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greenhouse gas emissions. The Stanford Center for Carbon Storage (SCCS) uses a 

multidisciplinary approach to address critical questions related to flow physics, monitoring, 

geochemistry, geomechanics and simulation of the transport and fate of CO2 stored in 
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technology deployment and governance, and demonstrating approaches and solutions with 

industry collaborators. All of this is done with a focus on social acceptance and equity, as 
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with the Precourt Institute for Energy and the Woods Institute for the Environment. 
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Key Findings 
• Utilizing waste resources to produce useful bioenergy products in California avoids 

methane (CH4) and/or carbon dioxide (CO2) emissions that would have been released 

through waste decomposition or combustion and displaces fossil fuel use. 

 

• The total biogas potential from dairy manure, landfill gas, wastewater sludge, food 

waste, and green waste in California is about 192 billion cubic feet (BCF) today, 214 

BCF in 2025, and 190 BCF in 2045. While dairy manure biogas and wastewater 

biogas potential increases over time due to higher rates of anaerobic digester 

installment and/or population growth, landfill gas decreases due to stringent waste 

diversion policies in the state. 

 

• The total current biogas potential represents about 9% of the total natural gas 

consumption in California. The biogas potential is also larger than the 25 BCF of 

natural gas consumed as transportation fuel in the state. 

 

• If the total gross biogas potential were utilized for energy production, California’s total 

emissions could be reduced by about 8%. 

 

• The total gross solid waste potential from MSW and agricultural residues is about 23 

million bone dry tons (BDT) today, 23.6 million BDT in 2025 and 26.9 million BDT in 

2045.  

 

• There are currently only a few projects in California that either combust, gasify, or 

pyrolyze solid waste to produce electricity or liquid fuel because of strict 

environmental laws or because of slow technology adoption. 

 

• If the total gross solid waste potential were utilized for energy production, California’s 

total emissions could be reduced by 1-5% depending on the conversion process and 

the end-product. 

 

• California’s current biodiesel and ethanol production is supplied largely by imports. 

Biodiesel imports are mostly international while ethanol imports are mostly 

Midwestern.  

 

• On a petajoule (PJ) basis for comparison of biomass and bioenergy resources, landfill 

gas holds the greatest energy potential in the waste category currently. In 2045, 

however, MSW and agricultural residues such as lumber, orchard residue and 

almond hulls represent the most significant energy potential (Figure KF1).  

 

• The production of vehicle fuel from biogas becomes economically feasible only when 

the Low-Carbon Fuel Standard (LCFS) and the Renewable Fuel Standard (RFS) credits 

are harvested. The LCFS is also a strong driver for imports of ethanol and biodiesel 

into California.  
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• All biomass resources assessed release CO2 at the time of conversion. That CO2 can 

be captured and stored permanently making the production of bioenergy one of the 

most critical carbon-negative options necessary for achieving net-zero global 

emissions. While an assessment of bioenergy with capture and storage (BECCS) 

technology is out of the scope of this study, biomass and bioenergy potential 

presented can serve as a basis for quantifying negative emissions potential in 

decarbonization scenarios.  

 

• Gasifying biomass to hydrogen could lead to largest emission reduction benefits if 

coupled with CCS given high process emissions that are capturable.  

Introduction 

California has an abundance of biomass-based resources derived from the state’s diverse 

agricultural, urban waste and forest streams. These biomass resource types can be 

converted to bioenergy products that have many potential applications across California’s 

energy system, including renewable electricity generation, low carbon transportation fuel 

and pipeline biomethane production also known as renewable natural gas (RNG). However, 

today, most of the carbon from this biomass returns to the atmosphere as CO2 or methane 

(CH4) as the biomass naturally decays or gets burned, representing an opportunity lost for 

bioenergy production [1]. Many of California’s biomass sources are already being collected, 

Figure KF1: Energy potential of biomass and bioenergy resources analyzed in this study converted to PJ. By 

2045, MSW and agricultural residues such as lumber, orchard residue and almond hulls become biomass 

categories with the most significant energy potential.  
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eliminating any additional collection costs necessary for diverting this biomass from decay 

or burning to useful bioenergy products [1]. 

Using existing publications and databases, this study first analyzes the types and quantities 

of biomass resources available for bioenergy production currently, in 2025 and in 2045 as a 

result of existing practices and policies in California. The study then evaluates conversion 

technologies that can be utilized for producing various types of bioenergy products from the 

biomass. Finally, after reviewing regulatory instruments and financial incentives available for 

bioenergy production in the state, a relatively simple techno-economic analysis is performed 

to examine the economic feasibility of various types of bioenergy projects. This report 

reviews opportunities for utilizing California’s various bioenergy resources and their role in 

developing decarbonization pathways (with the realization that other technology solutions 

will also be integral to reaching net-zero emissions by 2045).  

Waste biomass sources evaluated include dairy manure, landfill gas, wastewater, municipal 

solid waste, and agricultural residues. Conversion technologies that can be utilized for 

bioenergy production from these include anaerobic digestion, gasification, combustion, fast 

pyrolysis, and hydrothermal liquefaction. These specific conversion technologies have been 

selected either because they are widely considered in the literature or are already utilized at 

large or demonstration scales in the state [1]. Possible bioenergy products from these 

conversion technologies include electricity, RNG, liquid fuels, and/or hydrogen (H2). Figure 1 

demonstrates the suite of waste biomass sources, conversion technologies, and bioenergy 

products considered in this study. The waste potential estimates made are gross estimates, 

representing the maximum potential of waste biomass sources physically available [1]. This 

is because the appropriate scaling factors that reflect logistical, economic, environmental, 

and ecological limitations are challenging to determine and because utilizing full biomass 

potential for most sources (excluding agricultural residues which provide important 

ecosystem services when left on the soil) is preferable to current use rates [1]. This study 

does not consider forest residue potential as it is addressed in a companion study 

“Pathways to Carbon Neutrality in California | The Forest Management Opportunity” [2]. 

Biodiesel and ethanol transportation biofuels are also analyzed for their current in-state 

production, consumption, and import volumes (Figure 1). While the feedstock for these fuels 

or the fuels themselves are mainly imported into California, they represent a significant 

fraction of the state’s bioenergy diet, making it important to examine their production and 

consumption more deeply. Conversion technologies commonly utilized, which include 

fermentation for ethanol and transesterification for biodiesel, are considered. The study 

does not attempt to estimate future in-state production, demand, or imports of biodiesel and 

ethanol. This analysis choice is made because forecasting future supply pressure for imports 

and production depends on macroeconomic and policy drivers (e.g., the LCFS program) 

which can vary in the future. Further, the study focuses on food crops just to the extent they 

are currently used for biofuel production and, otherwise, explores the potential of different 

waste materials utilized to produce biodiesel and ethanol.  

Gaseous waste feedstock is assessed in terms of cu ft of biogas and solid waste feedstock 

in BDT. Ethanol and biodiesel potential is assessed in gallons. To compare the current 
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and/or future potential of these bioenergy sources/biofuels, all units are converted into PJ in 

the KF1 and Figure 31.    

All biomass sources assessed create CO2 at the time of conversion, which can be captured 

and stored permanently making the production of bioenergy one of the most viable carbon-

negative options necessary for achieving net-zero global emissions later this century [1]. 

While an assessment of bioenergy with capture and storage (BECCS) technologies is out of 

the scope of this study, biomass and bioenergy potential presented can serve as a basis for 

quantifying negative emissions potential in decarbonization scenarios. 

 

Waste Resource Potential: Dairy Manure  

Dairy Industry in California 

As a significant source of food and jobs, dairies are a crucial component of California’s 

robust agricultural industry. The state’s dairies produce about 39.8 billion pounds (lb) of 

milk - about 19% of national supply [3]. This milk is the base for setting the state as #1 in 

butter and ice cream production and #2 in yogurt production - making California the nation’s 

leading dairy state [3]. Additionally, about 17,000 people were employed in dairy product 

manufacturing in 2020 [4]. 

 

Over the last few decades, the number of milk cows in California has doubled to over 1.7 

million cows while the number of dairies dropped to about 1,330 dairies, which are mostly 

concentrated in the Central Valley [1]. Figure 2 demonstrates the state’s dairy cow 

distribution by main dairy regions, including Central Valley, North Coast region and Southern 

California. Approximately, 91% of dairy cows are in the Central Valley, with about 380,000 

cows in Tulare County, the nation’s largest dairy-producing county [5]. This consolidation to 

Figure 1: Biomass types, conversion technologies and bioenergy products considered in this study. The analysis 

focuses on quantifying 1. bioenergy potential from California's waste resources and 2. transportation biofuels which 

are mainly imported but are an important component of the state’s bioenergy diet [1]. 
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fewer dairies has resulted in a dramatic increase in geographic concentration of manure 

and the need to effectively manage this waste resource [5]. 

