)

		12/29/00		40		2.0		1.6		20		not done		not done		not applic		1.2		40		not done		not applic.		Kimre Coalescer (> 8 microns)

		01/08/01		45		2.8		2.7		3.5714285714		not done		not done		not applic		2.6		7.1428571429		not done		not applic.		Kimre Coalescer (> 8 microns)

		01/09/01		40		3.1		2.4		22.5806451613		not done		not done		not applic		2.3		25.8064516129		not done		not applic.		Kimre Coalescer (> 8 microns)

		01/10/01		29		2.6		2.3		11.5384615385		not done		not done		not applic		2.2		15.3846153846		not done		not applic.		Kimre Coalescer (> 8 microns)

		01/18/01		39		0.7		0.7		0		0.2		0.2		0		0.7		0		0.1		50		Kimre Coalescer (> 8 microns)

		02/14/01		40		1		0.92		8		not done		1.1		not applic		0.52		48		0.3		73.6363636364		Parker Coalescer (>0.3 microns)

		02/20/01		45		not done		0.8		not applic		not done		0.17		not applic		0.9		0		0.2		0		Parker Coalescer (>0.3 microns)

		02/27/01		17		0.99		0.65		34.3434343434		not done		not done		not applic		0.44		55.5555555556		not done		not applic.		Parker Coalescer (>0.3 microns)

		02/27/01		21		0.7		0.49		30		not done		not done		not applic		0.33		52.8571428571		not done		not applic.		Parker Coalescer (>0.3 microns)

		02/28/01		6		1.3		0.39		70		not done		not done		not applic		0.35		73.0769230769		not done		not applic.		Parker Coalescer (>0.3 microns)
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										Siloxane in Landfill Gas

						PPM												mg/m3

		Site				L3		D3		D4		D5		D6		Total		L3		D3		D4		D5		D6		Total		As Si														Total, mg/m3						Removal Systems

		Conversion Factor																10.54		10		13		17		20																								Carbon, $				0.66

		D-Palos Verdes								0.07		0.02				0.09						1		0				1		0														D-Palos Verdes		1		14		Carbon, Loading				10,000				mg/#

		D-Calabasis						.		0.2		0.06				0.26						3		1				4		1														D-Calabasis		4		14

		D-Scholl								0.2		0.06				0.26						3		1				4		1														D-Scholl		4		14

		D-Spadra								0.3		0.1				0.4						4		2				6		2														D-Spadra		6		14		Siloxane		ft3/#		$/mmbtu		Cents/kwh

		D-Puente Hills								0.49		0.14				0.63						6		2				9		3														C-Nashua		6		14		mg/m3				at 50% CH4

		D-Puente Hills East								0.67		0.18				0.85						9		3				12		5														C-BCU		7		14

		G-1						1.31		4.08		0.36				5.7502517623				13		54		6				73		28														D-Puente Hills		9		13		10		35,310		0.04

		G-2						0.81		3.47		0.73				5.01				8		46		12				66		25														D-Puente Hills East		12		13

		G-3						1.11		2.34		0.42				3.87				11		31		7				49		19														Burbank		32		13		10		0.04		0.06

		NJ ~ LES								2.87		3.87				6.74						38		64				102		39														C-Albeuquerque		39		15		0		0.00		0.84

		Burbank				0.99				1.4		0.18		0.02		1.6		10.4346				19		3		0		32		12														C-Lopez		45		20

		C-Kiefer														9.77		C - Total Si adjusted for 50% CH4										137		52														G-3		49

		C-Modern														9.40												132		50														G-2		66

		C-Lakeview														8.27												116		44														G-1		73

		C-Omega Hills														7.89												111		42														C-Prima		74

		C-Prima														5.26												74		28														NJ ~ LES		102

		C-Lopez														3.20												45		17														C-Omega Hills		111

		C-Albeuquerque														2.82												39		15														C-Lakeview		116

		C-BCU														0.53												7		2.8														C-Modern		132

		C-Nashua														0.41												6		2.2														C-Kiefer		137

		AVG.														3.65												51

										Siloxane in Landfill Gas

		JWPCP								3.02		1.57				4.59						40		26				66		25														Palmdale		1.8536		14

		Valencia														1.2												16.8																Las Virgenes		8.82

		Lancaster								0.18		0.5				0.68						2		8				11		4														Chino		8.96

		Palmdale								0.04		0.08				0.12						1		1				2		1														Lancaster		10.6582

		Hyperion														1.05												14.7																Orange County		11.76

		Orange County														0.84												11.76																Hyperion		14.7

		Las Virgenes														0.63												8.82																Valencia		16.8

		Chino														0.64												8.96																JWPCP		66

		JWPCP @ turbine inlet								1.70		0.40				2.1						23		7				29		11																		14

		Notes

		G1 is Granger South Side

		G1-T is Granger South Side

		G2 is Granger Ottawa

		G3 is Granger Wood Rd.

		G1-T																										63		24

		JWPCP @ turbine inlet based on exhaust measurement of Si																										100		38

		"																										79		30
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				Ed's Values

								Location		mg/m3

		Palmdale		1.8536				Palmdale		3.8

		Las Virgenes		8.82				Valencia		3.96

		Chino		8.96				Chino Meso		6.3

		Lancaster		10.6582				Las Virgenes		7.5

		Orange County		11.76				Orange Co.#1		9.5

		Hyperion		14.7				Lancaster		10.7

		Valencia		16.8				Orange Co. #2		11.9

		Belguin		20				Belgium		20.0

		Switzerland		25.1				Hyperion Meso		21.40

		Germany		59.8				Switzerland		25.1

		JWPCP		66				JWPCP Condenser		26.9

								Hyperion Thermo		29.70

								JWPCP Meso		57.0

								Germany		59.8

								Chino Thermo		122.8

								JWPCP Thermo		144.8
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