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Executive Summary

An investigation was performed by UC Davis Institute of Transportation Studies to support the California Integrated Waste Management Board’s (CIWMB) efforts in assessing the technical and economic feasibility as well as the other impacts of producing renewable hydrogen from landfill gas (LFG) for vehicle use, power generation, and other applications.  An initial workshop was held at the CalEPA building in January 2006 to provide stakeholder input into the direction of research on this issue and the focus of this study is a direct result of that workshop. This initial study reviews relevant landfill gas-to-hydrogen (H2) conversion options, analyzes the associated impacts and benefits, and provides recommendations..
Based on the initial agreement between UC Davis the CIWMB as well as the results from the 1st Stakeholders Workshop, the scope of this investigation includes a comparative description as well as analysis of the technical and economic considerations in the following areas:
1) Producing fuel cell-grade hydrogen from LFG including an investigation of methods to produce hydrogen from LFG, pre and post-process clean-up methods for removal of moisture, sulfur compounds, siloxanes, and carbon dioxide from the produced hydrogen.

2) Hydrogen enrichment of LFG to reduce nitrogen oxides (NOx) emissions in internal combustion IC reciprocating engines including an investigation of the effect of hydrogen enrichment on combustion in internal combustion reciprocating engines for emissions, performance, and efficiency and a comparison of hydrogen-enrichment schemes with other NOx emission reduction alternatives.

In summary, the main findings from this study are as follows:

Hydrogen as a vehicle fuel from LFG
· In 2005 the ultimate hydrogen potential from all California LFG would be equivalent to about 315 million gallons of gasoline per year, or about 2% of California’s current gasoline usage. If 300 MW of electricity were also produced the remaining LFG could yield sufficient hydrogen to displace approximately 175 millions of gasoline.
· While direct reforming of LFG to hydrogen allows a higher hydrogen yield and a higher fossil-fuel CO2 offset than a LFGTE project using electrolysis to produce hydrogen, the cost is sensitive to the cost of the intermediary step of biomethane production. The main technical uncertainties stem from the lack of long-term performance data for the fuel reformer and the pre and post-process clean up devices. 

· Because of the cost associated with transportation and storage of hydrogen, the distributed of nature California’s Landfills may make on-site hydrogen plants cost-competitive compared with other hydrogen production scenarios. The major economic uncertainty stems from the cost of upgrading the LFG to biomethane.

· Since no fuel cell vehicles are yet truly commercial, early hydrogen fueling stations will likely be demonstration-scale and will only be economically viable if they are co-producing electricity. 
Hydrogen-enrichment of landfill gas to reduce NOx

· Hydrogen-enriched LFG (HLFG) is a technically feasible technology for lowering NOx emissions in IC reciprocating engines and may be one solution to meet current and expected future regulatory levels.

· If the hydrogen needed can be produced directly via the LFG fuel stream, HLFG has the potential to yield a lover levelized cost of electricity than other low-NOx strategies such as microturbine technology or selective catalytic reduction (SCR) after-treatment.

Producing biomethane and related products from LFG

· There is significant stakeholder interest in producing biomethane or related products other than hydrogen such as pipeline-quality gas, LNG, or CNG from LFG in California. Demonstration projects for LFG to LNG and CNG are being implemented and other projects are under development

· While there is significant stakeholder interest in producing biomethane or related products such as pipeline-quality gas, LNG, or CNG from LFG in California, there are significant regulatory, technological, and economic barriers.

· Although some states currently allow the use of existing natural gas pipelines for the distribution of LFG-derived pipeline-quality gas, there are major regulatory barriers to this practice in California.
Background

Energy and Hydrogen Production Potential of California LFG

The California Integrated Waste Management Board estimates there is 1.1 billion tons of waste in place (WIP) at 365 California landfills (active and closed) each having 10,000 tons or greater. Some 146 of these landfills are active and account for more than 60% of the state’s total WIP. Annual methane generation from conventional landfilling through 2025, assuming no change in the current per capita waste disposal rate, increases from 85 to 125 billion cubic feet per year (BCF y-1), with potential (or technical) electricity generation capacity increasing from 570 to more than 830 MWe
. The actual generation from landfill gas is at this time unknown, but may be considerably below that estimated.  Figure E-1 presents projections for LFG methane and electricity generation or hydrogen production potential from conventional landfills in California. 
Primary LFG use is for electricity generation, though a significant amount is used for heat or process steam (vehicle fuel is currently pilot-scale only). About 37% of recoverable LFG is either flared or vented. The current LFG to energy generation capacity in the state is about 285 MW plus direct use applications, however, for reasons of low gas quality or variable supply, actual power generation from landfill gas is less than the installed capacity with the difference being made up by the use of natural gas.  
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FIGURE E-1. LFG methane, electricity generation, and hydrogen potential from landfills in California. [1]
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FIGURE E-2 Hydrogen energy and fuel-cell vehicles that could be fueled by California LFG

In 2005 the LFG hydrogen ultimate potential from California landfills was equivalent to about 315 million gallons of gasoline (the upper line in Figure E-2). This is about 2% of California’s current gasoline usage. If diverted from electricity to vehicle fuel, this statewide LFG hydrogen estimate could potentially fuel 1.3 million fuel cell vehicles in 2005 and up to 1.9 million vehicles in 2025. If a baseline of 300 MW of electricity were also produced (the current trend), the remaining LFG could yield sufficient hydrogen to displace approximately 175 million gallons of gasoline (the lower line in Figure E-2).
Producing fuel cell-grade hydrogen from LFG

Virtually all transportation fuels today are derived from petroleum, the economic availability of which is projected by some to peak worldwide within a decade or so. Combustion of fuels for transportation contributes to over half of all greenhouse emissions, as well as for a large fraction of air pollutant emissions. Hydrogen-powered vehicles have been proposed to address this and with the breakthrough of ambient-temperature Proton Exchange Membrane fuel-cells, are undergoing rapid development. Although hydrogen is typically produced from a feedstock of natural gas it can be produced from a variety of other renewable and non-renewable energy resources. LFG has been identified as a source of renewable energy by many studies and is also considered an eligible renewable energy source in the Renewable Portfolio Standard of California. 
This study compares the levelized cost of hydrogen production ($/kg H2), the hydrogen yield potential from LFG (kg H2/KJ LFG), and the fossil fuel-based CO2 offset (CO2/KJ LFG) between four scenarios (see  Figure E-3): Simply flaring the LFG to reduce the greenhouse gas potential (case 1), producing hydrogen thermo chemically from the LFG via steam methane reforming (SMR) (case 2), producing electricity from the LFG and then producing hydrogen via electrolysis (case 3), and using the LFG to produce electricity (case 4). 
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FIGURE E-3 Cases 1-4
The inputs include plant size, capital, O&M, and replacement costs, interest rate, natural gas and grid-electricity cost, wholesale electricity price, and process efficiencies. The outputs include levelized cost of hydrogen ($/kg H2), hydrogen yield potential (kg H2/KJ LFG), and fossil fuel based CO2 offset (CO2/KJ LFG). The technologies considered in this investigation for both processing of LFG and hydrogen production are considered mature technologies that are commercially-available today. 
The study results are summarized in the Table E-1.The lowest levelized hydrogen cost ($2.31, highest yield (4.22 g), and highest fossil fuel CO2 offset (51 g) were from case 2. The lowest for all outputs except hydrogen yield were from case 3.  Case 4, while producing no hydrogen, offset more fossil fuel-based CO2 than case 3. 
Table E-1 Results for cases 1-4

	Case
	Technology
	Scale 


	COE
 
($/kW-h)
	LCH2
 
($/kgH2)
	FFCO2 offset (gCO2/KJ LFG) 

	Hydrogen Yield 

(g H2/KJ LFG)

	1
	Flare
	n/a
	n/a
	n/a
	0
	0

	2
	SMR (steam methane reforming)
	480 (kgH2/day)
	0.055
	2.31
	51
	4.22

	3
	Electrolysis 
	480 (kgH2/day)
	0.055
	5.76
	24
	2.0

	4
	LFGTE (landfill gas to energy)
	800 kWe
	0.055
	n/a
	30
	0


Figures E-3 and E-4 show the result’s sensitivities to electricity and biomethane cost. Electrolysis (case 3) is only competitive with SMR (case 2) if electricity cost is near zero, reflecting the high capitol associated with electrolysis plants.
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FIGURE E-4 Hydrogen cost vs. electricity costs
Although SCS engineers estimate the cost of biomethane (pipeline-quality gas) production to be $1.70 to $2.20/mcf, a recent study by Humboldt State University [2] estimates that the cost could be significantly higher if there is significant nitrogen present, as is often the case with LFG. Figure 4 shows that as biomethane production costs rise electrolysis becomes more cost competitive
. 
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FIGURE E-5 Hydrogen cost vs. biomethane production costs
Hydrogen Enrichment of LFG to reduce NOx in IC reciprocating engines 

Although there currently are economic incentives in place to encourage the construction of new LFGTE projects such as production tax credits and incentive funding from the California Energy Commission, many landfill operators present at the CIWMB workshop expressed reluctance to begin new LFGTE projects for fear they may not be able to continue to meet local emission regulations. For example, Senate Bill 1298 requires that if no other regulation exists, the Best Available Control Technology (BACT) levels of NOx and CO for distributed generation units must be reduced to the level of a central station power plant equipped with BACT at the earliest practicable date. This would pose a significant challenge for a landfill gas fired IC engine with currently available technologies.

Hydrogen-enrichment is currently being used to allow for ultra-lean operation in natural gas engines reducing both hydrocarbon and NOx emissions. In 2002 TIAX LLC a technology research consulting firm was selected by the California Energy Commission (CEC) to study hydrogen enrichment as a low-emission technology to generate electricity from landfills and the project is ongoing. The goal of the project is to demonstrate the effect of hydrogen enrichment on landfill gas (HLFG) in a lean-burn natural gas engine and initial results show significant NOx reductions. In September 2006 UC Davis also received a CEC grant to do baseline studies on the effect of hydrogen enrichment on the combustion of landfill gas.

To investigate the viability of HLFG as a NOx reduction strategy, this study examined seven scenarios, using a lean burn reciprocating engine with no aftertreatment (Case 1) as the baseline (see Figure E-5). Case 2 incorporates lean burn operation with Selective Catalytic Reduction (SCR) and Case 3 is a LFTE plant using microturbine technology.  Cases 4 through 7 incorporate hydrogen enrichment technology (HLFG) with different hydrogen sources: Hydrogen produced off-site and stored on-site(case 4), hydrogen produced on-site from a steam-methane reformer (case 5), hydrogen produced on-site from and electrolyzer (case 6), and hydrogen produced in-stream from part of the LFG fuel (Case 7). 
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FIGURE E-6 Cases 1-7

The results for cases 1-7 are summarized in Table E-2. The baseline lean burn technology (case 1) is expected to produce about 2 g NOx/bhp-hr, with a total levelized cost of electricity of $0.055/kWh.  Adding SCR achieves a 95% reduction in NOx (between 0.05 to 0.15 g/bhp-hr) at over a 50% increase in cost ($0.086/kWh).  For the same cost, the microturbine technology produces greater reduction in NOx than SCR, producing (0.02 g/bhp-hr NOx). All HLFG Cases lower NOx significantly, 0.032 to 0.10 g/bhp-hr, but the cost vary greatly, from $0.106/kWh for HLFG with hydrogen produced off-site but stored on-site (case 4), to HLFG (Case 7) with in-stream reformation ($0.058/kWh), by far the least expensive option for significant NOx reduction. 

TABLE E-2 Summary of results for cases 1-7
	Case
	Engine Operation
	Levelized cost of electricity (LCE) 

 ($/kW-hr)
	Estimated NOx
 (g/bhp‑hr)

	1
	Lean burn
	0.055
	~2.0

	2
	Lean burn with SCR
	0.086
	0.05 to 0.15

	3
	Microturbine
	0.086
	~0.02

	4
	Lean burn with off-site H2 production 
	0.106
	0.032 to 0.10

	5
	Lean burn with on-site SM reformer 
	0.088
	0.032 to 0.10

	6
	Lean burn with on-site Electrolysis
	0.100
	0.032 to 0.10

	7
	Lean burn with in–stream Autothermal reformer
	$0.058
	0.032 to 0.10


Conclusions and Recommendations

Competition for Renewable Energy Resources 

If the goal is to introduce more renewable energy into the energy mix it is be important to differentiae between “new” and “existing” renewable energy sources. For example, if California wants to produce “renewable” hydrogen to add to its Renewable Portfolio Standard (RPS) the hydrogen can not be produced from LFG already used for electricity generation or other purposes. 
Cautionary Statement 

Aside from the levelized cost of electricity and the other outputs from the model results presented there are other important considerations to investigate before deciding if any one scenario or case as presented is truly the best fit for an application.  An example of one such issue is the longevity of the equipment used and overall reliability of the systems.  Hydrogen from LFG for either application in the various scenarios as presented above is not currently practiced.  Certain assumptions were made in the analysis regarding reliability and O&M costs which give the impression that longevity and reliability are at a commercial stage.  While natural gas derived hydrogen production systems currently are at an advanced commercial stage these systems are using line grade natural gas that do not have the common compounds found in LFG such as siloxanes, vinyl chloride and/or others.  Several operators running pre and post processing on LFGTE projects have found that these compounds and degradation of the systems are increasing the O&M costs for their emissions controls.  It is expected that any system using the LFG to directly produce hydrogen may run into similar issues with clean-up system or reformer degradation.  Other issues may also present themselves when actual operational systems are built for either application. While the authors have tried to take into account the current state of the technology the results presented do not necessarily reflect the actual costs one may encounter when physical development takes place.

Recommendations

Because of the major technical, economic and regulatory barriers outlined in this report, further investigation of producing biomethane and related products from LFG is not recommended at this time. 
There is however potential for hydrogen-enrichment as a NOx reduction strategy in LFG-fired reciprocating engines, especially if the hydrogen is produced on-site form the fuel stream. Also recent development of hydrogen fuel cell vehicle technologies will require investigation of renewable-based hydrogen sources such as LFG.  Thus further study on the technical and economic issues of converting LFG to hydrogen is recommended. A Technical Advisory Committee should be formed to guide and coordinate the efforts of landfill operators, funding and regulatory agencies, and other stakeholders on the best use of LFG as a renewable energy source. Issues to be focused on by this committee should include:
· Implementation of a demonstration-scale LFG-to-hydrogen project to produce vehicle fuel at a specific landfill site. This would be a chance to explore the viability of direct chemical conversion of LFG to hydrogen. This location should be on the “hydrogen highway” and include co-production of electricity. 
· A proof-of-concept demonstration of HLFG as a NOx reduction strategy in internal combustion engines to augment the current work by TIAX and UC Davis. This could take place full-scale at a selected landfill site and should incorporate a system to produce hydrogen from the fuel stream. Investigation of the path to market for this technology should also be included.
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Introduction

1.1
Motivation
The natural anaerobic decomposition of biodegradable wastes in landfills generates a gaseous mixture of methane and carbon dioxide (CO2) referred to as landfill gas (LFG).  LFG is currently used to produce electricity, heat, and vehicle fuel.  In California, installed electric generating capacity using landfill gas exceeds 250 MW, but in many cases natural gas constitutes the major share of fuel used.  With the California Renewable Portfolio Standard (RPS) [3] promising to have 20% of retail electricity from renewable sources by 2017, LFG constitutes an incremental source of “renewable” electricity. Anaerobic decomposition or digestion of other biodegradable resources also can contribute towards the RPS as well as renewable fuels and chemicals through the production of biogas, a similar mixture of methane and carbon dioxide.  
With more than 150 landfills actively receiving waste in California, there is a large potential for hydrogen from LFG. Some 300 major landfills (active and closed) have more than a billion tons of waste in-place (WIP) which are estimated to be generating between 118 and 156 billion cubic feet per year (BCF/y) of LFG with projections to grow to over 200 BCF/y by 2017 [4]. Assuming landfill gas to be composed of 50% methane, and a typical LFG recovery rate of 67%, there is currently about 40 to 50 BCF/y of recoverable methane.