 

 

Manure management strategies found at California’s geographically concentrated dairies 

include uncovered anaerobic lagoons, liquid/slurry storage, solid storage, daily spreading of 

manure, and the accumulation of manure in dry lots. Uncovered anaerobic lagoons are the 

most common treatment type used in the dairy industry. They are designed for liquid storage 

and waste stabilization over months to a year [6]. The liquid/slurry storage is a system 

where manure is stored in tanks or earthen ponds for about a month [6]. Solids are often 

stored in unconfined piles or stacks for several months and mixed with animal bedding 

material. In contrast to the storage management systems, daily spreading of manure 

involves applying manure to cropland or pasture within 24 hours of excretion [6]. Finally, in 

dry lots, manure is accumulated in paved or unpaved open confinement areas with little 

vegetative cover and removed periodically [6]. Most of these manure management systems 

have been designed to handle manure cheaply and efficiently with environmental concerns 

not being a top priority. 

 

91%

3%
6%

Central Valley North Coast Region Southern California

Figure 2: Regional dairy cow distribution. Most dairy cows are concentrated in the Central Valley [5] 
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Improper and or/inefficient handling of dairy manure can result in adverse impacts to the 

climate, air, and water. In 2019, agriculture was a source of about 7.6% of state-wide 

greenhouse gas (GHG) emissions (and roughly half of total CH4 emissions) [7]. Dairy manure 

management methane emissions accounted for about 10 million metric tons of CO2 

equivalent per year (MtCO2e/yr) of the total 40 MtCO2e/yr that methane accounted for in 

2013 (Figure 3) [8]. Other, lower, emission contributions came from dairy enteric 

fermentation, non-dairy livestock emissions (which are primarily enteric), and other 

agricultural activities [8]. In addition to CO2 and CH4, emissions to air from dairies include 

ammonia, volatile organic compounds, hydrogen sulfide (H2S), and particulate matter (PM). 

Improper manure management not only affects the climate and the air but water as well. 

Releases to surface and groundwater from improper collection and storage of manure or 

improper application of manure to land can results in aquatic toxicity, depletion of dissolved 

oxygen and promotion of algal growth [8]. Climate, air, and water concerns related to 

manure management have resulted in greater awareness and more careful planning of 

proper management, treatment, and utilization of manure in the state.  

Dairy Manure Conversion Process: Anaerobic Digestion 

One of the primary methods to reduce emissions from dairy manure on a farm is through 

anaerobic digestion with capture of the resulting biogas (other methods being alterative 

manure management practices2 like solid separation, pasture-based management, and 

conversion to dry scrape). Since it is a closed system that controls and accelerates the 

natural degradation that occurs in stored manure, an anaerobic digester efficiently captures 

CH4 emissions as biogas which can then be used for beneficial energy utilization including 

electricity generation, biomethane, and vehicle fuel production [8]. When using anaerobic 

 
2 Alternative manure management practices involve handling and storing manure in ways that do not include 

the use of an anerobic digester, and that support manure management in a dry form. Source: California 

Department of Food and Agriculture (CDFA). (n.d.) Alternative Manure Management Program.  

Dairy Enteric 
Emissions 

Non-Dairy Livestock 
Emissions  

Other Agricultural 
Emissions 

Figure 3: 2013 contribution of livestock activities to statewide CH4 emissions. Dairy manure management 

contributed about 25% of CH4 emissions or 10MtCO2e. Figure replicated from: California Air Resources Board. 

(2021). Analysis of Progress toward Achieving the 2030 Dairy and Livestock Sector Methane Emissions Target. 

Draft Report [8]. 

25%

20%

10%

45%

Dairy manure Dairy enteric Non-dairy livestock All other sources
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digesters, California’s dairy farms are not only helping further shrink dairies’ GHG footprint 

but are also displacing some fossil energy use. To estimate the number of dairies with 

currently operating anaerobic digesters, the volume of biogas that is produced and the 

emission reductions associated, this study utilized US Environmental Protection Agency’s 

(EPA) AgStar Livestock Anaerobic Digester Database which provides key information on 

anaerobic digestion projects on livestock farms in the US. The study supplemented the 

digester count data from AgStar with data from Dairy Cares which is a coalition of 

California’s dairy producer and processor organizations [9,10]. 

 

As of 2020, there were 42 dairies with installed and operational anaerobic digesters in 

California (Table 1). The 42 dairies received manure from 191,376 cows. 36 dairies 

processed only manure in their digesters, while 6 co-digested manure with process water, 

dairy processing waste, or other co-digestion feedstocks (e.g., agricultural residues, food 

processing waste, food waste, etc.) [9]. The number of digesters constructed and installed 

on California’s dairy farms is growing every year [9].  

 
Type of anaerobic digester Number of dairies with 

digesters 

Number of dairies doing 

co-digestion 

Number of cows in 

dairies 

Covered Lagoon 40 4 186,363 

Mixed Plug Flow 1 1 2,500 

Complete mix 1 1 2,513 

TOTAL: 42 6 191,376 

 

There are two types of anaerobic digesters that are typically used in the state: passive 

systems where biogas recovery is added to an existing treatment component, and low-rate 

systems where manure, that is flowing through the digester, is the main source of CH4-

forming organisms [11]. As Table 1 shows, covered lagoons are the most common digester 

type in California. A covered lagoon is an example of a passive system that takes advantage 

of the low maintenance requirement of a lagoon while also capturing biogas under an 

impermeable cover [12]. Since they are not heated, lagoons follow ambient and seasonal 

temperatures. Retention time is usually 30-60 days (according to a farmer interviewed for 

this study), or longer, depending on the size and age of the digester [12]. In warmer 

temperatures, covered lagoon digesters can produce stable, reduced odor, nutrient rich 

effluent for field application on agricultural land and crops, pathogen and weed seed 

reduction, and biogas for farm energy use [12]. Manure content is usually less that 2% 

solids [12]. In 2020, there were 40 covered lagoon systems, 4 of which co-digested process 

water or other dairy processing waste (Table 1) [9]. 

 

Plug flow digesters are an example of a low-rate system where manure flowing into the 

digester displaces digester volume and an equal amount of material which includes 

microorganisms flows out [13]. Contents of a plug flow digester are thick enough to prevent 

particles from settling to the bottom so mechanical mixing is usually not required [12]. Total 

solids content of manure in a plug flow digester is at least 10 or 15% and the temperatures 

it operates on are mesophilic or thermophilic [13]. There are also mixed plug flow digesters 

in which manure contents are heated along the central divider so that manure mixes in a 

corkscrew pattern [12,13]. This variation of a plug flow digester can tolerate a broader range 

Table 1: Anaerobic digesters in California by type, co-digestion activity, and number of cows. Covered lagoon 

digesters are the most common digester type in the state [9,10]. 
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of solids concentration [14]. Biogas produced in the plug flow digesters is then used to heat 

the digester and the excess biogas can be used to offset other energy costs required for 

daily farm operations [15]. According to the AgStar database, in 2020, there was one 

operational mixed plug flow digester in California receiving manure from a 2,500-cow dairy 

(Table 1). This digester combines manure with other wastes. Two additional mixed plug flow 

digesters are in construction [9]. 

 

Complete mix digesters are also low-rate systems that operate by the same idea as plug-flow 

digesters: incoming liquid displaces volume in the digester and an equal amount is 

supposed to flow out [16]. They are controlled-temperature, constant volume, mechanically 

(intermittently or continuously) mixed units that work best on 3 to 6% solids content in 

manure [16]. Mixing maintains the level of bacteria in the digester. Biogas production is 

maintained by adjusting the volume of manure so that the liquid remains in the digester for 

20 to 30 days [16]. There is currently one operational complete mix digester in the state co-

digesting cow manure with agricultural residues and dairy processing waste. The manure 

comes from a 2,513-cow dairy (Table 1) [9]. 

 

High-rate systems where CH4-forming organisms are trapped in the digester by recycling 

effluent to increase efficiency are more expensive and currently not present in California 

[11].  

Dairy Manure Biogas Potential 

According to AgStar, the 2020 biogas production in California was about 820 million cu ft 

(MCF) [9]. However, not all dairies with operational digesters report how much biogas they 

produce in the database. Due to this lack of data, CH4 production coefficients of 34.3 cu 

ft/day/cow were used for covered lagoon digesters and 36.9 cu ft/day/cow for plug flow 

digesters [6]. With these coefficients, the current biomethane production potential from the 

42 operational dairy digesters is calculated to be about 2.4 BCF (Figure 4). Since CH4 

content in dairy manure biogas is 60% [1], this biomethane volume corresponds to about 4 

BCF of biogas (Figure 4). 

 

The sum of emission reductions from dairies that reported data to AgStar was about 1.5 

MtCO2e/yr. This number appears too optimistic due to the fact that if the total direct 

emission savings of 42 digesters currently operating is this high, then the emission savings 

resulting from biogas production in a future where all dairies in California install a digester 

would be much higher than the current total manure management-related emissions in the 

state (about 10 MtCO2e) [8]. To calculate a more accurate direct emission reductions 

potential, mitigation potential coefficients of 4.91 tCO2e/cow/yr for lagoon digesters and 

5.08 tCO2e/cow/yr for plug flow digesters were used. Direct emissions reductions from 

currently existing dairy digesters were calculated to be about 0.94 MtCO2e [6]. Further 

explanation of the calculations and estimates for dairy manure biogas production and direct 

emissions reduction potential is provided in Appendix A.  

