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ABSTRACT: Methane production from California landfills is estimated using a first order decay model and actual plus 
predicted waste disposal amounts from 1970 through 2025. Potential hydrogen production is estimated assuming 67% 
methane (landfill gas) recovery and upgrading and a 70% energy conversion efficiency of methane to hydrogen (higher 
heating value basis) using a steam reformer system. Statewide landfill derived methane is predicted to increase from 2.4 to 
3.5 billion Nm3 y-1 between 2005 and 2025. For the same period, potential landfill derived hydrogen production was 
estimated to range from 300 to 430 Gg y-1. This hydrogen energy is equivalent to 1.3 Gl of gasoline equivalent (for 2005) or 
about 2% of California’s gasoline usage and could fuel between 1.3 and 1.9 million fuel cell vehicles (FCV). The largest 15 
landfills (in terms of current annual disposal) could potentially produce hydrogen equivalent to some 0.4 Gl of gasoline 
equivalent and could fuel some 500,000 FCV. The cost of landfill derived hydrogen using commercial gas upgrading and 
small steam methane reformer systems is estimated to be less than US$3.50 kg-1 (US$29.10 GJ-1, lower heating value), not 
including distribution, storage, and dispensing costs. 
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1 INTRODUCTION 

Hydrogen is an attractive alternative fuel or energy 
carrier especially for the transportation sector, because, as 
with electric vehicles, it offers an opportunity to reduce or 
eliminate vehicle or point-of-use pollutant emissions and 
improve life-cycle greenhouse gas and energy 
performance when compared to petroleum-sourced fuels 
[1].1 However, before an extensive hydrogen 
transportation system is possible, significant challenges 
must be met, including the need to [2]2: 
• develop affordable and reliable fuel cells and 

hydrogen storage systems, and hydrogen distribution 
and fueling infrastructure, 

• reduce the cost of hydrogen from renewable sources, 
and 

• develop large scale sequestration technologies that 
reliably sequester CO2 for hundreds of years or longer 
if hydrogen is sourced from coal.  

 
Hydrogen is currently used in petroleum refining, 

chemical and fertilizer production, and the food industry. 
Worldwide hydrogen production is about 37 Tg y-1 [2]. 
The US hydrogen demand is about 8 Tg y-1 of which 
approximately 95% is produced from natural gas by steam 
methane reforming (SMR) [3].  

Hydrogen can also be produced from gasification of 
coal and steam, electricity (via electrolysis of water), and 
biomass (via steam gasification, biohydrogen production, 
reforming of methane in biogas, and reforming of bio-
alcohols). ‘Renewable hydrogen’ would be hydrogen 
derived from renewable energy; renewable electricity or 
biomass. The renewable hydrogen production potential 
from landfill gas (LFG) in California is herein estimated. 
 
                                                                 
1 Life-cycle GHG emissions and energy system efficiency 
improvements depend on hydrogen source and vehicle drive type 
(natural gas and some renewable hydrogen pathways combined 
with a fuel-cell vehicle outperform petroleum fuels in both GHG 
emissions and overall energy system efficiency) 
2 A transition period of 50 years is considered in the National 
Academies 2004 report 

 
2 LANDFILL GAS ESTIMATES 
 
2.1 Waste-in-Place 

Landfill gas is produced by anaerobic decay of waste 
in the landfill. Therefore, current and future LFG 
production depends on current and future waste-in-place 
(WIP). Landfill gas generation in California for the 
period 2005 – 2025 was estimated for waste placed 
beginning in 1970 [4].  

Solid waste landfill disposal from 1970 through 2005 
is estimated to be 1000 Tg, which is the 2005 WIP 
amount, although actual residual mass in the landfill is 
less than that value due to gas production and any loss or 
evaporation of leachate.. 

Disposal for the period 1970-1990 was estimated 
from statewide population and per capita disposal rates. 
Actual disposal data were used for the period between 
1990 and 2005 (555 Tg, as-received) [5]. Disposal for the 
period 2005-2025 is projected based on population 
growth projections and per-capita disposal rates.  Data 
have also been compiled by US EPA as part of the 
landfill methane outreach program (LMOP). The LMOP 
data yield a total waste-in-place since 1922 of 850 Tg 
[6].3  The earliest operating date for the landfills included 
is 1922 but most have opened since 1950. The California 
Integrated Waste Management Board estimates WIP for 
364 California landfills (active and closed with WIP of 
9000 Mg or greater) at 1090 Tg (which includes 
biodegradable alternative daily cover (ADC)) [7]. 