The California Integrated Waste Management Board (CIWMB), under the umbrella of the California Environmental Protection Agency, is charged with making the most of this valuable resource with the minimal environmental impact.  According to their mission statement, the CIWMB “seeks to reduce the generation and improve the management of solid waste in California, to conserve resources, develop sustainable recycling markets, and protect public health and safety, and the environment.  We do this in partnership with public agencies, industry, business, and the public we serve.”

A recent surge of interest in hydrogen-powered vehicles has spurred research in renewably-based hydrogen production. In early 2003 the UC Davis Institute of Transportation Studies (ITS-Davis) launched a multi-million dollar, four-year, Hydrogen Pathways Research Consortium to investigate the most efficient infrastructure and hydrogen production methods for the use of hydrogen as a transportation sector fuel.  Now it its third year, the program has 21 government and industry sponsors and is leading the national research agenda in this area.  In this study, the use of LFG as a renewable source of hydrogen is the primary research interest.

An array of technologies for utilizing LFG in novel ways is emerging.  For example, in 2001 the EPA studied operation of fuel cells on landfill gas at two sites.  The study assessed development of reforming and cleanup systems to remove contaminants such as hydrogen sulfide, halides, and siloxane, and the testing of a modified phosphoric acid fuel cell power plant. In another pilot project, working with South Coast Air Quality Management District (AQMD) a small stand-alone steam methane reformer system to convert LFG to hydrogen has been proposed. This skid-mounted system incorporates LFG pretreatment, non-catalytic partial oxidation, a high temperature water gas shift, and purification using pressure swing absorption (PSA). The goal is to produce fuel-cell vehicle grade hydrogen with an estimated purity of 99.9% [5].

TIAX LLC, a technology research consulting firm, was selected by the California Energy Commission (CEC) to develop a low-emission technology to generate electricity from landfills. The goal of the project is to demonstrate the effect of  hydrogen enrichment on landfill gas in a lean-burn natural gas engine and initial results show significant NOx reductions [6]. This work is bolstered by recent experimental studies by Collier Technologies, UC Davis, and others which show mixtures of natural gas and hydrogen can have beneficial results regarding efficiency and emissions. In September 2006 UC Davis also received a CEC grant to do baseline studies on the effect of hydrogen enrichment of landfill gas.

A method proposed by TIAX employs exhaust gas recirculation and engine waste heat to create the hydrogen from the natural gas in a closed loop eliminating the traditional challenges of delivery and storage associated with hydrogen: Low density and high volume at standard temperature and pressure [7].
1.2 Objectives and Goals

This investigation is intended to support the CIWMB efforts in assessing the technical and economic feasibility as well as the other impacts of producing hydrogen from LFG for vehicle use, power generation, and other applications.  

This investigation benefits from the alliance between the CIWMB, ITS-Davis, the California Biomass Collaborative, stakeholders in the waste management industry, regulatory agencies, and the private sector. An initial workshop was held at the CalEPA Building in January 2006 to provide stakeholder input into the direction of research on this issue and the focus of this study is a direct result of that workshop. This initial study will complete a review of relevant landfill gas-to-hydrogen conversion options, analyze associated impacts and benefits, and provide recommendations. Following the completion of this draft report a second stakeholder workshop will be held to present the findings and solicit comments on this draft.

1.3
Hydrogen Stakeholders Workshops 
As a part of this research collaboration between the CIWMB, ITS-Davis, and the California Biomass Collaborative, a workshop was conducted on "The Role of Hydrogen in Landfill Gas Utilization" on Wednesday, January 18, 2006 at the CalEPA Building, 1001 I St., Sacramento, CA.  The workshop, attended by fifty-six people from academia, industry, the environmental community, and government, was intended to provide stakeholder input into the direction of research on this issue. Details on this workshop can be found in Appendix I.

The key research directions as identified by the stake holders were: 

· To investigate the opportunities for pilot-scale LFG to hydrogen production projects integrating with California Governor Schwarzenegger’s “Hydrogen Highway” Network blueprint plan for hydrogen fueling stations. These pilot LFG-to-hydrogen stations may utilize co-production, including electricity and possibly liquefied natural gas (LNG).

· To investigate the technical and economic opportunities for hydrogen-enrichment of landfill gas (HLFG) to lower emissions and utilize existing high and low Btu LFG, and determine the market for this technology in California, the US, and beyond. 

· To investigate basic scenarios, to be used as an analysis and decision-making tool for comparing the following options for LFG utilization: flaring, electricity production, production of LNG, and the production of hydrogen for vehicle fuel.

· To investigate the technological, economic, market and regulatory issues associated with producing LNG from LFG in California.

A follow-up workshop was held on October 31, 2006 to present the preliminary findings of this report and allow stakeholders to comment. Those comments were incorporated in this report.
1.4
Research Focus 

Based on the initial agreement between UC Davis the CIWMB as well as the results from the 1st Stakeholders Workshop, the scope of this investigation will include a comparative description as well as analysis of the technical and economic considerations in the following areas:
Producing fuel cell-grade hydrogen from LFG
· Investigation of methods to produce hydrogen from LFG
· Pre and post process clean-up requirements.
· Clean-up methods for removal of moisture, sulfur compounds, siloxanes, and CO2 from LFG.

Hydrogen enrichment of LFG to reduce NOx emissions 

· Investigate the effect of hydrogen enrichment on combustion in internal combustion reciprocating engines for emissions, performance, and efficiency.

· Comparison of hydrogen-enrichment schemes with other NOx emission reduction alternatives.

2
Landfill Gas Background

Landfill gas is produced by anaerobic decomposition of biodegradable material in the landfill. Landfill gas is primarily composed of methane and carbon dioxide (about 50% each by volume) with minor amounts of other compounds including nitrogen, oxygen ammonia, sulfides, mercaptans, hydrogen, carbon monoxide and non-methane organic compounds (NMOCs) [see Table 2-1]. Studies, including September 2006 study by Humboldt State University (see Figure 2-1), found nitrogen concentrations as high as 15% as well as significant concentrations of vinyl chloride [2, 8].
TABLE 2-1 Typical Landfill Gas Components
	Component
	Percent by Volume

	Methane
	45–60

	Carbon dioxide
	40–60

	Nitrogen
	2–5

	Oxygen
	0.1–1

	Ammonia
	0.1–1

	NMOCs (non-methane organic compounds)*
	0.01–0.6

	Sulfides
	0–1

	Hydrogen
	0–0.2

	Carbon monoxide
	0–0.2


*NMOCs commonly found in LFG include acrylonitrile, benzene, 1,1-dichloroethane, 1,2-cis dichloroethylene, dichloromethane, carbonyl sulfide, ethyl-benzene, hexane, methyl ethyl ketone, tetrachloroethylene, toluene, trichloroethylene, vinyl chloride, and xylenes.
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FIGURE 2-1 LFG composition as adapted from [2]
2.1
Waste-in-Place

Current as well as future LFG production depends on the amount of existing buried waste or waste-in-place (WIP) as well as future disposal. 
The California Integrated Waste Management Board estimates there is 1.1 billion tons of WIP at 365 California landfills (active and closed) each having 10,000 tons or greater WIP (includes biodegradable ADC) [9]. Some 146 of these landfills are active and account for more than 60% of the state’s total WIP (see Table 2-2). The 31 landfills in California with WIP > 10 million tons (10 of which are closed) account for about 65% of the state’s WIP (Figure 2-2).

TABLE 2-2. WIP Distribution by landfill type

	
	No.
	WIP  (million tons)
	% of Total WIP

	Active LFs
	146
	725
	64

	Closed LFs
	219
	399
	36

	Totals
	365
	1,125
	100


Data have also been compiled by US EPA as part of the landfill methane outreach program (LMOP). The LMOP data estimate that total state waste-in-place (or disposal) since 1922 is 937 million tons [10].
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FIGURE 2-2 California landfills with WIP of 10 million tons or more 
2.2
Resource Potential of current waste stream

In 2005, 42 million tons of MSW and 4.7 million tons of alternative daily cover (ADC) were buried in California landfills (3 million tons of the ADC was green waste)[11]. Of this 46.7 million tons of material disposed in 2005, some 26.7 million tons are of biological origin (biogenic), 5.9 million tons are plastics and textiles (the latter assumed to be all synthetic textiles), and the remaining 14.1 million tons are mineral and other inorganic material (glass, metal, non-wood construction/demolition waste and inorganic ADC) [11]
The potential energy from MSW and ADC annually landfilled in California is substantial.  Primary or chemical energy of the disposed stream is about 428 PJ (about 0.41 Quad)
 which is equivalent to the energy in 70 million barrels of crude oil (see Figure 2-3 and the appendix). Alternatively, it is estimated that the biomass in the landfill disposal stream (23.7 million tons plus 3 million tons of green ADC) could support about 1800 MWe of renewable electricity generation with another 940 MWe coming from the plastics and textiles components (see appendix).
The total electricity generation potential of more than 2700 MWe is about 4% of in-state generating capacity, and the electrical energy potential is about 8% of state consumption.
  Electrical potential from the renewable (biogenic) portion of the stream is equivalent to about 50% of the current amount of renewable electricity used in the State from all sources.
  Full conversion is unlikely, but solid waste nonetheless represents a significant potential source of energy for the state.
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FIGURE 2-3. Annual waste stream component disposal amounts and potential energy, 2005 data
2.3
Projections for Future Landfill Disposal

The California Integrated Waste Management Board estimates remaining landfill capacity in the state is between 1.5 and 2.9 billion cubic yards [12], [13]. At approximately 0.6 ton per cubic yard, the capacity is between 900 and 1,700 million tons, which at the present rate of disposal implies between 22 and 40 years of capacity remains.

Figure 2-3 shows historical annual California landfill amounts as well as a projected range of landfill flow through 2050 (without reductions in per-capita disposal, total landfill disposal will be between 385 and 425 million tons from 2005 through 2050). The projection uses the high and low population projections discussed in Hanak and Baldassare (2005) and the current per-capita disposal rate (~2270 lbs/person/year).
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FIGURE 2-4. Historical and projected annual landfill amount. *

*Based on constant per-capita disposal (~2270 lbs/ca/y) and future population estimates from Public Policy Institute of California and Dept. of Finance [14-16] .

2.4
LFG Production Potentials
Landfill gas generation for the period 2005 – 2025 was estimated on a statewide basis for the waste landfilled since 1970 plus predicted future disposal (details are in the appendix). Disposal post-1990 contributes most of the landfill gas by 2025 [17]. For 2005, the model estimates California LFG methane production is about 85 billion standard cubic feet per year (BCF y-1) [Figure 2-5]. Total LFG volume (including the CO2) is about 170 BCF y-1. The methane production from landfills in the state is about 3% of current natural gas consumption (2,572 BCF/y in 2004) [17].
2.5
Current LFG Utilization

Currently in California, LFG is used to generate electricity, heat or process steam, and vehicle fuel. Primary use is for electricity generation, though a significant amount is used for heat or process steam (vehicle fuel is currently a small application). About 37% of recoverable LFG is either flared or vented (See Figure 2-4).
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FIGURE 2-5. Landfill gas consumption by use category and unused potential.

The primarily energy converter for most installed LFG to electricity capacity in the state is the reciprocating engine (43 facilities with a combined 163 MW capacity). Nine facilities utilize microturbines (3.8 MW combined), six facilities use gas turbines (23 MW total capacity), and five facilities operate steam cycle turbines (90 MW combined). Ten facilities use LFG directly for heat, steam, or pipeline, and there is one landfill making CNG vehicle fuel from LFG (Table 2-3).

TABLE 2-3. California Landfill gas utilization by type, capacity, and estimated gas consumption
	
	Number of Landfills with Facility Type‡
	Average Capacity (MW)
	Total Capacity (MW)‡
	Estimated Gas Use          (million scfd/d)
	Estimated Gas Use (BCF/y)**

	Reciprocating Engine
	43
	3.8
	162.3
	105.1
	34.5

	Microturbine
	9
	0.4
	3.8
	7.7
	2.5

	Gas Turbine
	6
	3.8
	23.0
	16.6
	5.4

	Steam Turbine
	5
	18.1
	90.4
	55.3
	18.2

	Direct Use (i.e., heat, steam, pipeline)
	10
	-
	-
	27.5‡
	10.0

	Vehicle Fuel (LNG, CNG)
	1 (CNG)
	-
	-
	0.36‡
	0.13

	Totals
	[60]*
	26.1
	279.4
	212.5
	71

	
	Estimated Total Recoverable LFG (2005)
	113

	
	Estimated Flared or Vented LFG
	42


* Several landfills have more than one use type
** 90% capacity factor for electricity generation
‡ Source for these data is [9]
2.6
Energy and Hydrogen Potential of California LFG

Potential electricity generation assuming 67% LFG recovery and 30% conversion efficiency (HHV basis) is about 570 MW (capacity factor of 1). Current LFG to energy generation capacity in the state is about 285 MW plus direct use applications which should consume approximately 10 BCF y-1 of LFG (~ 5 BCF y-1 methane) [9].   However, for reasons of low gas quality or variable supply, actual generation from landfill gas is less than the installed capacity with the difference being made up by the use of natural gas.  The actual generation from landfill gas is at this time unknown, but may be considerably below that estimated.  Note that the potential electricity generation from the biomass fraction of the current disposed waste stream is about 1750 MWe if it were converted before landfill disposal (see appendix).
Figure 2-6 presents projections for LFG methane and electricity generation or hydrogen production potential from conventional landfills in California (See model notes 
). Annual methane generation from conventional landfilling through 2025, assuming no change in the current per capita waste disposal rate, increases from 85 to 125 BCF y-1. with potential (or technical) electricity generation capacity increasing from 570 to more than 830 MWe (Figure 2-5). 
As a first cut estimate, hydrogen production from LFG assumed 67% LFG (methane) recovery based on US EPA Compilation of Emission Factors [AP-42][18] data and a 70 % net energy efficiency (feedstock to H2) of a gas conditioning and reformer system [19], [20]. Potential hydrogen production, using all recoverable LFG varies from 325,000 to 470,000 tons between 2005 and 2025 using the above noted assumptions (Figure 2-5). Assuming LFG-to-electricity production of 300 MW over the analysis period, the remaining (and recoverable) LFG could produce from 175,000 to 325,000 tons per year of hydrogen (Figure 2-5).

A ton of hydrogen is equivalent to about 980 gallons of gasoline on an energy basis (higher heating value [HHV]), so the LFG hydrogen ultimate potential from California landfills is equivalent to about 315 million gallons of gasoline (Figure 2-7). This is about 2% of California’s current gasoline usage.
 Assuming a fuel cell vehicle might be twice as efficient as a 30 mpg gasoline vehicle (i.e., ~2.2 MJ/mile) and an average vehicle is driven 15,000 miles/yr, the statewide LFG hydrogen estimate could potentially fuel 1.3 million fuel cell vehicles in 2005 and up to 1.9 million vehicles in 2025, all else being equal (Figure 2-7). 
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FIGURE 2-6. LFG methane and electricity generation potential from conventional landfills in California. [1]
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FIGURE 2-7 Hydrogen energy and fuel-cell vehicles that could be fueled by California LFG
2.7
Hydrogen Potential of Individual Landfills
The Puente Hills landfill in Industry, CA (LA County) is the largest landfill in California, if not the largest in the US in terms of waste-in-place and annual disposal. There are approximately 105 million tons of WIP at Puente Hills and the landfill accepted 3.8 million tons for disposal in 2004 (both figures are nearly 10% of the state’s totals). 