 

EPA’s “LFG Energy Benefits Calculator” was also used to calculate avoided emissions from 

displacing fossil fuel use since its equations are assumed to be generalizable to other forms 

of biogas [17]. The equations in the calculator were adjusted based on the CH4 content in 

dairy manure biogas and the intended final biogas use. Avoided emissions from currently 
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existing dairy digesters were found to be about 0.12 MtCO2e. Assumptions and inputs into 

these emission calculations can be found in Appendix B Table B1. Making different 

assumptions could significantly impact emissions reduction potential. Figure 5 shows the 

total calculated emission reductions potential from capturing and utilizing dairy manure CH4 

emissions.   

 

To assess the biogas production potential in 2025, the methodology used by the Lawrence 

Livermore National Laboratory (LLNL) 2020 “Getting to Neutral” report [1] was followed 

which assumes that all the existing dairy farms in California (with about 1.7 million dairy 

cows) will install anaerobic digesters by 2025. Since most anaerobic digesters in California 

today are covered lagoons, another simplifying assumption was made that all digesters in 

2025 will also be covered lagoons. By using the aforementioned conversion coefficients, the 

2025 production potential was estimated to be about 35 BCF of biogas or 21 BCF of 

biomethane (Figure 4). The direct emissions reduction potential was calculated to be about 

8.35 MtCO2e. The avoided emissions potential was calculated to be about 1.09 MtCO2e 

(Figure 5, Appendix A, Appendix B Table B1).   

 

The LLNL 2020 “Getting to Neutral” report assumes that based on predicted human 

population growth and linear extrapolation of per capita dairy product consumption, by 2045 

manure production will have increased by 21% [1]. This analysis adopts the same 

assumption and calculates that the production potential in 2045 will be about 43 BCF of 

biogas or 26 BCF of biomethane (Figure 4). This corresponds to about 10.1 MtCO2e in direct 

and about 1.33 MtCO2e in avoided emission reduction potential in 2045 (Figure 5, Appendix 

A, Appendix B Table B1). 2025 and 2045 biogas production estimates in this analysis are 

significantly lower than estimates in [1] due to different conversion factors used (Appendix 

A).  

 

 

Figure 4: Dairy manure biogas potential in California. 2025 potential assumes all dairies in the state have 

installed an anaerobic digester. 2045 assumes biogas production increases with population growth [1,9,10]. 
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Dairy Manure Biogas Uses 

Renewable electrical energy, biomethane for pipeline injection and/or vehicle fuel 

production (e.g., renewable compressed (CNG) or liquefied natural gas (LNG)) are three uses 

of biogas produced in California’s covered lagoon, plug flow and complete mix digesters.  

 

Electricity production from biogas for onsite use or sales to the grid is generally the least 

capital intensive and most economical pathway to convert biogas to usable energy [18]. 

Most dairy digesters in California have utilized biogas to produce electricity. Once biogas is 

produced in the digester and collected, it is usually transferred to a standard internal 

combustion engine or a microturbine. Microturbines are more efficient than the piston 

engines as they capture waste heat but are more costly [18].  

 

Biomethane for pipeline injection is also generated at many dairies in California. After it is 

produced, dairy biogas needs to be purified or upgraded to nearly pure biomethane that 

meets utility pipeline specifications set by the California Public Utilities Commission (CPUC). 

When cleaned, conditioned, and compressed, biomethane can be injected into California’s 

existing network of natural gas pipelines. After pipeline injection, biomethane can be 

directed to an electrical generation facility where it can be used to produce renewable 

electricity or vehicle fuel [19]. 

 

Once raw biogas is upgraded to biomethane, it can then be compressed and dispensed to 

vehicles at the production site, liquified for truck transport to fueling stations, or injected 

into a natural gas pipeline as biomethane and then removed, compressed or liquified onsite 

at vehicle fleet maintenance or fueling locations. CNG or LNG from dairy manure biogas are 

extremely low carbon vehicle fuels that can replace either gasoline or diesel in vehicles 

equipped with natural gas engines [19]. There is a reduction of 63% in GHG emissions when 

renewable CNG is used in heavy-duty vehicles instead of fossil fuel CNG [19].  

Figure 5: Emissions reduction potential from anaerobic digestion in California. If all dairies in the state have 

installed a digester, about 84% of the direct emissions coming from dairy manure management could be 

captured as biogas [9,10,17].  
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Dairy Manure Biogas-Related Regulations 

With its forward-looking policies, California became the first state to initiate plans for 

reducing dairy CH4 emissions. In 2014, California Legislature passed SB 605 which required 

California Air Resources Board (CARB) to complete a comprehensive strategy for the state to 

reduce emissions of short-lived climate pollutants, one of which is CH4, and identify existing 

and potential new control measures to reduce emissions [8,20]. In response, CARB 

developed the Short-Lived Climate Pollutant Reduction Strategy [8,20]. Later in 2016, the 

Legislature passed SB 1383 which requires CARB to begin implementing their strategy and 

set aggressive goals including reducing CH4 emissions by 40% below 2013 levels by 2030 

from livestock manure management operations and dairy manure management operations 

[8]. While SB 1383 prioritizes voluntary and incentive-based measures, if non-regulatory 

strategies show to be insufficient in achieving CH4 reduction targets, the Bill requires CARB 

to adopt technologically and economically feasible regulations which can be implemented 

on or after January 1, 2024 [8]. The state has taken a significant step towards achieving its 

emission reduction goals with the installation of anaerobic digesters which also provide 

economic benefits to dairy owners and the state though fuel and co-product generation [8]. 

Key regulatory agencies involved in dairy farming and manure CH4 reduction opportunities 

include CDFA, Regional Water Quality Control Boards, State Water Resources Control Board 

(SWRCB), Regional Air Pollution Control (APCD) districts (especially San Joaquin Valley APCD 

and South Coast APCD) and county governments [5]. It should also be noted that upon the 

adoption of the Short-Lived Climate Pollutant Reduction Strategy, CARB convened an 

interagency Dairy and Livestock GHG Emissions Working Group consisting of CARB, CDFA, 

California Energy Commission (CEC), and CPUC principals [8]. The role of this working group 

was to convene stakeholder subgroups consisting of subject matter experts from state 

agencies, industry, academia, and the environmental justice community to identify and 

address barriers to dairy CH4 emissions reductions projects, and to develop 

recommendations of initiatives and actions [8]. 

Financial Incentives 

CDFA has been providing grants for dairy CH4 reduction programs through funding provided 

by California Climate investments (CCI) – a program that utilizes the state’s Cap and Trade 

program auction proceeds to further reduce GHG emissions. Dairy Digester Research and 

Development Program (DDRDP) is CDFA’s program that focuses on reducing CH4 through 

providing financial assistance for the installation of dairy anaerobic digesters. As of 

September 2021, 51% of DDRDP’s 117 projects have been completed [21]. About $195.5 

million of CCI funding has already been contributed to DDRDP projects while $413.1 million 

has been leveraged in match funding from private funding sources [8]. Beyond the DDRDP 

program’s capital cost recovery opportunity, there are opportunities to monetize anaerobic 

digestion energy products. 

 

California has implemented financial incentives for energy products resulting from anaerobic 

digestion that are available through the Cap-and-Trade program, the LCFS and RFS. The 

Cap-and-Trade program allows dairy digester developers or farmers (depending on who 

owns the digester) to turn a liability (manure-related CH4 emissions) into an asset (the 

offset) that can be sold to entities generating deficits. If biogas is upgraded to biomethane 
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and then utilized as vehicle fuel, it can generate further savings or revenues through 

generating LCFS credits - developed by CARB to decrease overall carbon intensity (CI) of 

California’s transportation fuels [8]. Additionally, in 2007, the United States (US) Congress 

created the RFS program to expand the nation’s use of renewable fuels while reducing 

reliance on imported oil [22]. The RFS program provides a market-based monetary value for 

renewable fuels, including biomethane production from dairy manure digestion. Each gallon 

of a renewable fuel under the RFS can generate credits or Renewable Identification 

Numbers (RINs) [22]. The entity (e.g., farmer or anaerobic digestion developer) will generate 

the RINs equivalent to the volume of fuel dispensed as biomethane for vehicle use, sell the 

fuel and then sell the RINs to parties obligated (e.g., petroleum refiners and importers of 

refined fuel) to blend certain volume of renewables into the transportation sector [22]. RINs 

are classified by fuel types into D codes. Dairy manure biogas falls into RIN D3 category: 

biomethane produced from cellulosic feedstock [23]. 

 

Another revenue source, the Bioenergy Market Adjusting Tariff (BioMAT) (SB 1122), 

incentivizes the installation of small-scale renewable electricity generators in California. 