 
2.2 Landfill gas model 

The model used for LFG production is essentially the 
LandGEM model developed by USEPA [8]. The model 
assumes a first order decay of waste beginning the first 
year after placement. The gas generation rate, gn (m3 y-1), 
as a function of time for waste placed in the landfill in 
any year n is  
 
 
                                                                 
3 For 217 landfills with existing or potential landfill gas to 
energy recovery.   
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 gn = Wn L e-kt (1) 
 
 Wn = quantity of waste placed in year n (wet Mg) 
 L = methane generation potential factor (m3 Mg-1 y-1) 
 k = rate constant (y-1) 
 t = time from base year (y) 

Total gas generation, gt (m3 y-1), is the sum over all 
years up to the current year as shown by equation (2). 
 
 kt

n
n

n
nt eWLgg −∑∑ ==                                  (2) 

For conventional landfill, the model estimates were 
based on USEPA AP-42 [9] parameters with k = 0.04 y-1 
and L = 4.0 m3 Mg-1 y-1 yielding an ultimate methane 
generation potential of about 100 m3 Mg-1 for disposal 
post-1970 (Figure 1 displays model output for one tonne 
of waste landfilled in year 0).  
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Figure 1: Landfill methane model output for 1 Mg of 
disposed waste. 
 
2.3 Landfill gas production 

For 2005, the model estimates California LFG 
methane production is about 2.4 billion Nm3 y-1   (GNm3 
y-1). Total LFG volume (including the CO2) is about 4.8 
GNm3 y-1. Landfill methane generation is projected to 
grow to about 3.5 GNm3 y-1 by 2025. Recoverable 
methane (67% of generated) is projected to grow from 1.6 
to 2.3 GNm3 y-1 over the same period [Figure 2]. Disposal 
post-1990 contributes most of the landfill gas by 2025 [4]. 
The methane production from California landfills is about 
4% of current natural gas consumption (62 GNm3 y-1) 
[10]. 
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Figure 2: Projected gross and recoverable landfill 
methane and annual disposal for California. 

 
2.4 Recovery of landfill gas 

For landfills with gas collection and recovery 
systems, collection efficiency (the fraction of LFG 
generated that is recovered for use or flaring) “typically 
ranges from 60 to 85 percent with an average of 75 
percent most commonly assumed” [9]. From an intensive 
field measurement and modeling campaign, CH4 mass 
balances have been recently determined at three landfills 
with gas recovery systems in France [11]. Recovery 
efficiencies ranged from 41 to 98 percent depending on 
landfill cover material and time of year. Landfills with 
final cover made of compact clay had highest gas 
recovery rates. For this analysis, LFG methane available 
for reforming to hydrogen is assumed to be 67 percent of 
the amount generated statewide (this includes LFG 
collection efficiency of 75 percent and upgrading to high 
purity methane with net efficiency of 90 percent). 
 
3 HYDROGEN ESTIMATES 
 
3.1  Reforming to Hydrogen  

Approximately 95% of hydrogen production in the 
US is from natural gas using SMR (worldwide share is 
about 80%) [2, 3]. Scale ranges from 250 Mg d-1 H2 
production at large oil refineries to as small as 250 kg d-1 
needed for onsite reforming at vehicle fueling stations 
[12]. 

The net reaction for hydrogen production from 
methane via SMR is: 
 
CH4 + 2H2O → CO2 + 4H2                                        (3) 
 

Net energy efficiency of practical reformer systems 
ranges from 80% (feedstock energy to hydrogen energy, 
higher heating value or HHV basis) for large systems to 
about 64% for small distributed systems (range is 72-
60% on lower heating value or LHV basis) [2, 13-15]. 

 
3.2  Landfill gas to Hydrogen estimate 

Hydrogen production estimates in this analysis 
assume steam methane reforming (SMR) technology 
with a 70% net energy efficiency of conversion (HHV 
basis; feedstock energy to hydrogen energy). 

Based on the recoverable methane estimated in 
Figure 2, about 300 Gg y-1 of renewable hydrogen could 
be produced from California LFG, increasing to about 
430 Gg y-1 by 2025 (Figure 3). 