Using the same assumptions and parameters for methane generation and potential hydrogen production, the Puente Hills landfill could conceivably produce up to 35,000 tons of H2 by 2013, the planned closure year. This is more than enough hydrogen to fuel 100,000 vehicles. After closure, the LFG production declines but Puente Hills could fuel 80,000 vehicles past 2025 (assuming all recoverable LFG is used for H2 production) (See Figure 2-8).
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FIGURE 2-8. Methane and potential number of H2 vehicles fuelled by LFG, Puente Hills landfill

Similar modeling was done for each of the 15 most active landfills in California (i.e., those 15 with the highest annual disposal amounts). Combined, these landfills accept nearly 60% of the state’s disposal and contain about 1/3 of the state’s WIP.

Maximum potential hydrogen from the 15 most active California landfills increases from 120 million gallons of gasoline equivalent (gge) in 2005 to about 180 million gge by 2020 (Figure 2-9). Expected landfill closure dates were included in the model which is why there is a decrease in total hydrogen after 2020 (though LFG hydrogen potential would be increasing elsewhere under the earlier assumption of increasing total state waste disposal over time).
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FIGURE 2-9. Hydrogen Potential from the 15 most active landfills in California 
3
Producing vehicle-grade hydrogen from LFG
This section introduces the concept and motivation behind producing vehicle-grade hydrogen from LFG and gives examples of relevant work in the area. Processes for producing hydrogen from LFG are presented and discussed.

3.1
Background

Hydrogen as a vehicle fuel

Virtually all transportation fuels today are derived from oil, the economic availability of  which is projected by some to peak worldwide within a decade or so [21]. Globally, the number of vehicles, miles traveled and transportation energy demand are also projected to grow rapidly. Combustion of fuels for transportation contributes to over half of all greenhouse emissions, as well as for a large fraction of air pollutant emissions. Health and environmental effects from NOx, CO, VOCs, and particulates are leading to stricter tailpipe emissions regulations worldwide. Even with efficiency gains from emerging technologies, it is likely that low or zero-carbon fuels will be needed to meet future carbon emission reduction goals. Thus, continued reliance on current fuels and vehicle technologies in a business-as-usual scenario is recognized by many as a road to disaster; from global warming to depleted reserves of oil and natural gas, to diminished air quality in urban centers [22]. 
A number of alternative fuels and advanced vehicle power plants have been proposed to address these challenges. These include improved internal combustion engine (ICE) vehicles and ICE hybrid electric vehicles (fueled with reformulated gasoline, diesel, CNG, LPG, methanol, ethanol, Biodiesel, Fischer-Tropsch
 liquids, or hydrogen), and fuel cell vehicles (fueled with gasoline, methanol or hydrogen). With the breakthrough of ambient-temperature Proton Exchange Membrane (PEM) fuel-cells, hydrogen vehicles are a promising technology, undergoing rapid development by major automotive manufacturers [23] . 

Although industrial hydrogen is typically produced from natural gas it can be produced from a variety of other renewable and non-renewable energy resources including methanol, ethanol, biomass, MSW, coal, and water via electrolysis. If, as some predict, the future incorporates a “hydrogen economy” where hydrogen will be used as an energy carrier in transportation [23, 24] care must be taken to choose pathways for hydrogen production which have lower impact over their whole life cycle, including production, distribution, and end use, as well as any embodied impacts. Thus renewable or low-carbon sources of hydrogen are recognized as the key to a successful hydrogen economy. 

Hydrogen as a vehicle fuel in California

To promote the development of hydrogen vehicles and infrastructure California Governor Arnold Schwarzenegger’s California Hydrogen Highway Network outlines a blueprint plan for 50 hydrogen vehicle fueling stations in phase I, ramping up to 250 stations by phase III (table 3-1). 

TABLE 3-1. California Hydrogen Highway blueprint plan, adapted from Nicholas 2005 [25]
	Type of Hydrogen-Fueled Vehicle or Product
	Number of Units Targeted / Estimated 
for Deployment (by Phase)

	
	Phase 1: 
50 to 100
Stations
	Phase 2:
250 Stations 
(w/ Initial
 Lower Usage)
	Phase 3:
250 Stations (w/ Expanded
Usage)

	Light-duty FCVs and ICEVs from major manufacturers.
	2,000
	10,000
	20,000

	Heavy-duty FCVs or ICEVs.
	10
	100
	300

	Stationary and off-road vehicle applications.
	5
	60
	400

	FCV = Fuel Cell Vehicle            ICEV = Internal Combustion Engine Vehicle 


Vehicle hydrogen currently in California
In California there are currently 143 hydrogen fuel-cell vehicles (FCVs) on the road today (compared to 23 million gasoline cars) [26]. Although a total of 370,000 FCV miles have been logged to date, Anthony Eggert from UC Davis ITS suggests that hydrogen stations should be built, “A day before enough cars drive up and pay full price for the fuel” [25]. This of course does not suggest consumers are currently paying the “full price” for the gasoline and diesel fuel they use.
LFG as a source of renewable hydrogen

LFG has been identified as a source of renewable energy by many studies [23, 27, 28] including the European Union which defines renewable energy sources (RES) as wind, solar, geothermal, wave, tidal, hydropower, biomass, landfill gas,  sewage treatment plant gas, and biogases [27]. Landfill gas is also considered an eligible renewable energy source in the Renewable Portfolio Standard of 12 states, including California.  The “renewable” hydrogen potential from California’s LFG resources is estimated to be equivalent to 315 million gallons of gasoline (for 2005) or about 2% of California’s gasoline usage and could fuel between 1.3 and 2 million fuel cell vehicles as noted above[1]. This far outweighs the demand during the Hydrogen Highway blueprint through phase III. Using LFG as a feedstock to produce hydrogen in a distributed manner is analogous to what many suggest will be early hydrogen infrastructure; a network of small decentralized steam methane reformers (SMRs).  These SMRs would be capable of producing sufficient hydrogen, thermochemically, using natural gas as a feedstock [29].

3.2
Markets/Demand for Renewable Hydrogen
Hydrogen markets 

Industrial hydrogen production using natural gas as a feedstock is well-established, with a current gate cost of $0.90-$1.50 per kg [25]. Gate cost refers to the cost at the plant gate, and does not include transportation (distribution) which can be substantial, adding as much as $1.00-$4.00/kg [29]. Distribution typically takes place in pressurized tube trailers, in liquid storage trailers, or via pipeline to local users, and costs are typically high because of the low volumetric density of hydrogen.  Even in liquid form hydrogen has roughly 1/4 the energy per unit volume of gasoline of diesel which results in large tanks for relatively small amounts of hydrogen.  

The cost of supplying hydrogen to vehicles will depend on plant size and location, local energy prices, and the hydrogen demand. For refueling stations designed to dispense 0.1 to 1.0 million scf H2/day (serving a fleet of 14- 280 PEMFC buses or 900-9000 PEM C cars), studies suggest that small-scale steam reforming of natural gas at the refueling station might offer the lowest delivered hydrogen cost. A 2006 UC Davis survey  estimated current plant gate costs for hydrogen produced from theses small-scale steam reformers ranged from $2.60 to $4.40 per kg [23].  

Thus hydrogen, if produced from LFG for vehicle use and offered near landfill sites could eliminate the expensive distribution costs, and may be competitive with distributed hydrogen, which is currently $4.00-$6.00/kg. Since 1 kg of hydrogen is equivalent to approximately 1.08 gallon of gasoline on a HHV basis, this is about $2.73/gallon gasoline energy equivalent. If one assumes hydrogen vehicles use ½ energy/mile as the gasoline fleet average, then on per-mile basis, hydrogen at $6.50/kg would be competitive with $3.00 gasoline [30]. Also unlike industrial hydrogen, typically produced from natural gas, LFG-based hydrogen should qualify for any incentives for using renewable feedstocks. It should be noted that NREL has set a goal of producing hydrogen from biomass at $2.95/kg by 2015.
Projected Market-Southern California for vehicle hydrogen
Figure 3-1 shows the projected Southern California supply and demand for hydrogen from a 1999 study [24] for vehicles including cars, buses and light duty vehicles (LDVs).
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FIGURE 3-1 Projected Southern California supply and demand for hydrogen, adapted from Ogden 1999 [24]
Required purity for vehicles
Current technology of hydrogen fuel cell vehicles predominantly incorporates Proton Exchange Membrane (PEM) fuel cells. Unlike fuel cells used for stationary power, PEMs operate close to ambient temperature and are not tolerant to impurities such as CO, most hydrocarbons, and sulfur, thus they require higher quality feedstock. For purposes of comparison of hydrogen production technologies in this analysis, vehicle hydrogen will be specified as a minimum of 98% pure with less than 10ppm CO and sulfur [2].

Hydrogen Station Siting 
Current studies predict that hydrogen for vehicles will be made initially from natural gas  using small steam methane reformers  near the point of demand, at refueling stations [25] since infrastructure for central production with pipeline distribution will be expensive and only justified at high levels of hydrogen demand [24]. In addition these stations should be located in close proximity to high traffic volumes, located in high profile areas to increase public awareness, accessible to potential first FCV buyers and strategically located to provide fuel to vehicles during long distance travel [31]
The Hydrogen Highway fueling station siting scenarios developed at The UC Davis Institute for Transportation Studies according to the California Hydrogen Highway Network blueprint plan suggest pilot LFG-to-hydrogen fueling stations may be viable since some landfill locations coincide with proposed stations. For example, figure 3-2 shows that many landfills in the Los Angeles area are near proposed station sites as well as being near major California highways.  Both of these attributes are important for possible stations since many early hydrogen vehicles will be fleets which need highway access. Thus hydrogen produced from LFG and dispensed at nearby sites appropriate for fueling stations may have an economic advantage. 

[image: image20.jpg]Legend

@  Existng and Pranned satons Landifll Network
@ ustatve Staton Locatons TYPE.

Catforiaighuays
Population

2362- 999999
T 1,000,000 - 14,488,102

W Coseatanatn
A o

@ overtonin
/\ Refuseto Energy
O vt saon





FIGURE 3-2 adapted from Nicholas 2006 [25]
Hydrogen refueling stations

There are currently over 120 hydrogen vehicle refueling stations worldwide [32], with 22 existing and 15 more planned in California [26]. They range from simply utilizing delivered hydrogen, or incorporate production equipment such as electrolyzers, SMRs, and typically include hydrogen purification equipment, hydrogen storage and booster compressors, gas storage tanks, and dispensers. For example, in July 2001, the Honda Research and Development Center in Torrance, California opened a vehicle fueling station that uses solar-powered electrolysis with grid backup. Also in Torrance, Toyota USA uses a Stuart Energy hydrogen fueling station powered by renewable electricity. This system generates 24 kg of hydrogen per day. This station opened in early 2003, and Toyota plans to open 5 more refueling stations in California. 
SHEC LABS is in the initial phases of constructing a Solar Hydrogen Production Facility in Regina, Saskatchewan, Canada. The first phase of this proposed facility will include installing a gas collection and cleaning system to produce renewable synthetic natural gas from the City's landfill and then to further process this into hydrogen [33].
The Clean Air Now (CAN) solar hydrogen demonstration project started in August 1994 with funding from industry partners, the US Department of Energy (DOE), and South Coast AQMD. The first PV-electrolysis-hydrogen system was located at a Xerox Corporation facility in southern California and the first hydrogen vehicles were Ford Ranger trucks converted to hydrogen reciprocating internal combustion engines (ICE). The goal of the CAN project is a hydrogen corridor in southern California that extends to the Sunline Transit Agency hydrogen station in Palm Desert, which opened in April 2000. In a related project, the transit agency hosts the PV-electrolysis Schatz Hydrogen Generation Center that opened in 1994 and was retrofit in 2001–2002. If purchasing off the grid as planned, the cost to produce hydrogen at this fueling station is estimated to be $8 to $12/kg [23].

Co-production of hydrogen, electricity, and heat
With the near-term hydrogen demand projected as low, LFG-to-hydrogen vehicle fueling stations will likely be of the “energy station” concept. Unlike hydrogen station designs where hydrogen is simply delivered or produced on-site with a fuel “reformer” or water electrolyzer and then compressed and dispensed, energy stations can provide multiple functions in the same facility. Typically energy stations integrate systems for production of electricity, capture waste heat for building heating/cooling needs, in addition to producing purified hydrogen for refueling vehicles. Most designs to date are based around some type of fuel cell power plant for electricity production, with co-production of hydrogen.  This can be accomplished  either by splitting the stream of hydrogen from a fuel reformer or electrolyzer to power the fuel cell and provide electricity with one stream and to refuel vehicles with the other, or by using excess hydrogen from the fuel side of the fuel cell system to provide vehicle fuel.

In March 2005 a power park design incorporating-production of hydrogen, electricity, and hot water, and pipeline-quality gas proposed by a student design team at Humboldt State University was the winner of an design contest sponsored by Chevron and the National Hydrogen Association [34]. In this project LFG from a local landfill was to be used as feedstock to produce about 442 kW of electric power and 132 kW of thermal power as hot water plus 10.5 kg/hr of gaseous hydrogen for use as vehicle fuel. The proposed consumer of H2 fuel produced was to be local motor pool vehicles and a transit bus. 
A feasibility study completed in the fall of 2006 [2] determined that nitrogen present in the landfill gas would make it cost prohibitive to upgrade the LFG into biomethane. Also the presence of vinyl chloride in the gas prompted PG&E to reject the teams request to use the utilities’ natural gas lines to transport the upgraded LFG. Thus the project scope has been modified to produce renewable electricity at the landfill site and then produce hydrogen via electrolysis at a fueling station off-site. In Phase 1 the team will install a generator at Cummins Road Landfill (Near Eureka) and install an electrolyzer, compressor, and hydrogen dispenser on Humboldt’s campus.  In Phase II the team plans to accommodate for a hydrogen-powered bus and install a large electrolyzer, compressor, and dispenser in Eureka.
Incentives for renewable hydrogen production

Most renewable hydrogen projects receive some federal, state, or local agency funding. Federal funding included the DOE’s Hydrogen, Fuel Cells, and Infrastructure program, the Department of Defense’s Climate Change Fuel Cell Program and the federal appropriations process. State and local funds can come from a variety of different offices and programs, some energy-specific and some for environmental projects [23]. It should be noted that the current waste stream disposed in California is composed of both renewable and non-renewable (fossil derived) components. Biogas derived from anaerobic decomposition of biomass components in a landfill is considered a renewable feed stock for energy purposes.  The producer or synthesis gas from thermochemical gasification of biomass and plastics is not considered completely renewable.  Only the portion of the syngas from the renewable components in the waste stream (the biogenic components) is renewable. Non-recycled plastics in the waste stream are a preferred feedstock for gasification because of high syngas and energy yield, but hydrogen, fuels or electricity from this syngas is not considered renewable.
3.3
Hydrogen Production from MSW 
Hydrogen production methods considered

Because of the recent interest in producing hydrogen from renewable sources there have been various investigations using the renewable components
 of municipal solid waste (MSW) as a feed stock including gasification of MSW, reformation of LFG, and using LFG-sourced electricity to power electrolysis to produce hydrogen. Gasification of MSW requires that waste is not landfilled but sent to a conversion facility and will not be considered as an option for this analysis. This investigation focuses on LFG from waste in place at California landfills. Thus the focus of this study will be on two mature technologies that can use captured LFG as a feedstock to produce hydrogen: 1) the production via electrolysis from LFG-produced electricity and the 2), the direct conversion (or reforming) of LFG to hydrogen through thermochemical processes.

Production of Hydrogen from LFG using Electrolysis 
This method produces renewably-based hydrogen by first producing renewable electricity from a LFGTE project then in turn using that electricity to convert water to hydrogen using electrolysis. This is analogous to currently existing demonstration-scale hydrogen fueling projects which utilize wind or PV solar as the source of renewable electricity for electrolysis.
Process
Water electrolysis is the electrochemical splitting of water into hydrogen and oxygen. Industrial process and large commercial plants achieve efficiencies of 70-75% [35]. Two main electrolyzer types exist: liquid alkaline electrolyte electrolyzers and proton exchange membrane (PEM) electrolyzers. Alkaline electrolyzers have been commercially available for many years and are used for most applications, while PEM electrolysis units are under development. 
In a PEM electrolyzer, the electrolyte is a solid “polymer” plastic material. Water reacts at the anode to form oxygen and positively charged hydrogen ions (protons). The electrons flow through an external circuit and the hydrogen ions selectively move across the PEM electrolyte to the cathode. At the cathode, hydrogen ions combine with electrons from the external circuit to form hydrogen gas.  These devices are essentially reversed fuel cells.