Through this program, investor-owned utilities (IOUs), based on which regions they are in, 

provide 10-, 15- or 20-year contracts to take the generated electricity at an economically 

acceptable price [24,25]. In 2017, for example, California Bioenergy (a dairy digester 

developer) had Pacific Gas and Electric (PG&E) execute its first BioMAT Power Purchase 

Agreements for the procurement of electricity produced from three dairy digesters and 

became the first developer to use BioMAT for dairy biogas in California [25]. 

 

In May-June 2020, we travelled to the Central Valley to conduct informal interviews with 2 

dairy farmers involved in thinking about dairy manure management strategies as well as 2 

associations representing California’s dairy communities. Interesting insights these 

stakeholders emphasized related to the following broad topics: regulatory pressures, 

economic feasibility of anaerobic digestion, the value of co-products, and the importance of 

environmental stewardship. We report stakeholders’ perspectives and what we learned in 

Appendix C.  

Technoeconomic Analysis of Dairy Manure Biogas Projects 

Processing manure in anaerobic digesters provides a unique opportunity for farmers to 

increase their on-farm revenue while reducing CH4 emissions. To assess the economic 

feasibility of a future anaerobic digestion project, a technoeconomic analysis of dairy 

manure anaerobic digestion was performed focusing on electricity production, biomethane 

injection and vehicle fuel production. Data inputs utilized various secondary sources 

[1,6,26-39]. Since most dairy digester projects in California are covered lagoons, the 

analysis focuses on this digester type. The analysis also assumes a 1,600-cow dairy that is 

member of an 11-dairy hub and spoke cluster. A hub involves a centrally located operation 

where raw biogas can be gathered from cluster member farms and cleaned. The spokes 

represent a gathering system of low-pressure pipelines that interconnect the cluster dairies 

to the hub [16]. The analysis encompasses the 2022-2045 time-period. 

 

It is important to realize that there is no one-size-fits-all when it comes to installing and 

operating anaerobic digesters on dairy farms in California. The type of the digester, costs 

and revenues streams, and the use of digestion co-products all depend on the dairy’s 
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location, size, existing manure management practices, infrastructure and the surrounding 

ecosystem and land-use [26]. Dairy digester developers perform a detailed analysis of pro 

forma financial projections for every digester they plan to build. This technoeconomic 

analysis is intended as an illustrative example and not as support for any particular 

implementation.  

Electricity Production  

Specific inputs into the technoeconomic analysis of electricity production from dairy manure 

biogas can be found in Appendix D (Table D1). The analysis shows that without grants, 

subsidies, or sales of co-products, the levelized cost of electricity (LCOE) from dairy manure 

biogas would be $0.44/kilowatt-hour (kWh) (Figure 6). Given the current, IOU generation 

costs in California which vary from $0.07/kWh to $0.10/kWh, this project would not be 

economically feasible in the absence of incentives [40].  

 

Interviewed stakeholders shared that state grants often cover up to 75% of capital costs for 

constructing the digesters. PG&E also provides financial reimbursements of up to 50% to 

offset developer interconnection costs [26]. With the grant, the PG&E financial 

reimbursement and Cap-and-Trade credits, the LCOE becomes $0.17/kWh. However, the 

sales of or cost savings associated with co-products that could further reduce the LCOE are 

often neglected in technoeconomic assessments. In this analysis, revenue from sales of the 

solid digestate as animal bedding is considered. With animal bedding sales included, the 

project becomes economically feasible even without electricity sales with LCOE of about -

$0.07/kWh (the negative sign in front of the cost estimate indicates revenue) (Figure 6).  

 

 

Figure 6: LCOE for a dairy manure biogas to electricity project. The project becomes economically feasible when 

incentives, grants, and co-product sales are included.  
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Biomethane Pipeline Injection 

Specific inputs into the technoeconomic analysis of biomethane production from dairy 

manure biogas can be found in Appendix D (Table D2). Without any incentives and with 

pipeline interconnection costs split between 11 dairies in the hub and spoke cluster, the 

levelized cost of biomethane (LCOB) from dairy manure biogas would be $42.50/metric 

million British thermal units (MMBTU) (Figure 7). Since the current RNG price is about 

$15/MMBTU, this dairy manure biogas to biomethane project is not economically feasible 

without additional incentives [41]. 

 

If the biomethane injected into a pipeline is used for electricity production, Cap-and-Trade 

credits can be generated. Additionally, a 75% grant to cover capital costs of constructing the 

digester and a 50% Biomethane Interconnection Incentive by SoCalGas to cover costs of 

pipeline interconnection can be applied. Even with grants, subsidies, and Cap-and-Trade  

revenue, the project costs are still not economically feasible with LCOB of $27.20/MMBTU. 

If we consider the potential for animal bedding sales, then the project becomes 

economically feasible at $12.80/MMBTU (Figure 7).  

Figure 7: LCOB for a dairy manure biomethane injection project for electricity production. The project becomes 

economically feasible when incentives, grants, and co-product sales are considered.  
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Vehicle Fuel Production 

While biomethane derived from raw biogas can be used in a variety of applications, 

incentives associated with transportation fuel markets currently drive investment in RNG 

projects. Biomethane as CNG or LNG is an eligible biofuel for RFS RIN and LCFS credit 

generation. With grants, subsidies, and LCFS and RFS RIN credits, the project has a negative 

LCOB of about -$26.10/MMBTU. If we also consider the potential for animal bedding sales, 

then the LCOB becomes even more negative at -$40.50/MMBTU (Figure 8).  

Waste Resource Potential: Landfill Gas 

Landfill Activity in California 

Landfilling is one of the most adopted strategies for MSW disposal and is a significant 

source of CH4 emissions in California [42]. About 20% of total CH4 emissions in California 

come from landfills [43]. According to CARB’s 2019 California GHG Inventory, landfill 

emissions account for 96% of the recycling and waste sector’s emissions [43]. In 2020, 6.8 

MtCO2 of total landfill emissions were emitted from 96 municipal landfills and about 27,470 

tCO2e from one industrial landfill listed in EPA’s Greenhouse Gas Reporting Program’s 

Facility Level Information on Greenhouses Gases Tool (FLIGHT) data [44].  

Landfill Gas Conversion Process: Anaerobic Digestion 

The process of MSW decomposition into landfill gas occurs in four phases, depicted in 

Figure 9. During Phase I, aerobic bacteria – bacteria that live only in the presence of oxygen 

Figure 8: LCOB for a dairy manure biomethane injection project for vehicle fuel production. Vehicle fuel 

production incentives, LCFS and RFS, drive the LCOB to negative values.  
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– consume oxygen while breaking down the long molecular chains of complex 

carbohydrates, proteins, and lipids that comprise organic MSW [45]. As MSW undergoes 

aerobic decomposition, very little CH4 is generated and the primary byproduct in this phase 

is CO2 [43]. Phase I can last for days or months depending on the oxygen levels in the waste 

at the landfill [45,46].  

 

Typically, within less than a year, Phase II anaerobic conditions are established, and CH4-

producing bacteria begin to decompose the waste, generate CH4 and convert compounds 

created by aerobic bacteria into various acids and alcohols [45]. The acids mix with moisture 

present in the landfill and help dissolve nutrients necessary for an increasingly diverse pool 

of anaerobic bacteria [45].  

 

In Phase III, specific kinds of anaerobic bacteria produce acetate, which makes the landfill a 

more neutral environment necessary for the establishment of CH4 producing bacteria [45]. 

CH4 producing bacteria consume the acetate and CO2, improving conditions for the acetate-

producing bacteria [45]. 

 

 

During Phase IV, known as the stage of methanogenesis, the CH4 content of landfill gas 

remains relatively constant for a period of approximately 20 years [45]. Gas will continue to 

be emitted for 50 or more years [45]. However, following the first 20 years, CH4 

concentration gradually decreases with time, not only due to substrate depletion but also 

due to air re-entering the landfill mass and reverting microbial activity to Phase I [45]. 

Factors affecting landfill gas production volumes during anaerobic digestion include 1. 

Figure 9: Production phases of typical landfill gas. CH4 production is most stable in Phase IV. Figure reprinted 

from: Landfill Methane Outreach Program. (2020). LFG Energy Project Development Handbook [47].  

 

https://www.sciencedirect.com/topics/earth-and-planetary-sciences/methanogenesis
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waste composition, 2. waste age, 3. presence of oxygen, 4. landfill moisture content, and 5. 

temperature [45]: 

 

1. Waste composition: Higher levels of organic matter lead to higher levels of landfill 

gas production. Organic wastes with nutrients such as sodium, potassium, calcium, 

and magnesium that help bacteria thrive lead to increased production, while wastes 

high in salts, can inhibit bacterial activity [45]. Higher levels of chemicals disposed of 

lead to higher production of non-CH4 organic compounds and other gases through 

volatilization [45].  

2. Waste age: Recently buried waste yields more landfill gas than waste buried for 

longer time periods. 

3. Oxygen: CH4 production begins only when oxygen has been completely consumed by 

aerobic bacteria [45]. If waste is frequently disturbed or loosely buried, more oxygen 

is available and anaerobic bacteria cannot establish.  