Current LFG to energy generation capacity in 
California is about 285 MWe plus direct use applications. 
However, for reasons of low gas quality or variable 
supply, actual generation from landfill gas, though less 
than the installed capacity, is unknown at this time. 
Assuming LFG-to-electricity production of 300 MW 
over the analysis period, the remaining recoverable LFG 
could produce from 160 to 300 Gg y-1 of hydrogen 
(Figure 3). 
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Figure 3: Potential hydrogen production from California 
LFG 
 
3.3 Vehicles fueled by landfill hydrogen 

One metric ton (1 Mg) of hydrogen is equivalent to 
about 4000 l (1050 gallons) of gasoline on a HHV basis, 
so the ultimate LFG hydrogen potential from California 
landfills is equivalent to about 1.29 Gl (340 million 
gallons) of gasoline. This is about 2% of California’s 
current gasoline usage [16].4 

Assuming (1) an average passenger vehicle in 
California has gasoline fuel economy of 7.8 l per 100km 
(30 miles per gallon), (2) an average vehicle is driven 
24,100 km y-1 (15,000 miles/yr), and (3) a fuel cell vehicle 
might be twice as efficient as a gasoline vehicle, then the 
LFG hydrogen estimate for 2005 could have fueled 1.3 
million fuel cell vehicles. Up to 1.9 million vehicles could 
be fueled by renewable LFG hydrogen in 2025, all else 
being equal (Figure 4). 
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Figure 4: Number of fuel-cell vehicles that could be 
fueled by California LFG 
 
Similar modeling was done for each of the 15 most active 
landfills in California (i.e., those 15 with the highest 
annual disposal amounts). Eleven of the fifteen are in 
Southern California and the remainder are distributed in 
the Central Valley and the East Bay Area. These 15 
landfills combined accept nearly 60% of California waste 
disposal and contain approximately 35% of WIP. The 
hydrogen from LFG produced in the 15 most active 
landfills would be equivalent to 0.4 Gl of gasoline and 
could fuel approximately 500,000 fuel cell vehicles. 
 
 
                                                                 
4 Current annual usage is about 60 Gl (16 billion gallons) 
of gasoline. 

4 HYDROGEN PRODUCTION COSTS 
 

Hydrogen production costs from natural gas using 
SMR range from about US$1.50 kg-1 at large scale 
facilities (1.2 Gg d-1) to about US$3.75 kg-1  at a 500 kg 
d-1 facility (assumes US$7 GJ-1 natural gas price) [2]. 

The cost to upgrade LFG suitable for use as vehicle 
fuel (i.e., compressed natural gas) or for injection into 
natural gas pipeline systems is estimated to be about 
US$2.50 GJ-1 for larger systems (~ 3000 Nm3 hr-1) and 
around US$6 GJ-1 for small systems (~ 250 Nm3 hr-1) 
[17-20] (Figure 5). These costs do not include the gas 
collection system costs as gas collection is required at 
most operating landfills in California for emissions 
control. 
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Figure 5: Biogas  upgrading costs [17-20] 
 

The hydrogen production cost from natural gas via 
SMR varies from about US$1.25 kg-1 for large systems 
(1,200 Mg d-1) to about US$ 3.50 kg-1 for small systems 
(500 kg d-1) with a natural gas price of US$6 GJ-1 [2]. 

Based on estimated LFG upgrade costs of US$6 GJ-1 
or lower, costs for hydrogen from LFG are expected to 
be less than US$3.50 kg-1 (US$29.10 GJ-1, LHV). These 
costs do not including distribution, storage, and 
dispensing. Delivered cost is site and mode specific and 
can add another US$1-2 kg-1 (US$8-17 GJ-1) [13]. 
 
5 SUMMARY CONCLUSIONS 
 
• LFG is a potential source of renewable hydrogen 

with sizeable potential for production in California. 
• There are some 1000 Tg of waste-in-place since 1970 

in California landfills.  
• LFG methane generation is estimated to be about 2.4 

GNm3 y-1. and is projected to grow to some 3.5 
GNm3 y-1 by 2025.  

• Based on the recoverable LFG methane, about 300 
Gg y-1 of renewable hydrogen could be produced 
from California LFG, increasing to about 430 Gg y-1 
by 2025. 

• Estimated LFG hydrogen for 2005 could have fueled 
1.3 million fuel cell vehicles. Up to 1.9 million 
vehicles could be fueled by renewable LFG hydrogen 
in 2025.  

• The largest 15 landfills (in terms of current annual 
disposal) could potentially produce hydrogen 
equivalent to some 0.4 Gl of gasoline equivalent and 
could fuel some 500,000 FCV. 

• Based on estimated LFG upgrade costs of US$6 GJ-1 
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or lower, costs of hydrogen from LFG are expected to 
be less than US$3.50 kg-1 (US$29.10 GJ-1, LHV).  
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