Anode Reaction:
 2H2O → O2 + 4H+ + 4e-
Cathode Reaction:
 4H+ + 4e- → 2H2
Net Reaction :

2H2O → O2 + 2H2
Alkaline electrolyzers are similar to PEM electrolyzers but use an alkaline solution (of sodium or potassium hydroxide) that acts as the electrolyte. High temperature and high pressure electrolysers are also being developed, with the long term potential for efficiencies closer to 85-90% [36].  
Hydrogen can be produced via electrolysis of water from renewable or non-renewable electrical sources, including utility grid power, solar photovoltaic (PV), wind power, hydropower, nuclear power, etc. Electricity produced from renewable energy sources is defined as produced by plants using only renewable energy sources, as well as the proportion of electricity produced from renewable energy sources in hybrid plants [27]. Once the hydrogen gas has been produced, it is typically compressed for storage and distribution. Pressurizing hydrogen to a typical vehicle storage pressure of 5000 psi requires the equivalent of between 5% and 12% of the energy in the hydrogen, depending on the input pressure. Hydrogen from electrolysis is typically very pure, containing only small amounts of water vapor and oxygen so for vehicle applications, no further clean-up is required [37]. Figure 3-3 shows a schematic for this scenario.
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FIGURE 3-3 Schematic for renewable hydrogen from electrolysis, adapted from Ogden 1999 [24]
Cost of hydrogen from electrolysis
In a study by the Clean Energy Group [23], electrolysis from grid power in the U.S. would yield delivered costs of $6–7 per kilogram based on current technology, with future potential of about $4 per kilogram. Wind electrolysis derived hydrogen would cost about $7–11 per kilogram at present, with future potential of delivered costs as low as below $3 per kilogram. Solar hydrogen would be more expensive, on the order of $10–30 per kilogram at present, with future delivered costs of $3–4 per kilogram estimated to be possible. Electrolysis using PV or wind power is currently the most common method of producing hydrogen when it must be renewably-based [23]. In the case of hydrogen produced at a LFGTE project the opportunity cost of the electricity would be the rate the LFGTE operator is able to charge for electricity. Cost and emission information on hydrogen production from electrolysis for various scales as well as near term and future technology has been compiled by the US Department of Energy under the H2A program [2].

Hydrogen from direct thermochemical process
Alternatively hydrogen can be produced directly from LFG by incorporating two sequential processes already in use: 1) first upgrading LFG to methane or “biomethane” and 2) then the steam-reformation of methane. Both processes are well documented and currently in use; the first process is currently used to produce pipeline-quality gas and vehicle fuel from LFG and/or biogas, and the second process is employed in over 90% of industrial hydrogen production in the US [24].
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FIGURE 3-4 Hydrogen from direct thermochemical process, as adapted from Ogden 1999[24]
Upgrading LFG to biomethane, typically involves removing contaminants, moisture and CO2 from LFG leaving nearly pure methane. Specific pre-and post clean-up operations must be performed depending on the composition of the LFG and required gas purity. Catalytic steam-reformation of methane typically also involves some pre-process clean-up including desulphurization to avoid poisoning of reactor catalyst.   Since the reactor volume and heat input to the reformation process are proportional to the mass  flow rate of feedstock, removal of the CO2 from LFG prior to this step will result in less heat input, higher efficiency, and reduced plant size and cost [38]. 
Production of pipeline quality gas or biomethane

High-BTU or “pipeline quality” biomethane can be produced from LFG and typically has a minimum heating value 970 btu/ft3, as well as strict standards for hydrogen sulfide, CO2 and moisture (see table 3-2). 
TABLE 3-2 Typical “pipeline quality” gas specifications [39]
	Heating value (HHV)
	>970 Btu/standard ft3

	Hydrogen Sulfide
	<4ppm

	Water Vapor
	<7 lbs/million ft3

	Oxygen
	<0.4 %

	Carbon Dioxide
	<3 %

	Nitrogen plus Carbon Dioxide
	5 %


The production of biomethane from LFG  [39] is the most challenging part of producing vehicle-grade hydrogen from LFG. The 970 Btu/ft3 (HHV) limitation requires that oxygen plus carbon dioxide plus nitrogen be limited to less than 3 percent. The prevention of air infiltration into the well field is also a critical step because it is necessary to satisfy tight product gas nitrogen and oxygen limitations. At most landfills, elimination of air infiltration will require that the utilization facility be supplied by wells located in the “core” of the landfill. A separate perimeter LFG collection system must often be operated for gas migration control. Each well on the core gas system must be carefully monitored to maintain as close as practical “zero” air infiltration operation [39]. 
Gas clean-up

Since the composition of the LFG can vary from site to site as well as temporally and seasonally the clean up required will vary. Figure 3-5 shows the typical schematic for clean-up of LFG prior to the removal of CO2. Table 3-3 lists contaminants found in typical LFG and their removal techniques.
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FIGURE 3-5 Typical schematic for clean-up of LFG, adapted from SCS Engineers 2002 [39]
In general, the following steps must be taken to convert LFG to pipeline quality gas: 

· Prevention of air infiltration into the LFG well field

· Moisture removal

· Sulfur removal

· NMOC removal 
· Carbon dioxide removal

And in some cases:

· Halogenated hydrocarbons removal 

· Ammonia-removal

· Removal of Siloxanes, a product of cosmetics
TABLE 3-3 Typical Landfill Gas Constituent gases and removal (DOE/EIA)

	Contaminant
	Typical concentration
	Removal method
	Ref

	CO2
	35-55%
	Molecular sieve
	[39, 40]

	
	
	membrane
	[39]

	
	
	Solvent absorption
	[39]

	
	
	
	

	H2O
	1-10%
	Cooling
	[38]

	
	
	
	

	H2S 
	1-1700 ppm
	Activated carbon
	[40]

	
	
	Zinc bed
	[41]

	O2
	0-2.5%
	
	

	
	
	
	

	N2
	0-20%
	
	

	
	
	
	

	NMOCs
	2,700 ppm
	
	

	
	
	
	

	Siloxane
	trace
	Silica Gel
	[42]

	
	
	
	

	Ammonia
	
	Conversion with activated carbon
	

	
	
	Water or acid washing
	

	
	
	
	

	Halogenated hydrocarbons
	
	Oil washing
	

	
	
	Adsorption on activated carbon
	

	
	
	
	

	Vinyl Chloride
	trace
	
	


Cost of producing high-BTU “pipeline quality” gas or “biomethane” from LFG

According to a 2002 report by SCS Engineers for the California Energy Commission, pipeline quality gas projects are generally in the 5 to 10 mmscfd (inlet flow) size range with typical installed cost of $1.2 million to $1.5 million per mmscfd (inlet). Typical operation/maintenance costs are $0.50 to $1.00/mcf (outlet) and pipeline quality gas can be produced at a cost of $1.70 to $2.20/mcf (of natural gas equivalent), assuming retirement of capital cost over 15 years at a 10 percent rate of interest.  These figures do not consider tax credits or any other incentives [39]. However, a 2006 study by Humboldt State University [2] identified different treatment options and vendors for upgrading LFG to pipeline-quality gas.  These results showed a significantly lower methane yield and higher cost than the SCS engineer’s estimate, which does not include nitrogen removal (see table 3-4).

TABLE 3-4 LFG-to-Biomethane Treatment Options as adapted from [2]
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Steam Methane Reforming to produce hydrogen from Biomethane
Once the LFG is cleaned and the CO2 is removed it is essentially methane and can enter a typical steam methane reformer plant to be processed into hydrogen. In the steam methane reforming (SMR) process high-temperature steam (700 - 1000°C) is used to produce hydrogen from a methane source, such as natural gas. Methane reacts with steam under 3-25 bar pressure in the presence of a catalyst to produce hydrogen, carbon monoxide, and a relatively small amount of carbon dioxide (see schematic, figure 3-6). Steam reforming is endothermic - that is, heat must be supplied to the process for the reaction to proceed. Subsequently, in what is called the "water-gas shift reaction," the carbon monoxide and steam are reacted using a catalyst to produce carbon dioxide and more hydrogen. For higher efficiency a hydrogen plant may incorporate high and low temperature shift reactors.  In a final process step called "pressure-swing adsorption," carbon dioxide and other impurities are removed from the gas stream, leaving high purity hydrogen. Steam reforming can also be used to produce hydrogen from other fuels, such as ethanol, propane, or even gasoline [43].

Steam Reforming Reactions
Methane:
CH4 + H2O (+heat) → CO + 3H2
Water-Gas Shift Reaction
CO + H2O → CO2 + H2 (+ small amount of heat)
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FIGURE 3-6 typical SMR process, adapted from SCS 2002 [24]
SMR plant scaling and costs
Although steam methane reformers have been built over a wide range of sizes, typically the levelized cost of hydrogen increases as size decreases [29]. Large plants are in the neighborhood of 600,000 kg/day, medium plants 24,000 kg/day, and small less than 1000 kg/day [23]. Levelized costs of hydrogen from steam methane reforming vary with feedstock cost, scale of production, and other variables and range from about $2–5 per kilogram at present (delivered and stored at high pressure). Delivered costs as low as about $1.60 per kilogram are believed to be possible in the future based on large centralized production and pipeline delivery, and delivered costs for small-scale decentralized production are projected to be on the order of $2.00–2.50 per kilogram [23]. Table 3-5 summarizes current hydrogen plant gate cost estimates for small SMR from a 2006 University of California Davis survey [23]. These figures are based on a feedstock of natural gas. 

TABLE 3-5 SMR hydrogen plant gate cost estimates [23]
	Scale
	Current Production cost (HHV basis)
	Comments

	Small (470 kg/day)
	$4.40
	H2 station, , NG at $5.25/GJ

	Small (480 kg/day)
	$3.51
	H2 station, NG at $6.16/GJ

	Small (625 kg/day)
	$2.60
	Energy station, NG at $6.16/GJ


In a well-designed hydrogen plant, waste heat is recovered at all levels for use as process heat and little electrical energy or additional fuel is needed and efficiency of reformers varies according to scale production rate [38]. Cost and emission information for various scales of SMRs as well as near term and future technology has been compiled by the US Department of Energy under the H2A program [2].
3.4
Life-cycle considerations 
This study will compare the levelized cost of hydrogen ($/kg H2), the hydrogen yield potential from LFG (kg H2/KJ LFG), and the fossil fuel based CO2 offset (CO2/KJ LFG) between four scenarios: Simply flaring the LFG (case 1), producing hydrogen from the LFG via steam methane reforming (case 2), producing electricity from the LFG and then prodcing hydrogen via electrolysis(case 3), and simply using the LFG to produce electricity (case 4).These scenarios developed for this study will estimate the gate cost of hydrogen at the appropriate purity and pressure for dispensing into vehicles, thus including costs for compression and storage, and not including the cost of dispensing, which can add $4-$6/GJ to the delivered cost.  It should be noted that in addition to the economics of production and distribution and greenhouse gas emissions, there are other environmental implications of the various hydrogen production pathways, including local pollutant emissions, soil and water emissions, and land, water, and other non-feedstock resource requirements which are not considered in this study. [23].
Assumptions

Case 1: LFG-Capture-Flare
This is the baseline case where LFG capture and flaring are assumed to be mandatory. In this case the LFG is not utilized but only flared to lower the GHG potential. Since no electricity or hydrogen is produced, no fossil-fuel based CO2 is avoided.
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Case 2: LFG-Capture-Biomethane-SMR-H2
In this case LFG is captured and processed into biomethane. The biomethane is processed in a SMR to produce hydrogen. The hydrogen is then compressed and stored at 400 atm. The costs will be those associated with processing the captured LFG into biomethane [44] plus those associated with the steam methane reforming, plus compression and storage costs. The fossil fuel based CO2 avoided is assumed be that of hydrogen produced from a natural-gas SMR. 
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Case 3: LFG- Capture-LFGTE-Eletrolysis-H2

In this case LFG is captured, pretreated, and converted to electricity in a reciprocating engine. Both hydrogen and electricity can be produced. The electricity is used to run an electrolyzer to produce hydrogen. The hydrogen is then compressed and stored for dispensing. The costs will be those associated LFGTE plant plus those associated with the electrolysis, plus compression and storage costs. The fossil fuel based CO2 avoided will be that of the equivalent quantity of hydrogen produced from a natural-gas SMR.
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Case 4: LFG- Capture-LFGTE
In this case LFG is captured, pretreated, and converted to electricity in a reciprocating engine. No hydrogen is produced. The costs will be those associated with a LFGTE plant. The renewably-based electricity produced here will offset grid electricity and the fossil fuel based CO2 avoided will be equivalent to that released in the production of that grid electricity.
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Methodology

Figures for levelized, capital, operating and maintenance (O&M), replacement, and other costs as well CO2 emissions for electrolysis and steam methane reforming, were obtained from The 2004 National Academy of Sciences study [45] from the hydrogen supply cost analysis section. Current technologies were considered.  This study assumes a load factor of 90%, SMR efficiency 0f 60.0%, electrolysis efficiency of 75% and a grid electricity cost of $0.070/ kWh. More detailed from the assumptions made in this study are in Appendix II.

Capital, and O&M costs for LFGTE projects were obtained from the SCS engineers 2002 report [44]. The average overall gen-set efficiency (from LFG to electricity) is assumed to be 34.2 percent.  Pre-adjusted capital cost is $1300/kW and operations and maintenance cost is $0.02/kWh [39].

Model Inputs and Outputs

The inputs to the model include project scale (LFG output and hydrogen production potential), capital,  O&M costs, natural gas and grid-electricity cost, wholesale electricity price, and process efficiencies. The outputs will include levelized cost of hydrogen (LCH), ($/kg H2), hydrogen yield potential (g H2/KJ LFG), and fossil-fuel based CO2 (FFCO2) offset (g CO2/KJ LFG).
System boundaries

Included in this analysis are the fossil fuel-based CO2 emissions and costs associated with:
· Plant construction

· LFG feedstock, processing, and clean-up
· Grid electricity production

· Transportation
· Compression and on-site storage
Not included in this analysis are:
· Any applicable tax incentives
· Gas collection costs

· Dispensing and  station costs

· Water use

· Criteria pollutants

· Embodied energy
3.5 Results/Discussion

The results from the scenario comparison are shown in table 3-6. The lowest levelized hydrogen cost ($2.30/kg), highest yield (4.22 g H2/KJ LFG), and highest FFCO2 offset (51 gkg/KJ LFG) were from case 2 (LFG-Capture-Biomethane-SMR-H2). The lowest for all outputs except hydrogen yield were from case 3 (LFG- Capture-LFGTE-Eletrolysis-H2).  Case 4 (electricity production only) while producing no hydrogen, offset more FFCO2 that case 3. 