4. Moisture content: Presence of moisture in landfills increases gas production as it 

encourages bacterial decomposition. Moisture content of 40% or higher promotes 

maximum landfill gas production. The rate of landfill gas production will thus be 

higher if heavy rainfall introduces additional water into the landfill [47].  

5. Temperature: Warmer temperatures increase bacterial activity and CH4 production 

[40]. A capped landfill usually maintains a stable temperature and bacterial activity 

releases heat, stabilizing the temperature between 15 and 45°C [46].  

 

Capturing methane emissions from landfills represents a significant opportunity to then 

convert and use the landfill gas as a renewable energy resource. There are a few steps to 

turning landfill gas into a renewable energy source. Landfill gas utilization first requires 

collection and treatment. The treated gas can then be flared or used for an energy project 

[47,48].  

Landfill Gas Potential 

As of 2020, there were 300 landfills in California, 160 of which reported having a landfill gas 

collection system in place. Estimates of the volume of landfill gas captured and the 

associated emission reductions utilized for this analysis are based on the Landfill Methane 

Outreach Program (LMOP) database. LMOP is EPA’s voluntary program that tracks key data 

for MSW landfills in the US and that works cooperatively with industry stakeholders and 

waste officials to reduce or avoid CH4 emissions from landfills [49,50]. The program’s 

database contains information on landfill gas energy projects in various stages 

including planning, shutdown, construction, and operation. LMOP forms partnerships with 

communities, landfill owners and operators, utilities, power marketers, states, project 

developers, tribes and nonprofit organizations to overcome barriers to landfill gas energy 

project development [50]. Most landfills in this database that do not have a collection 

system in place are marked as low potential or future potential landfills [1,49]. These 

landfills do not meet the criteria for a landfill gas project either because they do not have 

enough waste placed in them, because of site-specific features, or both [49]. 

 

As Figure 10 shows, 2020 landfill gas collected on California’s 160 landfills that reported 

having a landfill gas collection system in place was about 124 BCF. Additionally, about 50 

BCF of the collected gas was flared. Among all energy production options, electricity 

https://www.epa.gov/lmop/lmop-landfill-and-project-database#status
https://www.epa.gov/lmop/about-partners-landfill-methane-outreach-program
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generation was the most common but there was also an increase in RNG generation for 

vehicle fuel production compared to earlier years. For example, 87 of California’s landfills 

used the collected gas to generate electricity and send it to the grid [49]. On the other hand, 

there were 14 landfills with RNG projects, and most of them dedicated the RNG to vehicle 

fuel production, likely due to the LCFS and RFS incentives [49]. Further, there were 10 

landfills with direct use of landfill gas in boilers or other direct thermal applications [49]. 76 

landfills did not report their energy project type [49]. These are mostly candidate landfills 

that have not yet started the landfill gas project planning process or low potential landfills 

that do not qualify for landfill gas collection. Additionally, of the 160 landfills that reported 

having a landfill gas collection system in place, 51 reported having operational projects on 

site [49]. 26 landfills had at least one Mt of waste, which qualified them as candidates for a 

landfill gas project. Planning was underway for new project construction or project expansion 

for 16 landfills that have passed the candidate stage [49].  

 

Estimates of future landfill gas production in this analysis are based on regulatory drivers. 

SB 1383 requires a 75% decrease in organic waste deposits to landfills by 2025 compared 

to 2014 levels [1]. In accordance with this, the LLNL “2020 Getting to Neutral” report 

assumed that there will be an annual 2% decrease in landfill gas generation at all sites. 

Following this simplifying assumption, this analysis finds that gas collected from landfills will 

be about 112 BCF in 2025 (Figure 10). Since landfill gas composition is about 50% CH4, if 

upgraded, this potential is equivalent to about 56 BCF of biomethane [1]. Landfill gas 

potential should decrease to about 75 BCF of biogas or 37.5 BCF of biomethane in 2045 

(Figure 10).  

Emissions Savings from Landfill Gas Projects 

The LMOP database indicates that the 2020 operational landfill gas energy projects in 

California resulted in direct emission savings of about 11.5 MtCO2e/yr [49]. Additionally, 

these projects resulted in 1.3 MtCO2e/yr of avoided emissions since the landfill gas 

displaced fossil fuels in various applications [49]. Current landfill emissions not captured 

are about 6.8 MtCO2e/yr [44]. To estimate the future direct and avoided emissions 
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Figure 10: Landfill gas potential in California. 2025 and 2045 potential assume a 2% annual decrease in 

landfill gas generation at any site due to regulatory pressures. 
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reduction potential, EPA’s “LFG Energy Benefits Calculator” was used [17]. Direct emissions 

reduction potential was calculated to be about 10 MtCO2e and 6.7 MtCO2e in 2025 and 

2045, respectively. Avoided emissions reduction potential was calculated to be about 1.1 

MtCO2e and 0.7 MtCO2e in 2025 and 2045 respectively. Assumptions and inputs into these 

emission calculations can be found in Appendix B Table B2 and Figure 11 shows total 

emission reductions potentials from landfill gas capture and utilization. Since landfill gas 

production and direct emission savings depend on the type of waste deposited and avoided 

emissions depend on the end use (e.g., direct heat, RNG, or electricity production), emission 

savings can be expected to change as SB 1383 increases organic waste diversion levels 

and as LCFS and RFS continue incentivizing vehicle fuel production.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Landfill Gas Uses 

Electricity generation, direct use of medium-BTU gas and RNG are three options for 

converting landfill gas produced in California’s landfills into useful energy. More than half of 

landfills in California that report having a landfill gas collection system in place generate 

electricity from it [49]. A variety of technologies, including reciprocating internal combustion 

engines, turbines, microturbines and fuel cells, can be used to generate electricity for onsite 

use and/or sale to the grid. Reciprocating engine is the most used conversion technology for 

landfill gas electricity applications in California because it is least capital intensive and is 

available in a wide size range that complement various gas outputs characteristic to 

different landfills [47]. In LMOP, microturbines are usually used for landfills with lower 

volumes of waste and lower landfill gas volumes [47]. Gas turbines, on the other hand, are 

typically used on landfills with much higher volumes of landfill waste and larger landfill gas 

production volumes [47]. Further, 10 landfills in California cogenerate heat and power given 

the efficiency gains in capturing and using thermal energy in addition to electricity 

generation [46].  

 

Figure 11: Emissions reduction potential from landfill gas capture and utilization in California. Emission 

reduction potential decreases due to waste reduction policies diverting waste from landfills to other uses 

[17,49]. 
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10 landfills (of which 3 report having operational projects) report direct use of their medium-

BTU gas to offset the use of another, usually fossil fuel, for heating or fueling combustion 

49]. Two direct use project types are typical on California’s landfills: boilers and other direct 

thermal applications [47]. Boilers are the most common type of direct use and can use 

landfill gas alone or in combination with fossil fuels. Other direct thermal applications 

include kilns, sludge dryers, infrared heaters, paint shop oven burners, tunnel furnaces, and 

process heaters. When fossil fuel prices are high, direct use of landfill gas can offer a cost-

effective alternative for combustion or heating equipment at facilities located within 

approximately 5 miles of a landfill [47]. Minimal landfill gas processing is necessary, 

although some modifications of existing combustion equipment might be necessary [46].  

 
There are also a number of planned RNG projects, and most are set to produce vehicle fuel 

[49]. Like dairy manure biogas, landfill gas can be upgraded to RNG, which is a high-BTU 

gas. Landfill RNG can be then used in place of fossil natural gas, as pipeline-quality gas, 

CNG or LNG. Most RNG projects in California are planning to produce vehicle fuel, likely due 

to the possibility of generating LCFS and RFS credits.  

Environmental and Economic Benefits  

The amount of CH4 emitted to the atmosphere as a fraction of the total CH4 generated from 

the decomposition of waste on landfills in California has gradually declined as more landfills 

install gas collection and control systems [44]. Landfill gas energy projects lead to direct and 

indirect reductions of both GHG emissions and other air pollutants. During its lifetime, a 

landfill gas energy project will capture an estimated 60 to 90% of the CH4 created by the 

landfill, depending on the capture system efficiency [51]. CH4 that is captured is converted 

to water and carbon dioxide, a less potent GHG, when burned onsite for energy recovery 

[51]. This CO2 could potentially be captured with CCS. In addition to direct CH4 emissions 

reductions, landfill gas displaces the use of fossil fuel resources when used as fuel in 

transportation or in power plants. Landfill gas capture also reduces odors to surrounding 

communities and the release of other landfill gas constituents like ammonia, H2S and non-

CH4 organic compounds [51]. 