TABLE 3-6 Results for scenarios 1-4
	Case
	Technology
	Scale 


	COE
 
($/kW-h)
	LCH

($/kgH2)
	FFCO2 offset (gCO2/KJ LFG)

	H2 Yield 

(g H2/KJ LFG)

	1
	Flare
	n/a
	n/a
	n/a
	0
	0

	
	
	
	
	
	
	

	2
	SMR
	480 (kgH2/day)
	.055
	2.31
	51
	4.22

	
	
	
	
	
	
	

	3
	Electrolysis 
	480 (kgH2/day)
	.055
	5.76
	24
	2.0

	
	
	
	
	
	
	

	4
	LFGTE
	800 kWe
	.055
	n/a
	30
	0

	
	
	
	
	
	
	


The technologies considered in this investigation for both processing of LFG and hydrogen production are considered mature technologies that are commercially-available today [45]. These figures for LFG-to-hydrogen via electrolysis are comparable to those found in the Clean Energy Group study, for electrolysis from grid power of $6–7 per kilogram based on current technology, with future potential of about $4 per kilogram. Similarly, figures for small SMRs using natural gas range from $2.60-$4.40 based on current technology. Other renewable-based hydrogen such as wind electrolysis derived hydrogen is estimated to cost about $7–11 per kilogram [23].
Figures 3-5 and 3-6 show the results sensitivity to electricity and biomethane cost. Figure 3-5 sow that electrolysis (case 3) is only competitive with SMR (case 2) if electricity cost is near zero. Figure shows that as biomethane production costs rise (as would be if LFG clean-up were more expensive) electrolysis becomes more competitive. It should be noted that these results assumed a hydrogen plant capacity factor of 90% and that levelized cost of hydrogen would rise as capacity factor falls.
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FIGURE 3-5 Hydrogen cost vs. electricity costs
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FIGURE 3-6 Hydrogen cost vs. biomethane production costs

4
Hydrogen Enrichment of LFG to Reduce NOx in IC Reciprocating Engines 

This section will introduce the concept and motivation behind hydrogen-enrichment of landfill gas as a strategy to reduce NOx emissions and give examples of current work in the area.  Finally, alternative NOx control scenarios will be compared and discussed.

4.1
Background

Currently 0.7% of California’s electrical capacity (>210 MW) is from landfill gas to energy projects [46], although not all energy from these projects is derived from landfill gas as noted previously.  The majority of these projects utilize internal combustion (IC) reciprocating engines. While these engines offer low cost and high reliability as well as resistance to sulfur and other corrosives found in LFG they are having difficulty meeting tightening NOx regulations. 

Regulatory Drivers

Although there currently are economic incentives in place to encourage the construction of new LFGTE projects such as production tax credits (PTC) and incentive funding from the California Energy Commission (CEC), many landfill operators present at the CIWMB workshop expressed reluctance to begin new LFGTE projects for fear they may not be able to continue to meet local emission regulations. For example, Senate Bill 1298 requires that if no other regulation exists, the Best Available Control Technology (BACT) levels of NOx and CO for distributed generation units must be reduced to the level of a central station power plant equipped with BACT at the earliest practicable date. CARB has defined BACT for central station power plants as 0.06 lb/MWh for NOx.  This would represent a 95 percent reduction over current levels (table 4-1) and would pose a significant challenge for a landfill gas fired IC engines with currently available technologies.
TABLE 4-1  Current BACT Levels for IC Engine [6]
	
	NOx
	VOC
	CO

	Fossil Fuel Fired
	
	
	

	lb/MWh
	0.5
	0.5
	1.9

	gm/bhp-hrb
	0.16
	0.16
	0.6

	Waste Fuel Fired
	
	
	

	lb/MWh
	1.9
	1.9
	7.8

	gm/bhp-hr
	0.6
	0.6
	2.5


a
BACT levels in lb/MWh from CARB "Guidance for the Permitting of Electrical Generation Technologies," 9/28/01.  Gas turbine values for units < 3 MW.
b
Includes 95% generator efficiency.
LFG Control and capture

The U.S. EPA Office of Air Quality Planning Standards 1996 regulations allow for some phase-in and tier level requirements, but essentially require landfills that emit greater than 50 megagrams (metric tons) LFG per year to install emissions control.  In addition landfills that hold 2.5 million megagrams of MSW must install gas collection systems unless NMOC emissions are less than 50 megagrams per year.  NMOCs include benzene, carbon tetrachloride and chloroform [47]. Thus, most landfills have LFG control and capture schemes in place.
The principal components of a LFG collection system are its extraction wells, piping, and a blower/flare station.  The extraction wells are of either the horizontal or vertical variety. Horizontal wells are installed while waste is being deposited, while vertical wells can be installed either as waste is being deposited or after the landfill is closed. Cost of the installed LFG collection system varies based on type of system and depth of the waste and is typically from $10,000 to $20,000 per acre.  Typical collection operation/maintenance cost is ranges from $400 to $900 per acre per year.   Blower/flare station construction costs range from $350 to $450 per scfm.  Operation and maintenance costs for the blower/flare station range from $20 to $30 per scfm per year. Based on a SCS Engineers study [39] the total cost of LFG recovery, assuming retirement of capital cost over 10 years at in interest rate of 10 percent, ranges from $0.60 to $1.20/MMBtu [39].  For our scenarios presented in this study the total LFG recovery costs will be assumed to be $0.90/MMBtu. 
4.2 Hydrogen Enrichment of LFG to lower NOx in Internal Combustion Engines

Alternatives for Lowering NOx Emissions in LFGTE Projects

This section will introduce common technologies for employed at LFGTE projects and discuss the implications of each for NOx emissions. These strategies can either lower exhaust emissions by altering the fuel/oxidizer composition and/or combustion characteristics or can employ aftertreatment to lower “engine-out” NOx emissions. A more detailed overview of typical devices used in LFGTE projects and the associated NOx control techniques can be found in Appendix III.

Lean Burn Combustion in IC reciprocating engines

The emissions of unburned hydrocarbon (HC) and carbon monoxide (CO) emissions and NOx emissions are related.  Typically, higher combustion temperatures lower the emissions of HC and CO, but produce higher emissions of NOx.  In order to reduce NOx production several alternatives are available.  Lowering combustion temperature reduces the formation of thermal NOx.  The decrease in temperature is typically achieved either by leaning the fuel-air mixture (lowering the equivalence ratio
) to include more air than needed to completely burn the fuel, or by recirculating exhaust gas to dilute the mixture (see figure 4-1).  Under very lean conditions, the relatively slow flame speeds of methane can lead to quenching before all of the fuel or combustion intermediates are oxidized, leading to increasing CO and hydrocarbon emissions and eventual misfire. 
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FIGURE 4-1  NO, CO, and HC concentrations vs. equivalence ratio, adapted from [48]
LFG engines are generally modified natural gas engines of the lean burn variety running at an equivalence ratio of between 0.75 and 0.8, and typically have NOx emissions over 2 g/hp-hr [39]. Very lean combustion is required (equivalence ratio less than 0.5) [6] without instability to achieve engine-out NOx at very low levels.

Microturbines

Microturbines are a recently commercially available technology for power generation.  The microturbine is a smaller version of the combustion turbine with the largest available a 75kW unit from Honeywell.  Air and fuel are mixed in a combustor at high pressure and after combusting, the hot gas is sent through a turbine that is connected to a generator where electricity is produced.  The microturbine differs from a traditional combustion turbine by being a smaller unit and the turbine spins at a much higher rate.  The microturbine has a much better power-to-weight ratio than the reciprocating engine, but have a higher capital cost per kW and typically convert gas to energy with a lower efficiency (17-25%). Microturbines fired on LFG have demonstrated engine-out NOx emissions less than one-tenth those of the best performing reciprocating engines, between 0.05-0.15 g/hp-hr.

Combustion Turbines and  Steam-Cycle Power Plants

While less prevalent than reciprocating engines, combustion turbines have seen widespread use as prime movers in LFG-fired electric power generation for larger applications (1.0-16.5 MW). The principal advantages of the combustion turbine as compared to a reciprocating engine are its lower air emissions and lower operation/maintenance costs but with lower efficiency than IC engines.  Combustion turbines fired with LFG also have typically low NOx, emissions (approximately 0.12 g/hp-hr ). Conventional boilers with steam turbines (Steam-Cycle Power Plants)  have seen limited application in LFG-fired electric power production since most LFG-fired power plants are less than 10 MW in capacity, which puts the steam cycle at a cost disadvantage when compared against reciprocating engines and combustion turbines. Steam cycle power plants typically have the  lowest NOx emissions, 0.03 g/hp-hr, and  becomes more cost competitive as the size of the plant increase[39].

Aftertreatment Strategies 

Another alternative to reduce NOx emissions in IC reciprocating engines is by after-treatment.  Conventional three-way-catalyst technologies only operate near stoichiometric (equivalence ratio=1) and thus are not suitable for lean-burn LFG engines. Selective non-catalytic reduction (SNCR), and selective catalytic reduction (SCR), however, can substantially reduce the NOx emissions in lean-burn applications. For more detail on these after treatment strategies see Appendix II.
Hydrogen Enrichment of Landfill Gas 

Hydrogen-enrichment of compressed natural gas (HCNG) is a technology currently being used to lower engine-out NOx in IC engines and has been proposed for LFG-fueled engines [6, 49]. Hydrogen has favorable combustion characteristics that can enhance flame stabilization when mixed with other fuels in small percentages. Thus, in natural gas engines, hydrogen-enrichment allows the use of lean-burn or high charge-dilution strategies to cool combustion, drastically reducing engine-out NOx levels [50], potentially eliminating the need for an after-treatment catalyst. HCNG also saves fuel, for example, in field tests for heavy duty HCNG engines the average fuel savings from high charge-dilution engine operation was 13% [51].
Similar research at UC Davis shows that a hydrogen enriched natural gas fired IC engine with no aftertreatment is able to produce ultra lean NOx emissions during dynamometer testing.  The 160kW modified engine had peak efficiency of 39.4% while emitting less than 0.2 g/bhp-hr. NOx generation during combustion is extremely temperature dependent.  Increasing the amount of excess charge dilution (air or Exhaust Gas Recirculation) in the combustion chamber reduces the exhaust gas temperature so the limit of maximum NOx reduction capable by this technique is the point when the fuel no longer burns.  This point is called the “lean-limit”.  The drawback of using lean burn is that engine output power is reduced because less fuel is injected into the combustion chamber per unit of air. Figure 4-2 shows effect on NOx production by reducing the equivalence ratio for three fuels in the UC Davis Bus engine study: Natural gas, HCNG with 20% hydrogen (by volume), and HCNG with 30% hydrogen.  The lean-limit for natural gas occurs when the equivalence ratio is 0.68.  However by increasing the hydrogen content of the fuel, the equivalence ratio can be lowered.  For HCNG with 20% hydrogen, the lean limit occurs at equivalence ratio of 0.59, and 0.54for HCNG with 30% hydrogen.  
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FIGURE 4-2  Engine out NOx produced versus equivalence ratio, as adapted from  [52].
In 2002 TIAX LLC a technology research consulting firm was selected by the California Energy Commission (CEC) to study hydrogen enrichment as a low-emission technology to generate electricity from landfills and the project is ongoing. The goal of the project is to demonstrate the effect of hydrogen enrichment on landfill gas (HLFG) in a lean-burn natural gas engine and initial results show significant NOx reductions. In September 2006 UC Davis also received a CEC grant to do baseline studies on the effect of hydrogen enrichment on the combustion of landfill gas. 

In a strategy analogous to HCNG, hydrogen enrichment of landfill gas (HLFG) should allow high air/fuel ratios previously unattainable in LFG engines without misfire, allowing for significant reductions in engine-out NOx while retaining low CO, and HC emissions. In the study by TIAX LLC, HLFG was the only current technology with the capability of lowering NOx emissions sufficiently without extensive preprocessing (clean up) of the LFG [6]. Table 4-2 summarizes the NOx control technologies considered in the TIAX study.

TABLE 4-2 Emissions from various control technologies, adapted from TIAX 2002 [6]
	Engine Operation
	Emission Control
	Impact on Emissions
	NOx (g/bhp‑hr)

	Stoichiometric
	None
	Highest NOx emissions 
	2-8

	Stoichiometric
	Three-way catalyst
	NOx reacts with CO and HC on catalyst
	0.15

	Lean burn, prechamber
	None
	Lower combustion temperatures, less NOx
	0.4

	Lean burn
	SCR
	NOx reacts on SCR catalyst in the presence of ammonia
	0.05 to 0.15

	Lean burn with H2 
	None
	Hydrogen in fuel extends lean operating limit
	0.032 to 0.10


Figure 4-3 below shows the finite rate NOx production results from a UC Davis Computer combustion model for an engine operating at 1700 rpm on methane with hydrogen and landfill gas with hydrogen. Adding hydrogen to either landfill gas or methane gas allows a lower lean limit as well as reducing NOx production.  The model results match the experimental data currently available for methane with hydrogen combustion.  Experiments need to be conducted to verify the model predictions for landfill gas with hydrogen. 
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FIGURE 4-3. Methane and LFG untreated NOx emissions and Lean Limit

If, like HCNG,  HLFG can be proven to reduce NOx emissions there are still other issues, the most important being the hydrogen source [7].  One method of hydrogen enrichment, proposed by TIAX, utilizes waste heat to drive a reformation process to create the hydrogen from a small portion of the natural gas or LFG primary fuel stream.  This approach is particularly attractive since it produces hydrogen on-site directly from the LFG stream relatively inexpensively and eliminates the issues of hydrogen delivery and storage [6].Other alternative pathways for supplying hydrogen include on-site electrolysis or reformation with storage and off-site production with delivery and storage on-site.
4.3
Comparison of HLFG with other NOx reduction strategies 

Methodology

In this study seven NOx reduction scenarios were investigated
 using a lean burn reciprocating engine with no aftertreatment (scenario 1) as the baseline case (see figure below). Scenario 2 incorporates lean burn with Selective Catalytic Reduction (SCR). In this case desulphurization is required as a pre-process to avoid catalyst poisoning. Scenario 3 is a LFTE plant using microturbine technology.  Scenario 4 incorporates hydrogen enrichment technology (HLFG) with on-site hydrogen storage. This is a HLFG system with hydrogen delivered from an external source and stored on-site. Scenario 5 is a HLFG system with hydrogen produced on-site from a SMR with a separate natural gas (NG) source.  Scenario 6 is a HLFG system with hydrogen produced on-site from an electrolyzer as a parasitic load on the electrical energy produced. Scenario 7 is a HLFG system with hydrogen produced from part of the LFG fuel stream. Scenario 7 is similar to that proposed by TIAX LLC, outlined in section 4.1 of this report. Schematics for each case are shown in figure 4-4.
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FIGURE 4-4 LFGTE NOx reduction strategies 

Assumptions
This comparison assumes the following:

· Retirement of capital costs over 15 years.

· Plant capacity factor of 85 percent. 

· All technologies except microturbine have a plant size of 800 kW.  Microturbine plant has 300kW capability because there is little reduction in cost ($/kW) for microturbine plants over 300kW.

· The LFG collection and capture cost is $0.90/Mbtu.

· The levelized cost for pre-treatment of the landfill gas (for technologies that require it), is assumed to be the same as producing medium-BTU LFG, $1.20/Mmbtu [39].

Case 1:  Lean Burn

A lean burn reciprocating engine with no aftertreatment is the baseline case that all other technologies will be compared against.  Current LFG reciprocating engine technology operates with 38% efficiency while emitting 2.0 g/bhp-hr of NOx [53].  The average overall gen-set efficiency (from LFG to electricity) is assumed to be 34.2 percent.  Pre-adjusted capital cost is $1300/kW and operations and maintenance cost is $0.02/kWh [39].    

Case 2:  Lean Burn with SCR

Case 2 incorporates lean burn with SCR. To avoid catalyst poisoning, desulphurization is required. The cost for this pretreatment will be assumed equal to producing medium-BTU gas from LFG, $1.20/MMBtu [39].  All other costs and efficiencies for Lean Burn with SCR are the same as Lean Burn without SCR, except for additional capital and O&M costs for the SCR after-treatment.  The additional capital and O&M costs are $0.018/kWh and $0.001/kWh, respectively[54].  

Case 3:  Microturbine

Case 3 estimates the levelized cost of building and operating a 300kW electricity generating plant using microturbine technology.  The 300kW size is assumed because of the smaller scale plants where microturbines are used.  Microturbines require low moisture fuel and so must pay additional pretreatment assumed to be equal to medium-Btu type fuel production at the rate of $1.20/MMBtu.  The microturbine’s assumed 21 percent efficiency is much lower than reciprocal engine efficiency, but this only has a small effect on cost since the LFG fuel itself is not a variable cost.   Microturbine plant capital costs are higher, $1800/kW, but maintenance is lower, $.018/kWh.  [39].  