 

Landfill gas energy recovery projects generate benefits for the landfill owner, the end user, 

and the community. Landfill owners can generate revenue from the sales of landfill gas to 

the direct thermal end user, gas pipeline utility and/or a third-party developer, or from the 

sale of landfill gas electricity to the local power grid [51]. Owners of the rights to the landfill 

gas energy generated might be eligible for revenue from renewable energy certificates 

(RECs), vehicle fuel credits, tax credits or incentives, renewable energy bonds or GHG 

emissions trading [47]. Some companies report achieving indirect economic benefits from 

using landfill gas through media exposure that portrays them as leaders in the use of 

renewable energy [47]. Landfill gas energy project development can also benefit the local 

economy through the creation of temporary jobs in the construction phase and long-term 

jobs in the design and operation phase [47].  

Landfill Gas-Related Regulations 

Landfill CH4 reduction has been a focus of several regulations in California. California’s 

Global Warming Solutions Act, AB 32, charged CARB with reducing statewide GHG emissions 

to 1990 levels by 2020 [52]. In response to AB 32, CARB approved the Landfill Methane 
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Regulation which became effective in 2010 and which is a discrete early action GHG 

emissions reduction measure [52]. This regulation requires owners and operators of some 

landfills to install and optimally operate gas collection and control systems, monitor surface 

CH4 concentration, repair emission exceedances and other performance issues, source test, 

keep records, and report information to CARB or the air districts [52]. SB 32 requires 

further GHG emissions reductions of 40% below 1990 emission levels by 2030 

[52]. However, while these regulations focus on reducing CH4 emissions once the waste has 

already reached landfills, emissions will persist if waste disposal is not reduced in 

accordance with the SB 1383 requirement for a 50% reduction in the level of statewide 

disposal of organic waste by 2020, a 75% reduction by 2025, and not less than 20% 

recovery of edible food that is currently disposed by 2025 [52]. 

 

Financial Incentives 

While the obvious revenue source for electricity, medium-BTU thermal energy and LNG 

produced from landfill gas is the sale of these products, California has financial incentives 

that may provide additional revenue. RECs are, for example, sold through voluntary markets 

to consumers seeking to reduce their environmental footprint. If the electricity is not being 

sold as part of a utility green power program or green pricing program, the project owner can 

sell the RECs through voluntary markets to generate additional revenue [47]. RECs are 

typically offered in 1 megawatt-hour (MWh) units and are sold by landfill gas electricity 

generators to industries, commercial businesses, institutions, and private institutions [47]. 

 

California has also implemented financial incentives for landfill gas end products that are 

available through the Cap-and-Trade program, the LCFS program and the RFS program. As 

with dairy manure biogas, the Cap-and-Trade program allows landfill operators to turn 

captured landfill gas into an offset that can be sold. If the gas is upgraded to biomethane 

and utilized as vehicle fuel instead, it can generate savings or revenues through generating 

LCFS and RIN credits. Fuel derived from landfill gas qualifies as a cellulosic fuel (D3) and as 

an advanced fuel (D5) [53]. Additionally, EPA added a new renewable electricity pathway for 

electricity used in electric vehicles [53].  

 
Like RECs in the electricity markets, Renewable Thermal Certificates (RTCs) could be sold 

through voluntary markets to consumers looking to lower the environmental impact of their 

heating and cooling use. The Midwest Renewable Thermal Tracking System, for example, 

tracks renewable energy generation across North America and issues one RTC for every 

dekatherm of renewable thermal generation [54]. Eligible renewable thermal technologies 

include RNG and renewable H2. However, a viable market for thermal renewable energy 

credits is still not developed in California [54]. 

Technoeconomic Analysis of Landfill Gas Projects 

To assess the economic feasibility of a future project that captures landfill gas and uses it to 

generate electricity, utilize its direct thermal energy, or produce vehicle fuel, a 

technoeconomic analysis was performed. Data inputs utilize the LMOP database, EPA’s 

Landfill Gas Energy Project Development Handbook, and the LMOP conversion tool 

[1,29,36,38,39,47,49,55-57]. The analysis assumes a new project with a construction start 
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date in 2022 and accounts for projects cost to 2045. The analysis also assumed that landfill 

already has an electricity interconnect established.  

 

When assessing the results, it is important to note that there is no one-size-fits-all when it 

comes to capturing landfill gas and that energy production potential, projects costs and 

revenue streams depend on the landfill location, previous landfill gas capture practices, 

types of wells installed, waste composition and age, landfill moisture content, temperature, 

and other factors [47]. This technoeconomic analysis is intended as an illustrative example 

and not as support for any particular implementation. 

Electricity Production  

Specific inputs into the technoeconomic analysis of electricity production from landfill gas 

can be found in Appendix D (Table D3). Without incentives, the LCOE from landfill gas would 

be about $0.10/kWh (Figure 12). Given the current IOU generation costs in California which 

vary from $0.07/kWh to $0.10/kWh, this project could potentially be economically feasible 

in the absence of incentives [40]. 

 

However, landfill owners may be eligible for additional revenue from RECs and Cap-and-

Trade credits. As Figure 12 shows, with these incentives included in the analysis, the project 

becomes economically feasible with an LCOE of -$0.05/kWh. Landfill owners might also 

qualify for grants that could offset capital costs, renewable energy bonds, and tax credits, 

but the analysis does not include these opportunities as they widely vary between different 

projects.  
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Electricity generation technology capital costs ($)
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-$0.05/kWh$0.10/kWh

Figure 12: LCOE for a landfill gas to electricity project. The project becomes economically feasible when 

incentives are included.  

 



 

 23 | Page 
PATHWAYS TO CARBON NEUTRALITY IN CALIFORNIA | THE BIOENERGY OPPORTUNITY 

 

Biomethane Pipeline Injection and Vehicle Fuel Production  

Landfill gas can be upgraded to RNG for use in a variety of applications including vehicle fuel 

and electricity generation. Given the availability of strong financial incentives for vehicle 

fuels in California, more and more landfills are considering dedicating the RNG for vehicle 

fuel production. As a result, this technoeconomic analysis models the cost of producing RNG 

at the landfill, injecting it into a natural gas pipeline after which it is assumed to be extracted 

for compression at a different site. Specific inputs into the technoeconomic analysis of 

electricity production from landfill gas can be found in Appendix D (Table D4).  

 

Without any incentives, the LCOB for pipeline injection would be about $11.30/MMBTU 

(Figure 13). Since the current RNG price is about $15/MMBTU, this landfill gas to 

biomethane project is economically feasible even without additional incentives [41]. With 

LCFS and RFS credits, however, this landfill gas project generates a negative LCOB of about 

-$18.40/MMBTU (Figure 13). 

Direct Thermal 

A medium-BTU direct use project may be a viable option if an end user is located within a 

reasonable distance from the landfill. Costs for medium-BTU direct use projects vary 

depending on the end user’s requirements and the size of the pipelines. Inputs into the 

technoeconomic analysis of a direct thermal project can be found Appendix D (Table D5). As 

Figure 14 shows, levelized cost of heat (LCOH) for this project would be about 

$4.40/MMBTU which is significantly cheaper than the natural gas thermal energy costs 
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Figure 13: LCOB for a landfill gas to biomethane injection project for vehicle fuel production. The project is 

economically feasible without incentives. Vehicle fuel production incentives, LCFS and RFS, drive the LCOB to 

negative values. 
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[58]. A developed market for thermal renewable energy credits could make medium-BTU 

direct use more even more profitable. 

Waste Resource Potential: Wastewater Biogas  

Wastewater Generation and Treatment in California 

With population pressure, climate change, the increasing focus on sustainable resource 

management and circular economy, many wastewater treatment plants (WWTPs) in 

California are not operating solely as disposal facilities [59]. Wastewater is currently 

collected at approximately 250 treatment plants distributed across the state [1]. Based on 

the assumption that California reuses about 1 million-acre feet/yr, current wastewater reuse 

rate is about 890 million gallons per day (mgd) [60]. In 2013, the National Association of 

Clean Water Agencies, the Water Environment Federation (WEF), and the Water Environment 

& Research Foundation published the "Water Resources Utility of the Future … A Blueprint 

for Action," [61] arguing that WWTPs can become deliverers of maximum environmental 

benefits at least cost to society by focusing not only on the necessary increase in water 

recovery rates but by also recovering nutrients and energy contained in the wastewater.  

 

The conversion of wastewater sludge to biogas is a common energy recovery option [59,62]. 

In addition to biogas production, the treated sludge stabilizes into biosolids, which are a 

nutrient- and energy-rich material that can be utilized as fertilizer substitute and/or soil 

conditioner or can be incinerated for electricity production [62]. Most WWTPs that produce 

biogas either combust it in boilers and/or flare it [62]. While there is also potential to 

capture thermal and hydraulic energy from wastewater, the capture technology for these 

Figure 14: LCOH for a landfill gas medium-BTU direct use project. The project is economically feasible without 

incentives.  
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energy forms is not sufficiently developed [63]. Figure 15 demonstrates the process of 

chemical energy recovery at WWTPs.  

Wastewater Conversion Process: Anaerobic Digestion 

Wastewater treatment processes chemically, physically, and/or biologically treat wastewater 

and separate the resulting wastes into a liquid effluent stream and a solid-liquid stream of 

debris and sludge [62]. Prior to disposal, the wastewater sludge must be treated to reduce 

odors and disease-causing agents such as pathogens and bacteria [62]. Sludge can be 

treated through aerobic or anaerobic digestion, composting, thermal drying, thermal 

oxidation, and alkaline stabilization [64]. The process of aerobic digestion consumes a 

significant amount of energy to operate the blowers and aerators necessary for introducing 

oxygen into the process, yet it is the most common process at WWTPs due to the ease of its 

operations [62]. The process of anaerobic digestion, on the other hand, does not require 

oxygen and not only stabilizes wastewater sludge but also forms biogas and biosolids in the 

process [62]. The primary advantage of anaerobic digestion is that the biogas is a possible 

fuel source for heating the anaerobic digester, generating electricity onsite, or for other 

energy applications [62].  

 

Anaerobic digesters at WWTPs typically consist of concrete or steel tanks that receive solids 

from the separation process of the solid sludge and the effluent [64]. Anaerobic digester 

shape options include cylindrical, egg-shaped, and “German style” digesters [64]. 

Conventional cylindrical tanks predominate in the US [64]. In these digesters, the most 

common temperatures are mesophilic temperatures that range from 35 to 39°C. Operation 

can also occur in thermophilic temperature ranges of 50 to 57°C. While the higher 

temperatures might require a greater energy input, they also lead to improved pathogen 

destruction, higher quality biosolids, improved gas production and reduced volume 

requirements (due to increased reaction rate) [64]. External heat exchangers are typically 

used to maintain sufficient temperatures within the digester [64]. After anaerobic digestion, 

the water vapor and small amounts of siloxanes and H2S in the biogas resulting from 

anaerobic digestion must be removed before the biogas can be used as a fuel [62]. Water 

vapor may be removed by condensation [64]. H2S and siloxanes can be removed by passing 

the biogas through activated carbon [64]. 

Figure 15: Often recovered forms of energy (green) and non-recovered energy (blue) at WWTPs. Chemical 

energy is currently being recovered in the form of biogas while thermal and hydraulic energy represent an 

opportunity lost. Figure replicated from: WERF. (2014). Energy Recovery Potential from Wastewater Utilities 

through Innovation. Leaders Innovation Forum for Technology [63]. 
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Co-digesting food waste with wastewater sludge 

Due to its high-moisture content, food waste can be co-digested with wastewater sludge as 

many anaerobic digesters at WWTPs have excess capacity to handle extra feedstock. 

Numerous studies demonstrate that co-digestion of wastewater sludge with food waste 

improves both biogas production and the quality of digested sludge in comparison to the 

digestion of each component individually [65,66]. Food and wastewater sludge co-digestion 

is already occurring across California. For example, in 2012, the East Bay Municipal Utilities 

District wastewater treatment facility in Oakland partnered with food processors throughout 

the state and started co-digesting fats, oils, and greases (FOG) from restaurants, chicken 

blood from poultry farms, winery waste, dairy waste, animal processing and rendering 

wastes, and other non-food organics in the anaerobic digester [67]. Diverting food waste 

from landfills to WWTPs can help achieve state waste diversion mandates. 

Wastewater Biogas Potential 

There are currently 154 WWTPs in California with an anaerobic digestion system in place. To 

gain insight into WWTP energy recovery operations, WEF’s Biogas Data list was used (with 

2015 data being the most recent at the time of this analysis) [68]. WEF is a nonprofit 

association that provides technical education and training for water quality professionals 

[69]. Table 2 contains interesting insights gained by analyzing WEF data. For example, while 

most wastewater anaerobic digesters process only wastewater sludge, 26 WWTPs also 

accept outside waste (such as food waste) and feed it to the digester. 111 WWTPs with an 

anaerobic digester utilize the biogas for energy production. About 112 flare a portion of the 

biogas that they do not utilize for energy production. Additionally, 109 WWTPs use the 

biogas to heat their anaerobic digesters, and 23 facilities use the biogas for facility heating, 

ventilation, and air conditioning (HVAC) [68].  
 

Biogas use  YES (# of facilities) NO (# of facilities) Unknown (# of facilities) 

Is biogas utilized? 111 8 35 

Is biogas flared? 112 3 39 

Is biogas used to heat the digester? 109 3 43 

Is biogas used for the HVAC system? 23 55 76 

Is outside waste fed into the digester? 26 50 78 

 

To assess the current volume of biogas produced in California’s WWTPs, this analysis used 

the 2018 Carollo Survey developed by Carollo Engineers for the SWRCB [66]. While the goal 

of this survey was to assess WWTPs’ ability to co-digest food, the survey contained useful 

information on current wastewater sludge processing systems, present-day flows and loads, 

and biogas handling capacities [66]. While the survey excluded facilities smaller than one 

mgd, it captured most flows at large WWTPs in the Bay Area, Southern and Central Valley 

Regions. The survey extrapolated flows for large facilities not captured. Table 3 

demonstrates water flows in mgd for large WWTPs with anaerobic digestion in California.  
 

 Small, medium and large facilities 

captured in the survey 

Large facilities not captured in the 

survey  

Location Flow (mgd) with digestion 

Bay Area 509 167 

Table 2: Biogas utilization in California’s WWTPs. Most WWTPS utilize biogas for energy production and flare 

the remaining biogas [68].  

 



 

 27 | Page 
PATHWAYS TO CARBON NEUTRALITY IN CALIFORNIA | THE BIOENERGY OPPORTUNITY 

 

Southern 1780 200 

Central Valley  408 111 

Mountain  9 NA 

Coastal  34 NA 

 

Based on the Carollo survey, it was estimated that about 1.17 trillion gallons per year of 

wastewater in California is processed through anaerobic digestion. Following the LLNL 2020 

“Getting to Neutral” report, this analysis assumed biogas production rate of 1.15 cu ft of 

biogas produced per 100 gallons of wastewater processed [1]. With this conversion factor, 

the current wastewater calculated potential is about 13.6 BCF of biogas (Figure 16) or about 

8.8 BCF of biomethane (based on a 65% methane content in wastewater biogas) [1,67,70].  
 

To estimate future biogas potential at WWTPs in California, this analysis followed the LLNL 

2020 “Getting to Neutral” report which assumes a proportional increase in wastewater 

volumes, with a population growth rate of 0.6% per year [1]. As Figure 16 demonstrates, the 

2025 biogas calculated potential is about 13.8 BCF, which is equivalent to 8.96 BCF of 

biomethane (Figure 16). The 2045 biogas potential is about 15.7 BCF, equivalent to 10.2 

BCF of biomethane (Figure 16).  

Emissions Savings from Wastewater Biogas Production 

To estimate direct and avoided emissions reductions from biogas generated in WWTPs, this 

analysis utilized EPA’s “LFG Energy Benefits Calculator” which is assumed to be 

generalizable to other forms of biogas [17]. It was found that the direct emissions reduction 

potential is about 4.2 MtCO2 currently, 4.3 MtCO2 in 2025 and 4.9 MtCO2 in 2045. The 

avoided emissions reduction potential was found to be about 0.457 MtCO2 currently, 0.464 

MtCO2 in 2025, and 0.53 MtCO2 in 2045. The equations in the calculator were adjusted 

based on the CH4 content in wastewater biogas and the assumed final biogas use. 

Assumptions and inputs into these emission calculations can be found in Appendix B Table 

B3. Making different assumptions could significantly impact emissions reduction potential. 

Figure 16: Wastewater biogas potential in California. 2025 and 2045 potential assume wastewater biogas 

production capacity increases linearly with California’s population. 

Table 3: Wastewater flows captured in the Carollo survey for WWTPs in California that perform anaerobic 

digestion. Table replicated from: Carollo. (2019). Co-Digestion Capacity in California [66]. 
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Figure 17 shows total emission reductions potentials from wastewater biogas production 

and utilization.  
 

 

 

Environmental and Economic Concerns  

If no energy recovery is present, WWTPs are sources of greenhouse gases. Even though 

WWTPs clean wastewater and minimize water pollution, they consume large amounts of 

energy and materials in the treatment process [66]. For example, wastewater treatment 

accounts for 3–4% of the entire US electrical demand, accounting for over 21 MtCO2e 

annually [71]. GHGs are produced both indirectly - due to fossil fuel combustion for 

electricity generation - and directly - from organic matter in the waste [72]. During treatment, 

nitrous oxide and CH4 are the primary GHGs generated [72]. Since wastewater biogas 

production can offset some emissions of the wastewater treatment process, WWTPs can 

contribute to both the health of the aquatic environment and progress on climate change.  

 

Electric power consumption represents over 30% of the total operation and maintenance 

costs [71]. Due to the requirement to stabilize sewage sludge prior to final disposal, its 

treatment accounts for as much as 30% of a WWTP’s operating costs [71]. If the wastewater 

sludge is treated anaerobically, the resulting biogas production and its subsequent use for 

onsite energy needs can reduce overall treatment costs. Biogas recovery could potentially 

be coupled with nutrient or thermal energy recovery to better offset costs. 