Case 4:  HLFG with hydrogen produced off-site and delivered
Case 4 is a HLFG system with hydrogen produced off-site and delivered and stored on-site. An 800 kW HLFG system using 30% hydrogen by volume would use 130 kg of H2 per day.  Assuming a week of fuel would need to be stored, a 1000 kg system is reasonable.  In a study by Weinert and Lipman, the estimated cost to build a 1000 kg hydrogen refueling station would be $7.2/kg H2 [55].   That estimate includes hydrogen equipment, storage, compressor, additional equipment, installation costs, hydrogen delivery, electricity, and labor. See Appendix IV for more details on gaseous hydrogen production and storage costs. As with all of the HLFG lean burn Cases, an engine efficiency of 40% is assumed.  The additional costs of incorporating a 1000kg hydrogen station at the LFG plant will cost $0.057/kWh over the costs of Case 1. 

Case 5:  HLFG with on-site SMR-produced hydrogen
Case 5 is a HLFG system with hydrogen produced on-site from a SMR.  An engine efficiency of 40% is assumed.  The improved efficiency has a strong impact on the amount of hydrogen required, which affects hydrogen usage per day, reformer capacity, and storage costs.  Assuming an additional $600,000 in capital costs for a steam methane reformer system on top of the lean-burn engine plant, and a $0.01/kWh increase in O&M, total capital and O&M costs for the reformer plant are $2050/kW and $0.03/kWh, respectively. See Appendix IV for more details on gaseous hydrogen production and storage costs.

Case 6:  HLFG with on-site electrolyzer- produced hydrogen

Case 6 is a HLFG system with hydrogen produced on-site from an electrolyzer. According to the 2004 Braun study, a typical electrolyzer requires 60 Wh of electricity to produce 120 Btu of H2 gas [56].  This translates to a typical electrolyzer having an efficiency of about 60%.  Additional capital costs of an installed electrolyzer vary between $600-1200/kW. A HLFG power plant operating at 800 kW, that requires 5% hydrogen (by mass), requires 130 kg of H2/day, or 360 kWh electricity/hr.  Total additional capital for the reformer, additional equipment and installation sums to $500,000-$800,000.  The plant suffers about 40% reduction in net power production to produce electricity to operate the electrolyzer. See Appendix IV for more details on gaseous hydrogen production and storage costs.

Case 7:  HLFG with in-stream autothermal reformer

Case 7 is a HLFG system with hydrogen from part of the LFG fuel stream, similar to that proposed by TIAX. According to the TIAX report, IC engine gen-set and autothermal reformer capital costs are $500/kW and $300/kW respectively [6].  However for the purpose of providing an equal basis of comparison, this study will maintain that an IC gen set plant will cost $1300/kW [39], a factor of 2.6 greater than the TIAX estimate.  In addition, this study will assume that the reformer cost scales linearly at a factor of 2.6 as well.  The reformer capital cost is $780/kW of reformer syngas (Hydrogen+CO). For HLFG with 30% hydrogen by volume, hydrogen accounts for 10% of the energy content in the fuel.  Assuming an IC gen set efficiency of 40%, the reformer must produce hydrogen at a rate of 200 kW.  Total reformer costs are $156,000.  Unadjusted capital costs for the HLFG with autothermal reformer plant are $1495/kW.  The O&M costs are the same as the lean burn engine Case.

Calculating the Levelized Cost of Electricity (LCE)

LCE = Levelized Collection Costs + [Levelized Pre-treatment Costs] + Levelized Capital Costs + Levelized O&M Costs

LFG collection cost = ($0.90/Mmbtu) / (293.1 kWh/Mmbtu) / (Genset Efficiency)

Pre-treatment Costs = ($1.20/Mmbtu) / (293.1 kWh/Mmbtu) / (Genset Efficiency)

4.4
Results/Discussion

The baseline typical lean burn technology (case 1) is expected to produce about 2 g NOx/bhp-hr, with a total levelized cost of electricity of $0.055/kWh.  Lean burn with SCR achieves a 95% reduction in NOx (between 0.05 to 0.15 g/bhp-hr) at over a 50% increase in cost ($0.086/kWh).  For the same cost, the microturbine technology produces greater NOx reduction, producing 0.02 g/bhp-hr. All HLFG Cases lower NOx significantly, 0.032 to 0.10 g/bhp-hr, but the cost vary greatly, from $0.106/kWh for case 4, to $0.058/kWh for case 7, by far the least expensive option. The results are presented in table 4-3 below.

TABLE 4-3. Comparison results for LCE and NOx
	Case
	Engine Operation
	Pre-treatment

($/kWh
	Capital cost

($/kWh)
	O&M costs

($/kWh)
	LCE

 ($/kWh)
	Estimated NOx (g/bhp‑hr)

	1
	Lean burn
	0.009
	0.024
	0.022
	0.055
	~2.0

	2
	Lean burn with SCR
	0.021
	0.042
	0.023
	0.086
	0.05 to 0.15

	3
	Microturbine
	0.034
	0.034
	0.018
	0.086
	~0.02

	4
	Lean burn with off-site hydrogen production 
	0.008
	0.076
	0.022
	0.106
	0.032 to 0.10

	5
	Lean burn with on-site SM reformer 
	0.008
	0.048
	0.032
	0.088
	0.032 to 0.10

	6
	Lean burn with on-site Electrolysis
	0.008
	.052
	0.039
	0.100
	0.032 to 0.10

	7
	Lean burn with in-stream Autothermal reformer
	0.008
	0.028
	0.022
	0.058
	0.032 to 0.10


Case 1:  Lean Burn

Typical lean burn technology is expected to produce about 2 g NOx/bhp-hr [6].  LFG Collection costs are $0.009/kWh.  Results of NREL’s HOMER economic software produce adjusted capital and O&M costs of $.024/kWh and $0.022/kWh, respectively.  Total LCE cost is $0.055/kWh.  

Case 2:  Lean Burn with SCR

Total collection and pre-treatment of the LFG costs $.021/kWh. The additional capital and O&M costs for SCR are $0.018/kWh and $0.001/kWh, respectively[54].  Total LCE cost is $0.086/kWh, while producing between 0.05 to 0.15 g/bhp-hr NOx.  Lean burn with SCR achieves a 95% reduction in NOx for 56% increase in cost.  For the same cost, the microturbine technology (Case 3) produces greater reduction in NOx.

Case 3:  Microturbine

Total LCE cost for the microturbine plant is identical to Lean Burn with SCR, $0.086/kWh, but the microturbines achieve a substantially lower NOx level, about 0.02 g/bhp-hr[39].  Microturbines produce less NOx than any of the other technologies, 99% reduction of the Lean Burn NOx with a 56% increase in cost in comparison to Case 1.
Case 4:  HLFG with On-site H2 storage

All HLFG Cases produce NOx at the same rate, 0.032 to 0.10 g/bhp-hr.  For HLFG with on site H2 storage, the total LCE is $0.106/kWh.  This is the most expensive of the HLFG technologies.  The delivery of hydrogen and large amount of H2 storage is the source of the high cost.

Case 5:  HLFG with SM reformer

Total LCE cost for HLFG with reformer is $0.088/kWh.  Reformer costs and NG storage is less expensive than both HLFG with electrolyzer and HLFG with on-site H2 Storage.
Case 6:  HLFG with Electrolyzer

Total LCE cost for HLFG with electrolyzer is $0.100/kWh.  The large cost increase for the electrolyzer Case is significantly due to the reduction in net power.  

Case 7:  HLFG with Autothermal reformer

Total LCE cost for the HLFG with autothermal reformer scenario is $0.058/kWh.  This is by far the least expensive option for significant NOx reduction.  

5
Conclusions and Recommendations

In summary, the main findings from this study are as follows:

Producing biomethane and related products from LFG

· While there is significant stakeholder interest in producing biomethane or related products such as pipeline-quality gas, LNG, or CNG from LFG in California, there are significant regulatory, technological, and economic barriers.

· The cost of producing biomethane from LFG may be significantly higher than stated in previous studies if the removal of nitrogen, normally present in LFG, is taken into consideration.

· Although some states currently allow the use of existing natural gas pipelines for the distribution of LFG-derived pipeline-quality gas, there are major regulatory barriers to this practice in California.
Hydrogen as a vehicle fuel from LFG
· Because of the cost associated with transportation and storage of hydrogen, the distributed of nature California’s Landfills may make on-site hydrogen plants cost-competitive compared with other hydrogen production scenarios.

· Since no fuel cell vehicles are yet truly commercial, early hydrogen fueling stations will likely be demonstration-scale and will only be economically viable if they are co-producing electricity. 

· While direct reforming of LFG to hydrogen allows a higher hydrogen yield and a higher fossil-fuel CO2 offset than a LFGTE project using electrolysis to produce hydrogen, the cost is sensitive to the cost of the intermediary step of biomethane production.

· The major economic uncertainty stems from the cost of upgrading the LFG to biomethane and the main technical uncertainties stem from the lack of long-term performance data for the fuel reformer and the pre and post-process clean up devices. 

· In 2005 the ultimate hydrogen potential from all California LFG would be equivalent to about 315 million gallons of gasoline per year, or about 2% of California’s current gasoline usage. If 300 MW of electricity were also produced the remaining LFG could yield sufficient hydrogen to displace approximately 175 millions of gasoline.

· The combined hydrogen potential from the LFG of California’s 15 largest landfills is equivalent to about 120 million gallons of gasoline annually.
Hydrogen-enrichment of landfill gas to reduce NOx

· Hydrogen-enriched LFG (HLFG) is a technically feasible technology for lowering NOx emissions in IC reciprocating engines and may be one solution to meet current and expected future regulatory levels.

· If the hydrogen needed can be produced directly via the LFG fuel stream, HLFG has the potential to yield a lover levelized cost of electricity than other low-NOx alternatives strategies such as microturbine technology selective catalytic reduction (SCR) after-treatment.

Competition for Renewable Energy Resources 

If the goal is to introduce more renewable energy into the energy mix it is be important to differentiae between “new” and “existing” renewables. For example, if California wants to produce “renewable” hydrogen to add to its Renewable Portfolio Standard (RPS) the hydrogen can not be produced from LFG already used for electricity generation. 
Cautionary Statement 

Aside from the levelized cost of electricity and the other outputs from the model results presented, there are other important considerations to investigate before deciding that any one scenario or case as presented is truly the best fit for an application.  An example of one such issue is the longevity of the equipment used and overall reliability of the systems.  Hydrogen from LFG for either application in the various scenarios as presented above is not currently practiced.  Certain assumptions were made in the analysis regarding reliability and O&M costs which give the impression that longevity and reliability are at a commercial stage.  While natural gas derived hydrogen production systems currently are at an advanced commercial stage these systems are using line grade natural gas that do not have the common compounds found in LFG such as siloxanes, vinyl chloride and/or others.  Several operators running pre and post processing on LFGTE projects have found that these compounds and degradation of the systems are increasing the O&M costs for their emissions controls.  It is expected that any system directly using the LFG to directly produce hydrogen may run into similar issues with cleanup system or reformer degradation.  Other issues may also present themselves when actual operational systems are built for either application. While the authors have tried to take into account the current state of the technology the results presented do not necessarily reflect the actual costs one may encounter when physical development takes place. 

Recommendations

Because of the major technical, economic and regulatory barriers outlined in this report, further investigation of producing biomethane and related products from LFG is not recommended at this time. 

There is however potential for hydrogen-enrichment as a NOx reduction strategy in LFG-fired reciprocating engines, especially if the hydrogen is produced on-site form the fuel stream. Also recent development of hydrogen fuel cell vehicle technologies will require investigation of renewable-based hydrogen sources such as LFG.  Thus further study on the technical and economic issues of converting LFG to hydrogen is recommended. A Technical Advisory Committee should be formed to guide and coordinate the efforts of landfill operators, funding and regulatory agencies, and other stakeholders on the best use of LFG as a renewable energy source. Issues to be focused on by this committee should include:
· Implementation of a demonstration-scale LFG-to-hydrogen project to produce vehicle fuel at a specific landfill site. This would be a chance to explore the viability of direct chemical conversion. This location should be on the “hydrogen highway” and include co-production of electricity. 
· A proof-of-concept demonstration of HLFG as a NOx reduction strategy in internal combustion engines to augment the current work by TIAX and UC Davis. This could take place full-scale at a selected landfill site and should incorporate a system to produce hydrogen from the fuel stream. Investigation of the path to market for this technology should also be included.
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Abstract

As a part of Phase I of the research collaboration between The California Integrated Waste Management Board (CIWMB), UC Davis Institute of Transportation Studies (ITS), and the California Biomass Collaborative, a workshop was conducted on "The Role of Hydrogen in Landfill Gas Utilization" on Wednesday, 18 January 2006 at the CalEPA Building, 1001 I St., Sacramento, CA.  The workshop, attended by fifty-six people from academia, industry, the environmental community, and government, was intended to provide stakeholder input into the direction of research on this issue.

The key research directions as identified by the stake holders were: 

To investigate the opportunities for pilot-scale landfill gas (LFG) to hydrogen production projects integrating with California Governor Schwarzenegger’s “Hydrogen Highway” Network blueprint plan for hydrogen fueling stations. These pilot LFG-to-hydrogen stations may utilize co-production, including electricity and possibly liquefied natural gas (LNG) borrowing from the “Hydrogen Power Park” idea originated at Humboldt-State.

To investigate the technical and economic opportunities for hydrogen-enrichment of landfill gas (HLFG) to lower emissions and utilize existing high and low Btu LFG, and determine the market for this technology in California, the US, and beyond. 

To draft basic well-to-pump life-cycle scenarios, to be used as an analysis and decision-making tool for comparing the following options for LFG utilization: flaring, electricity production, production of LNG, and the production of hydrogen for vehicle fuel.

To investigate the technological, economic, market and regulatory issues associated with producing LNG from LFG in California.
Disclaimer

The statements and conclusions in this report are those of the authors and not necessarily those of the California Integrated Waste Management Board or the University of California at Davis. The report contains some information obtained from companies that could not be directly verified through third-party sources. The mention of commercial products, their source, or their use in connection with the material reported herein is not to be construed as actual or implied endorsement of such products.

Introduction

As a part of Phase I of the research collaboration between The California Integrated Waste Management Board (CIWMB), UC Davis Institute of Transportation Studies (ITS), and the California Biomass Collaborative, a workshop was conducted on "The Role of Hydrogen in Landfill Gas Utilization" on Wednesday, 18 January 2006 at the CalEPA Building, 1001 I St., Sacramento, CA.  The workshop was intended to provide stakeholder input into the direction of research on this issue. 
Workshop Summary

Rosario Marin, CIWMB chairperson, opened the workshop which included presentations by agencies and industries on current perspectives, technologies, and policies, with breakout sessions allowing direct comment and input. Fifty-six people from academia, industry, the environmental community, and government attended the workshop.

The findings from this workshop (see Conclusions and Recommendations section) will be used in defining the direction for future research, development, and demonstration projects focused on the role hydrogen production in landfill gas utilization for the CIWMB.

Workshop Presentations

Seven fifteen-minute presentations were given in the morning on the following topics:
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These presentations, break-out session results slides, attendee contact list, draft paper “Initial Estimates of Hydrogen Production Potential from California Landfill Gas”, and other workshop materials can be found at: http://www.its.ucdavis.edu/events/outreachevents/.
Breakout sessions results summary

Three one-hour break-out sessions were held to discuss, synthesize, and draft research questions on 1) hydrogen production, 2) hydrogen uses, and 3) hydrogen enrichment.  The following are the summary of results from those breakouts:

1) Hydrogen Production (Session led by Dave Vernon-UC Davis)

Issues Considered

· Hydrogen Markets: Location and Timing

· Clean-up issues regarding energy, economics, emissions, waste, and financing.
· The technological and economic issues of LFG to hydrogen vs. methane to hydrogen.
· Regulations issues regarding landfill gas-to-energy (LFGTE) projects.

· The effects on policy from hydrogen production, recycling, and emerging technologies.

· Scenarios and case studies to compare full pathway for making hydrogen from different compositions of LFG for Energy, Economics, Emissions, and hydrogen output.

· Comparisons to baselines of electricity production and flaring.
· Models to allow analysis of future changes in hydrogen production technologies (efficiency, contaminant tolerances), regulations (emissions, product sale, renewable-energy credits), product demand and price.
Research Questions Drafted by Breakout Session
· What are the effects of different compositions of LFG and different contaminants on clean-up and hydrogen production choices?
· What is the current state-of-the-art of hydrogen production clean-up technologies? 

· What are the current and potential markets for hydrogen?  How much demand at what price?

· What are the current policies regarding emissions and sales of electricity, natural gas (including pipeline, liquefied, and compressed), or hydrogen?

2) Hydrogen Uses (Session led by Anthony Eggert-UC Davis)
Issues considered

· The current and future market opportunities for LFG-sourced hydrogen for vehicles, power production, and industry.

· The role of LFG-to-hydrogen in the scope of future hydrogen infrastructure.  

Research Questions Drafted by Breakout Session

· What is the value of hydrogen at the land-fill site considering markets, criteria pollution, and CO2 credits?

· What is the value of other uses for LFG, i.e. the opportunity costs?

· What makes LFG-hydrogen attractive for (e.g. barriers for other uses)?
· What are the regulatory issues with respect to the use of hydrogen from LFG for vehicle refueling?

· What are the point emissions and Well-to-Wheels (WTW) emissions and how might these be affected by regulation.
· How does LFG-hydrogen fit into larger retail infrastructure?

· How big is the technical resource, the economically developable resource?
· What is the magnitude/potential of LFG for various uses relative to the total potential?

· What are the hydrogen specifications for various uses?

· What are the opportunities of co-production of hydrogen, electricity, and LNG?
· What are some early demonstration projects that could take advantage of LFG-hydrogen
3) Hydrogen Enrichment (Session Led by Marshall Miller-UC Davis)

Issues considered

· The need for performance and reliability, data using HLFG.

· Regulatory drivers and acceptance for HLFG of LFGTE projects.

· Life-cycle analyses of alternatives with respect to hydrogen supply and process.
Research Questions Drafted by Breakout Session

· What is the practical upper limit on CO2 concentration using HLFG?

· How can the low-Btu LFG with air entrainment benefit from HLFG?

· What are the effects of contaminants such as Siloxane, non-methane organic compounds (NMOC), and H2S?

· How will real full-scale HLFG plants operate?

· Data for emissions, power, and efficiency
· Associated life-cycle benefits and costs

· Cost comparison of HLFG with NOx and reduction catalysts

· Cost comparison of on and off-site hydrogen production alternatives.

Discussion 

Hydrogen Production from LFG
Traditional Well-to-Wheels (WTW) life-cycle analysis includes the associated costs and benefits required to process a fuel feedstock from its extraction through its final use phase, whereas well-to-pump (WTP) analysis stops at the fuel dispensing site. As outlined demonstrated in Dave Vernon’s presentation, technologies used to produce methane from LFG Landfill gas are well-established as are those to produce methane to hydrogen. Since little research has taken place on the overall process from LFG to hydrogen, there is no life-cycle data to evaluate the most efficient WTP pathway for LFG-hydrogen, making it difficult to predict overall benefits and cost. 

Hydrogen Pricing

Since industrial hydrogen production is well-established, the low gate cost (cost at the plant gate), currently $0.90-$1.50 per kg, would make it hard for LFG-based hydrogen to compete. Hydrogen from LFG for vehicle use, however, must only compete with distributed hydrogen, currently $4.00-$6.00 per kg, so the distributed nature of landfills, cutting out the distribution costs from production to dispensing site ($1.00-$4.00/kg), may offer a significant advantage.

Co-production of hydrogen and electricity
With low initial vehicle hydrogen demand, pilot LFG-hydrogen projects will need to co-produce electricity and other products such as LNG to be viable, thus the Power-park idea from the Humboldt State University team was well-received.  Stakeholders voiced concerns on the assumptions used, questioning the team’s capitol cost estimates and projected markets for hydrogen and purified LFG. This project also requires the use of current NG pipelines (PNG) to wheel purified LFG and since utilities do not currently accept any LFG into the PNG grid, this would require the regulations for PNG to be revisited and amended.

LFG-Hydrogen for vehicles:

California Governor Arnold Schwarzenegger’s California Hydrogen Highway Network outlines a blueprint plan for 50 hydrogen vehicle fueling stations in phase I, ramping up to 250 stations by phase III. According to Anthony Eggert’s “Hydrogen Pathways” presentation, the demand for vehicle hydrogen will be very low for the next decade or two.  In California there are currently 63 hydrogen fuel-cell cars on the road today and 16 stations, compared to 23 million gasoline cars and 10,000 stations.   If, as Eggert points out, hydrogen stations should be built, “A day before enough cars drive up and pay full price for the fuel,” then early LFG-to-hydrogen vehicle fueling stations would be only pilot-scale, incorporating co-production of electricity, and probably only viable with subsidies for capital expenses.

The paper “Initial Estimates of Hydrogen Production Potential from California Landfill Gas” included as part of the workshop materials, shows the “renewable” hydrogen potential from California’s LFG resources is equivalent to 315 million gallons of gasoline (for 2005) or about 2% of California’s gasoline usage and could fuel between 1.3 and 2 million fuel cell vehicles. This far outweighs the demand during the Hydrogen Highway blueprint through phase III. The Hydrogen Highway fueling station siting scenario outlined by Mike Nicholas in the Hydrogen Pathways presentation suggested with the proper incentives pilot LFG-to-hydrogen fueling stations may be viable since some landfill locations coincide with proposed stations. 

LNG production from LFG
There is currently a large demand for LNG in California but no local production, thus producing LNG from LFG will add value and has a potential captive market.  Thus presenter John Benneman posed the question: Since there is clearly a current demand (unlike vehicle hydrogen) and no local producer, why not produce LNG from LFG? It was not made clear, however, how the economics of LFG-derived LNG compare with other alternatives such as electricity and hydrogen production.

New LFGTE projects

The California Integrated Waste Management Board (CIWMB) is responsible for over 300 active and closed landfills in California. Of these, 51 incorporate landfill gas-to-energy (LFGTE) projects for a total capacity of 210 MWe, or approximately 0.7% of California’s average energy demand. Twenty-five more LFGTE projects are planned for an additional 40 MWe and there is currently potential for another 65 MWe from other landfills. Assuming no change in per-capita waste disposal rates landfill gas production rates are expected to increase by over 20% by 2017, providing even more potential for LFGTE projects. 

With an emphasis on electricity from renewable sources, there is clearly an interest to open new LFGTE projects but there are difficulties associated with the utilization of this gas  which is currently flared, since:  

· Older landfills often produce lower-btu gas due to air entrainment in the extraction process which can not be utilized in traditional (low-cost) internal combustion (IC) reciprocating engine-based generators.

· Many potential new LFGTE projects are either prohibited by the capital cost of gas clean-up, processing, and emission controls equipment or not economically viable under current electricity-market conditions.

Regulatory  Issues
One important deterrent to new LFGTE projects comes from potential future emission regulations such as senate bill Senate Bill 1298 which requires that the Best Available Control Technology (BACT) levels of NOx and CO for distributed generation units must be reduced to the level of central station power plants equipped with BACT at the earliest practicable date. These regulations are seen as a moving target to potential LFGTE operators and thus are another unknown in the economic analysis. 

Hydrogen Enrichment of LFG
Hydrogen-enrichment of natural gas (HCNG) is a technology currently being used to lower NOx in bus engines and may be viable for LFG-fueled engines, such as those at current and future LFGTE projects. In a strategy analogous to HCNG, hydrogen enrichment of landfill gas (HLFG) would allow for previously unattainably high air/fuel ratios in LFG engines, resulting in significant reductions in NOx emissions and lower fuel consumption, while simultaneously allowing proper oxidization of other compounds. Although extensive work has taken place in the field of HCNG, currently there is little analytical work exploring the kinetic mechanisms or test data documenting the effects of hydrogen enrichment in IC engines burning LFG.

Stakeholders identified HLFG as the most interesting near-term hydrogen-related technology for better utilizing LFG, but recognized that key questions, given in the breakout session, needed to be answered before commercialization could take place.

Conclusions/Recommendations

Based on the input from stakeholders at this workshop, key areas regarding the role of hydrogen in the utilization of landfill gas were identified. Those suggested for further investigation were:

1. Hydrogen production from LFG for vehicle use.
Investigate the opportunities for pilot-scale LFG-hydrogen production for vehicle fuel, integrating with the current hydrogen hi-way scenario presented by UC Davis. These stations will probably utilize co-production, possibly borrowing from Humboldt-State’s power park design.

2. Production of LNG from LFG.
Investigate the technological, economic, market, and regulatory issues associated with producing LNG from LFG in California.
3. Well-to-pump scenarios.
Draft basic well-to-pump life-cycle scenarios, to be used as an analysis and decision-making tool for comparing the following options for LFG Utilization: flaring, electricity production, production of LNG, and the production of hydrogen for vehicle fuel

4. Hydrogen-Enrichment of LFG.
Determine the market for HLFG in California, the US, and beyond, investigate technical and economic opportunities with this technology for lowering emissions and utilizing existing high and low Btu LFG, and address the following questions:

· What is the practical upper limit on CO2 concentration for combustion using HLFG?

· Can the low-Btu LFG with air entrainment benefit from HLFG?
· What is the effect of concentration of CO2 on CO and hydrocarbon emissions?
· How are engine reliability, durability, and integrity affected?

· What are the regulatory drivers?
· How will real full-scale HLFG plants operate?
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Appendix II
LFG Background

Waste to LFG process

Organic matter in landfilled waste is subject to microbial decomposition the amount of which depends on the characteristics of the waste, moisture content in the landfill, pH, degree of air intrusion, and temperature or climate. The period of decomposition, which can last from 30 to over 100 years, is generally composed of four phases; aerobic, anaerobic acid, accelerated methane production, and the humic phases. The anaerobic activities convert solid carbon in biodegradable substrates to methane (CH4) and carbon dioxide (CO2) (See Figure A2-1).

Initially, there is some amount of oxygen available within pores and air-pockets among newly buried waste. Aerobic organisms quickly consume the available oxygen and some organic material generating CO2, H2O, cell biomass, and heat. After a matter of days, or weeks, the oxygen is consumed and anaerobic organisms become active.

The anaerobic acid phase is characterized by rapid polymer hydrolysis and carboxylic acid accumulation. Cellulose and hemicellulose decomposition begins and carbon dioxide and some hydrogen gas are produced. As the organic acids degrade and pH increases, the methane forming bacteria become active and methane and carbon dioxide are the main gas phase products. – the accelerated methane production phase.

As the substrate becomes more resistant to anaerobic degradation, microbial activity (and methane production) slows. This is sometimes referred to as the decelerated methane production and/or humic phase. Fractures in the landfill cover may allow oxygenated water or air to enter which re-inititates some aerobic decomposition and further decreases anaerobic activity and methane production [57], [58], [59].
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FIGURE A2-1. Schematic showing gas composition within the landfill during the decomposition phases (logarithmic time scale is approximate)

Adapted from [59]
LFG Production Model

Estimating annual landfill gas production is based on waste in place and waste additions over time along with assumptions regarding the waste composition or biodegradability, gas generation rate, and gas composition. 
The model used for LFG production is essentially the LandGEM model developed by USEPA [60]. The model assumes a first order decay of waste beginning the first year after placement.  The gas generation rate, gn (ft3/y or m3 y-1), as a function of time for waste placed in the landfill in any year n is given by equation [1];


gn = Wn L e-kt
[1]


Wn = quantity of waste placed in year n (wet US tons or Mg (megagrams or metric ton))


L = methane generation potential factor (ft3/ton-y or m3 Mg-1 y-1)


k = rate constant (y-1)


t = time from base year (y)

Total gas generation, gt (ft3/y or m3 y-1), is the sum over all years up to the current year as shown by equation [2];
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For a conventional landfill, the model estimates were based on parameters from USEPA AP-42 [61] where k = 0.04 y-1 and L = 128 ft3 ton-1 y-1. Using these parameters, the model yields an ultimate methane generation potential of about 3,200 ft3/ton over 100 years (Figure A2-2). 
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FIGURE A2-2. Landfill methane model output for 1 ton of waste

Landfill gas generation for the period 2005 – 2025 was estimated on a statewide basis for the 1 billion tons of waste landfilled since 1970 plus predicted future disposal. Disposal post-1990 contributes most of the landfill gas by 2025 [17]. For 2005, the model estimates California LFG methane production is about 85 billion standard cubic feet per year (BCF y-1). Total LFG volume (including the CO2) is about 170 BCF y-1. The methane production from landfills in the state is about 3% of current natural gas consumption (2,572 BCF/y in 2004) [17].
Current Wastestream Resource Potential

In 2005, 42 million tons of MSW and 4.7 million tons of alternative daily cover (ADC) were buried in California landfills (3 million tons of the ADC was green waste)[11]. Of this 46.7 million tons of material disposed in 2005, some 26.7 million tons are of biological origin (biogenic), 5.9 million tons are plastics and textiles (the latter assumed to be all synthetic textiles), and the remaining 14.1 million tons are mineral and other inorganic material (glass, metal, non-wood construction/demolition waste and inorganic ADC) [11]
Primary or chemical energy of the disposed stream is about 428 PJ (about 0.41 Quad)
 which is equivalent to the energy in 70 million barrels of crude oil (see Table A2-1). Alternatively, it is estimated that the biomass in the landfill disposal stream (23.7 million tons plus 3 million tons of green ADC) could support about 1800 MWe of renewable electricity generation with another 940 MWe coming from the plastics and textiles components (Table A2-1).
LFG consumption and energy efficiencies

LFG to electricity technologies have net conversion efficiencies ranging from about 20% to 40% (HHV basis) [heat rates of 17000 – 8540 Btu/kWh]. At the low end of this efficiency range are microturbines and small reciprocating engine-generators. The highest conversion efficiency corresponds to a very large reciprocating engine (1.5 MW or larger) or a gas turbine-combined-cycle system.
 Methane content of LFG typically ranges between 45 and 55%. Often, extracted LFG has a methane content lower than 45% because of dilution and oxidation by air that intrudes into landfill from negative pressure induced by the gas extraction system. In these cases, the low energy content gas (300 to 380 Btu/scf) is difficult to burn in reciprocating engines and represents a lower limit for economic LFG to energy conversion (microturbines can operate on low-energy gas to about 300 Btu/scf)[62]. 

TABLE A2-1 California annual disposed waste characterization (wet basis) and potential energy. * 
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a) 2005 disposal amount and 2003 California waste stream composite data from: (2004). "Statewide waste characterization study." Cascadia Consulting Group's report to CIWMB.  Publication #340-04-005  (http://www.ciwmb.ca.gov/Publications/default.asp?pubid=1097), Accessed 1 Sept., 2005

b) Adapted from Tchobanaglous, G., Theisen, H. and Vigil, S.(1993),"Integrated Solid Waste Management", Chapter 4, McGraw-Hill, New York & Themelis, N. J., Kim, Y. H., and Brady, M. H. (2002). "Energy recovery from New York City municipal solid wastes." Waste Management & Research, 20(3), 223-233.

c) PJ = 10^15 J (petajoule). 1000 PJ are approximately equal to 1 Quad (1 Q = 1015 Btu = 1,055 PJ)

d) Electricity calculations assume thermal conversion means for low moisture stream (paper/cardboard, other organics, C&D Lumber, all plastics and textiles) and biological means (anaerobic digestion) for high moisture components (food and green waste).  Energy efficiency of conversion of matter to electricity by thermal means is assumed to be 20%. Biomethane potentials of 0.29 and 0.14 g CH4/g VS  for food and leaves/grass mixture respectively are assumed for biogas production which is converted at 30% thermal efficiency in reciprocating engines.  Capacity factor of 1 is used.

e). Includes 3.0 million tons of green ADC and 1.6 million tons of mineral ADC. See; http://www.ciwmb.ca.gov/lgcentral/DRS/Reports/Statewide/ADCMatlTyp.asp
* adapted from Williams, R.B. (2004). [63]

Figure A2-3 displays a map of fuel gas consumption rate (scfm/MW) vs. methane content for several conversion efficiencies.  The shaded area represents the limits for conventional LFG to energy (limits are due to methane concentration of raw LFG, and prime mover efficiency envelope). The large red circle locates the estimated average California LFG operating point.
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FIGURE A2-3. Map of fuel gas consumption rate vs. methane content for several conversion efficiencies (Shaded area denotes conventional LFG to energy operations).

Using LFG consumption rates from the map in Figure 2-14, the total LFG consumed in electricity production is estimated to be 61 BCF/y. Direct use and vehicle fuel applications consume another 10 BCF/y resulting in about 70 BCF/y of total LFG use.

Based on total landfill methane production of 85 BCF (Figure 2-9) and 67% recoverable LFG factor, the estimated total recoverable amount of LFG is about 113 BCF in 2005. This leaves about 40 - 42 BCF/y of unused recoverable LFG (Table A2-1). The unused recoverable LFG amount (presumably flared or vented) represents about 200 MW of electrical capacity, using the California ‘average’ point on the operating map in Figure 2-rates. 
Appendix III
 Strategies to reduce engine-out NOx 

Lean Burn Combustion in IC reciprocating engines

The emissions of unburned hydrocarbon (HC) and carbon monoxide (CO) emissions and NOx emissions are related.  Typically, higher combustion temperatures lower the emissions of HC and CO, but produce higher emissions of NOx.  In order to reduce NOx production several alternatives are available.  Lowering combustion temperature reduces the formation of thermal NOx.  The decrease in temperature is typically achieved either by leaning the fuel-air mixture (lowering the equivalence ratio) to include more air than needed to completely burn the fuel, or by recirculating exhaust gas to dilute the mixture (see figure A3-1).  Under very lean conditions, the relatively slow flame speeds of methane can lead to quenching before all of the fuel or combustion intermediates are oxidized, leading to increasing CO and hydrocarbon emissions and eventual misfire. Very lean combustion is required (equivalence ratio less than 0.5) [6] without instability to achieve engine-out NOx at very low levels.
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FIGURE A3-1  NO, CO, and HC concentrations vs. equivalence ratio, adapted from [48]
One method to produce successful lean-burn combustion is to increase the turbulence in the cylinder.  With mechanical vortex generators in the intake and/or piston, increased thermal and mass diffusion will occur, extending the lean limit for stable combustion.  However, increased turbulence also increases the chances that ignition spark will be quenched, resulting in misfiring.  Therefore high-energy ignition sources are required to generate the initial flame.  The high-energy ignition systems are higher cost, and have higher maintenance, and also tend to increase NOx.  This approach works for moderate lean-burn, but not for ultra-lean operation (with near zero NOx emissions). 

Another approach is to use two combustion chambers.  The first chamber, called the pre-chamber, ignites a small stoichiometric or rich mixture.  The pre-chamber gases are injected into the larger lean mix of fuel in the main chamber.  The hot injection of gases serves as an ignition source and turbulence generator, producing a fast burn of the lean charge.  Pre-chamber systems can achieve equivalence ratio as low as 0.5 with stable operation, but because of local rich zones NOx reduction is less than expected for super-lean operation [48]. For example, the NOx level was measured from a landfill gas-fired 3 MW Caterpillar engine with prechamber.  The engine was 36.7% efficient while emitting between 0.4 and 0.6 g NOx/bhp-hr [6].  While a reduction from 2g/bhp-hr to 0.4 g/bhp-hr is significant, this technology still emits too much NOx to meet the proposed standards.

Combustion Turbines

Combustion gas turbines, essentially ground-based aircraft engines, are an appropriate technology for only the largest LFG sites; plant sizes of 3.5 MW and larger. Typical total installed cost for a 3.5 MW plant ranges from $1000-1200/kW.  Operation and maintenance cost, exclusive of LFG recovery cost, is about 1.4 to 1.8 cents per kWh.  Total cost of power production assuming retirement of the capital cost over 15 years, an interest rate of 10 percent, would be between 3.4 and 4.2 cents per kWh [39].

In natural gas applications, the advantage of combustion turbines over reciprocating engines is their lower NOx emissions and lower operational/maintenance costs.  However reciprocating engines are still preferred among many LFGTE operators because of their durability, higher efficiency, and lower levelized cost particularly in smaller applications.  The higher heat rate and higher gas pressure requirements of combustion turbines result in lower station efficiency. A reciprocating engine-based plant requires only about 7 percent of the gross power for station operation, where a combustion turbine requires about 15 percent [39]. Turbines are also less tolerant to contaminants in LFG such as sulfur and siloxanes.

Combustion turbines have employed various technologies to reduce NOx emission rates, such as:  water injection, steam injection, selective catalytic reduction (SCR), or dry low- NOx burner technology.  So far, none of these technologies have been used in a LFG combustion turbine fired plant due to operational concerns. In applications without control schemes, the dilute nature of LFG typically emits less NOx then natural gas fired systems [39].
Microturbines

Microturbines are a recently commercially available technology for power generation.  The microturbine is a smaller version of the combustion turbine with the largest available a 75kW unit from Honeywell.  Air and fuel are mixed in a combustor at high pressure and after combusting, the hot gas is sent through a turbine that is connected to a generator where electricity is produced.  The microturbine differs from a traditional combustion turbine by being a smaller unit and the turbine spins at a much higher rate.  The microturbine has a much better power-to-weight ratio than the reciprocating engine, but have a higher capital cost per kW and typically convert gas to energy with a lower efficiency (17-25 %).  
Microturbines have demonstrated engine-out NOx emissions less than one-tenth those of the best performing reciprocating engines. For example, NOx emissions for microturbines fired on LFG have been demonstrated to be less than 0.015 g/hp-hr.

LFG collection can result in air entrainment further diluting the mixture and causing problems in combustion processes.  This means that LFG with a high CO2 fraction, more than 50% CO2, or with significant air entrainment may not burn completely in a standard IC engine due to engine misfiring or quenching of the mixture in the engine cylinder.  Microturbines are the only technology that can operate on very low methane content LFG, perhaps as low as 30 percent.  Thus microturbines are often employed at small landfills and at old landfills where LFG quality and quantity does not support more traditional LFG electric power generation technologies [39].

Aftertreatment Strategies to reduce NOx
Another alternative to reduce NOx emissions in IC reciprocating engines is by after-treatment.  Conventional three-way-catalyst technologies only operate near stoichiometric (equivalence ratio=1) and thus are not suitable for lean-burn LFG engines. Selective non-catalytic reduction (SNCR), and selective catalytic reduction (SCR), however, can substantially reduce the NOx emissions in lean-burn applications. 

Selective Non-catalytic Reduction

Selective non-catalytic reduction (SNCR) is the process of injecting a nitrogenous compound into the exhaust gases.  The nitrous compound reacts with NO concentrations in the exhaust to form N2 and O2.  The overall chemical reaction is: 

(NH2)2CO + 2 NO + l/2 O2  ( 1.5 N2 + CO2 + 2 H20

In this equation Urea is used as the nitrogenous compound.  The process operates between 760 and 1200 C, with a residence time of 0.3 seconds.  Chemical kinetics suggest that NOx can be reduced as much as 90%.  However, reductions of 50-75% are more typical.  The reason for this is by-product emissions (referred to as ammonia slip) and NOx reductions are both controlled by exhaust temperature.  Significant levels of ammonia slip would be produced if exhaust temperatures were held at peak NO reduction temperature (about 920 C).  Typically SNCR systems will operate in the higher part of the allowable temperature range (1000-1200 C) to minimize ammonia slip while still greatly reducing NOx.

SNCR is an example of a relatively inexpensive technology that is widely used in municipal waste and biomass combustors.  SNCR is able to reduce NOx by 25-60%, where CARB BACT goals are 95% and greater.  SNCR will not be considered in this study because the NOx reduction is not great enough. Table A3-2 shows four example plants that use SNCR to reduce NOx emissions.  

TABLE A3-2  SNCR NOx reduction and ammonia slip, adapted from Pickens 1996 [64]
	Company/ Location
	Unit Type
	Size

MMBtu/h
	NOx base (ppm)
	Reduction

(%)
	Ammonia slip (ppm)

	New Hanover County,

  NC, USA
	Volund MWC
	108
	300
	60
	15

	Hamm, Germany
	Moving Grate
	528
	170
	41
	5

	SEMASS, MA USA
	Riley Stoker
	375
	220
	50
	20

	Zuchwil, Switzerland
	Moving Grate Incinerator
	121
	200
	68
	20


Selective catalytic reduction

Selective catalytic reduction (SCR) is the process of injecting ammonia as exhaust gases pass through a catalyst bed.  SCR is the most effective commercially available after-treatment technology for NOx reduction.  It is consistently able to achieve greater than 80 percent NOx reduction, however the disadvantages are a narrow temperature window and higher cost.

Since SCR reactions must occur within a much lower temperature range (290 to 540 C) compared to SNCR, the catalyst must be installed on the cold-side after gas cleaning.  A reheating stage may be added before the SCR stage to ensure gas temperature is within the SCR operating window.  The high cost of the catalyst, the installation of a desulfurization scrubber and pressure-drop penalties make SCR an expensive option.  Periodic catalyst replacement and disposal of hazardous spent catalyst make SCR O&M expensive.

Although catalysts are being developed to lower costs, SCR is currently expensive to install and operate, vulnerable to poisoning from sulfur and chlorine in LFG and catalysts can be blinded by siloxane contaminants [65]. Despite these drawbacks, small-scale plants utilizing SCR are being constructed in Europe and Asia. 

Appendix IV
Inputs from SMR and electrolysis
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Source: National Academy of Sciences 2004 [45]
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Appendix V
Gaseous hydrogen production and storage costs.
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FIGURE A5-1  Summary of Gaseous Hydrogen Storage Costs, adapted from Weiner et. al. 2006 [55] 
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FIGURE A5-2  Summary of Reformer without Purification Cost Estimates gathered from Literature and Industry, adapted from Weinert, et al 2006 [66].  Production volume values are given in units per year.
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FIGURE A5-7  Electrolyzer Cost Estimates, as adapted from Weiner et. al. 2006 [66].
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Case 4: LFG Capture-LFGTE
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� Assumes 67% LFG recovery and 30% conversion efficiency (HHV basis) and capacity factor of 1


� Cost of electricity (COE) was taken to be the cost of electricity produced from a typical LFGTE project incorporating conventional IC engine technology, estimated by SBS engineers study to be  to 0.055 $/kW-h.


� Levelized cost of  hydrogen (LCH2).


� Fossil-Fuel based CO2 (FFCO2) offset was calculated from figures based on from National Academy of Sciences report “The Hydrogen Economy: Opportunities, Costs, Barriers, and R&D Needs”.


� These results assumed a hydrogen plant capacity factor of 90% and that levelized cost of hydrogen would rise as capacity factor falls.





� Levelized cost of electricity (LCE) refers to the amaturized cost of electricity over the life of the project. Oxides of nitrogen (NOx) are measured in grams of NOx produced per power output of the engine (g/bhp-hr).


� For 217 landfills with existing or potential landfill gas to energy recovery.


� PJ = 1015 J (petajoule). 1000 PJ are approximately equal to 1 Quad (1 Q = 1015 Btu = 1,055 PJ)


� Electricity consumption in California is ~ 275 TWh y-1 and renewable electricity accounts for ~ 29,000 GWh y-1  Source: California Energy Commission (� HYPERLINK "http://www.energy.ca.gov/electricity/gross_system_power.html" ��http://www.energy.ca.gov/electricity/gross_system_power.html�).  The high energy potential relative to capacity is due to the high capacity factors of biomass generating facilities.


� � HYPERLINK "http://energy.ca.gov/electricity/gross_system_power.html%20%20" ��http://energy.ca.gov/electricity/gross_system_power.html � To the extent that plastics made from petroleum or tires are used in conversion to energy, that portion of the energy produced would not be considered renewable.


� This analysis applies only to the current waste stream going to landfill (including green ADC).  CIWMB estimates that approximately 8 million tons of MSW material go to compost, or solid fuel combustion facilities annually and only ~31% (4.8 million tons/y) of waste paper is diverted ((1997), � HYPERLINK "http://www.ciwmb.ca.gov/Paper/" ��http://www.ciwmb.ca.gov/Paper/� Accessed October, 2003)  The amount of urban wood waste or C&D lumber estimated to be currently consumed in power production facilities is 1. 5 million t y-1. 


� If disposal grows with population (~1.4 % y-1 decreasing to ~ 1% y-1), then remaining capacity is 18 to 32 years.  Rosario Marin, Former Chair of CIWMB indicated at a legislative hearing for AB 1090, 16 November, 2005, that permitted landfill capacity is about 35 years but only 18 years for currently active (or built) landfills.


� The mid-line of the PPIC population projection is essentially that given by State of California, Department of Finance, (2004). Population Projections by Race/Ethnicity, Gender and Age for California and Its Counties 2000-2050, Sacramento, California, May 2004.  The California DoF projects population growth rate of about 1.4%/year in the near term decreasing to about 0.6%/year by 2050.


� Model estimates based on first order decay of waste using USEPA AP-42 parameters (methane generation potential = 100 m3 Mg-1, methane generation rate constant k = 0.04 y-1) for disposal post-1970. Gross electric capacity based on total methane generation, 30% methane conversion efficiency, and 85% capacity factor.  Potential electric capacity assumes 67% methane recovery (recovered methane), 30% electrical conversion efficiency, and capacity factor of 1.  Hydrogen production potential assumes 70% efficiency (HHV) of raw gas to hydrogen using LFG clean-up system coupled with steam reforming of methane. MSW disposal assumes constant per-capita disposal with a population growth rate of 1.3% y-1 in 2006 decreasing to 1% y-1 by 2025.  Actual population data used for period 1970-2004, actual waste disposal data used for period 1990-2004.  Disposal pre-1990 estimated from population.  Methane production is estimated only for waste disposed post-1970.


� Current annual usage is about 16 billion gallons of gasoline. Source; California Board of Equalization – see;  http://www.boe.ca.gov/sptaxprog/reports/imvf10ynet.pdf


� The Fisher Tropsch process is a controlled catalytic process utilizing carbon monoxide and hydrogen (Syn-Gas) and using this gas to manufacture hydrocarbons and their oxygen derivatives.


� About 2/3 of the potential energy in the California landfill stream is due to renewable components (biomass), and 1/3 is due to non-renewable components (essentially plastics in the landfill stream).


� For this analysis the cost of electricity (COE) was taken to be the cost of electricity produced from a typical LFGTE project incorporating conventional lean burn IC engine technology, estimated by SBS engineers study to be  to 0.055 $/kW-h.


� Fossil-Fuel based CO2 was calculated from figures based on from National Academy of Sciences report “The Hydrogen Economy: Opportunities, Costs, Barriers, and R&D Needs”.


�Equivalence ratio (ER) is defined as the ratio of the actual fuel/air ratio to the stoichiometric fuel/air ratio (A/Fstoic/A/F). Stoichiometric combustion occurs when all the oxygen is consumed in the reaction, and there is no molecular oxygen (O2) in the products. Thus ERs less than 1 are considered fuel-lean while ER more than 1 are considered fuel-rich. 


� Combustion Turbines and Steam-Cycle Power Plants, are generally used for larger applications and were not considered in this analysis.


� Levelized costs were computed using National Renewable Energy Laboratory “HOMER” software.


� PJ = 1015 J (petajoule). 1000 PJ are approximately equal to 1 Quad (1 Q = 1015 Btu = 1,055 PJ)


� Note: The research team has found no data for gas turbine combined cycle LFG applications in California.
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