Wastewater Biogas Uses 

Current primary use of biogas at WWTPs is for electricity generation, but heat can be co-

produced as well (Table 4). Microturbines, gas turbines, internal combustion engines or fuel 

cells are most often used to produce this electricity [73]. WWTPs can also co-produce heat 

in a combined heat and power (CHP) system. After biogas is combusted in an engine, 

turbine or a fuel cell, heat is recovered from the resulting hot exhaust [74]. This heat can be 

used for direct heating of the WWTP or for heating the low-pressure steam or water for 

additional electricity production [74]. According to EPA, one mgd of wastewater flow can 

produce enough biogas in an anaerobic digester to produce 26 kW of electricity and 2.4 

MMBTU/day of thermal energy [73]. CHP systems utilizing wastewater biogas displace 

Figure 17: Total emissions reduction potential from wastewater biogas production and utilization today, in 

2025 and in 2045 [17,66]. 
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purchased fuels for thermal needs, enhance electric reliability for the plant, and reduce 

emissions of greenhouse gases and other air pollutants, primarily by displacing utility grid 

power [73]. Biosolids, a co-product of anaerobic digestion, can also be incinerated for 

electricity production if dewatered.  

  

Higher-value fuels such as CNG, LNG, or methanol can also be produced from wastewater 

biogas [64]. However, the processes for producing CNG, LNG, and methanol are more 

complex than using biogas for heat and power generation [6]. This is primarily because 

biogas must be more strictly pretreated to remove impurities that may cause maintenance 

and process efficiency issues. The high costs and the complexity of the pretreatment 

process might explain why there are only 8 WWTPs indicating that they pretreat their biogas 

to biomethane and inject it into a pipeline (Table 4).  

 

Table 4: Energy recovery options utilized by WWTPs in California. Most WWTPs use biogas for electricity 

production in combustion engines [68]. 

Wastewater Biogas-Related Regulations 

The reduction of CH4 emissions through anaerobic digestion of wastewater sludge and the 

possibility of co-digesting food waste enable WWTPs to help achieve the SB 1383 emission 

reduction and waste diversion goals. While biogas produced from wastewater sludge 

digestion does not qualify as waste diversion under SB 1383, biogas produced from diverted 

food waste does [75,76]. With relatively minor upgrades, existing WWTPs could accept 

diverted food waste for co-digestion [75]. Despite the potential for an increase in biogas 

production through co-digestion, only a few WWTPs are currently accepting food waste, 

largely because of the variability it introduces to the anaerobic digester if not processed 

properly. Therefore, continued research on co-digestion in WWTPs is necessary to determine 

the methods and technologies needed to optimize the process. In addition to food waste co-

digestion, biosolids that are diverted from the landfill to a WWTP anaerobic digester count as 

waste diversion under SB 1383 [75]. California Department of Resources Recycling and 

Recovery (CalRecycle) develops and implements regulations to achieve SB 1383 goals in 

close coordination with the CARB, SWRCB, and the CDFA [75]. Thus, applications for other 

waste diversion and WWTP digestion pathways can be submitted to CalRecycle as long as 

the application quantifies reduced CH4 emissions [75]. 

Financial Incentives 

Financial incentives that apply to wastewater biogas production in California include RECs, 

Cap-and-Trade, the LCFS and the RFS RIN credits. As with dairy manure and landfill gas, 

WWTPs can use their biogas to produce renewable electricity that qualifies for RECs. RECs 

can offset some of the WWTP operation costs. Additionally, even though WWTPs are not 

under an emissions cap, they can sell their wastewater biogas emissions offsets to capped 

entities that produce more emissions than allowed under the Cap-and-Trade program [21]. 

Further, if the biogas is upgraded to biomethane and utilized to produce vehicle fuel, it can 

Column1  YES (# of facilities) NO (# of facilities) Unknown (# of facilities) 

Electricity Production 
   

      Combustion Engine  67 25 62 

      Turbine 9 72 73 

      Microturbine  8 74 72 

Pipeline Injection 8 77 69 



 

 30 | Page 
PATHWAYS TO CARBON NEUTRALITY IN CALIFORNIA | THE BIOENERGY OPPORTUNITY 

 

generate further savings or revenues through the LCFS program. Two WWTPs in California 

have recently applied for an LCFS pathway, citing biogas CI between 19 and 30 

gCO2/megajoule (MJ) [39]. Since the CIs of fossil CNG and LNG are 78 gCO2/MJ and 85 

gCO2/MJ, respectively, meaningful emissions savings and thus LCFS revenue can be 

generated [77]. Wastewater biogas used for vehicle fuel production also qualifies under the 

RFS program. More specifically, this fuel qualifies for RIN D3 credits as a cellulosic fuel or 

RIN D5 credits as an advanced fuel [53]. 

 

For co-digested food waste and wastewater sludge, it is hard to determine the volume of 

biogas produced from the cellulosic and non-cellulosic feedstock components. Due to this, 

even if WWTPs co-digest these two types of feedstock, 100% of the credits they generate 

count as D5 RINs, which have a lower value than RIN D3 credits [23]. Despite many efforts 

within the industry to obtain a D3/D5 RIN split for co-digestion facilities, EPA has not, to 

date, approved any co-digestion RIN split methodologies. An approved methodology that 

allows the generation of RIN D3 in addition to RIN D5 revenue is crucial for wider application 

of co-digestion [78]. 

Technoeconomic Analysis of Wastewater Biogas Projects 

To assess the economic feasibility of anaerobically digesting wastewater sludge to biogas 

and then utilizing the biogas to cogenerate heat and power or produce biomethane for 

pipeline injection and vehicle fuel production, a technoeconomic analysis was performed. 

The data inputs rely mainly on cost assumptions from the 2019 Carollo Engineering report 

[66] but also from [1,17,29,38,39,66]. While the Carollo Engineering report performed an 

economic analysis for food waste and wastewater co-digestion, most of the cost 

assumptions were based on a unit cost approach, which allowed the utilization of specific 

costs necessary for energy production from wastewater biogas without having to include 

food waste co-digestion-related costs. This analysis assumes that the anaerobic digester 

already exists at the WWTP and estimates the cost of starting an electricity, biomethane 

injection, and vehicle fuel production project. The analysis assumes a new project with a 

construction start date in 2022 and accounts for projects cost to 2045. As data for 

wastewater biogas projects are based on cost estimates for a co-digestion project, this 

technoeconomic analysis should be perceived only as an illustrative example. Primary data 

would be needed for a wastewater biogas project without co-digestion. 
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Electricity Production  

Currently, the majority of WWTPs dedicate biogas to cogeneration, producing heat and 

power to meet onsite needs. This analysis focuses on an internal combustion engine as a 

conversion technology for electricity production. Specific inputs into the technoeconomic 

analysis of electricity production from wastewater biogas can be found in Appendix D (Table 

D6). The analysis shows that without any incentives, the LCOE from wastewater biogas 

would be $0.11/kWh. Given the current, IOU generation costs in California which vary from 

$0.07/kWh to $0.10/kWh, this project would not be economically feasible (Figure 18) [40]. 

With revenue from Cap-and-Trade credits and RECs, the LCOE decreases to $0.01/kWh and 

the project becomes economically feasible (Figure 18).  

Biomethane Pipeline Injection and Vehicle Fuel Production 

Specific inputs into the technoeconomic analysis of biomethane production from wastewater 

biogas can be found in Appendix D (Table D7). Without any incentives, the LCOB from 

wastewater would be about $16.10/MMBTU which is higher than the current RNG cost at 

$15/MMBTU [41]. Utilizing the biomethane for electricity production allows for Cap-and-

Trade credits and RECs generation which brings the LCOB down to $13.60/MMBTU (Figure 

19). In contrast, assuming the biomethane will be extracted for compression at a different 

Figure 18: LCOE for a wastewater biogas to electricity project. The project becomes economically feasible when 

incentives are included.  
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site and used as vehicle fuel resulted in a negative LCOB of about -$12.50/MMBTU making 

the project even more profitable (Figure 19). 

Waste Resource Potential: MSW 

MSW Generation in California 

MSW is defined by the EPA as waste containing everyday items such as product packaging, 

grass clippings, furniture, clothing, bottles, food scraps, newspapers, appliances, paint, and 

batteries [79]. Organic MSW categories potentially available for bioenergy production 

include paper and paperboard, plastics, rubber and leather, textiles, food wastes, and yard 

trimmings [80]. According to CalRecycle, California generated 77.6 Mt of MSW in 2018. 

39.9 Mt were landfilled, either in California or out-of-state, and an additional 6.3 Mt of 

material went to six other disposal-related activities (source reduction and recycling, 

composting, exported recyclables, beneficial reuse, waste to energy, and alternative daily 
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Figure 19: LCOB for wastewater biomethane injection projects. Biomethane injection for vehicle fuel production 

is the most profitable project. 
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cover3) bringing disposal to 46.3 Mt, or 60% of generated waste (Figure 20) [81,82]. Of the 

39.9 Mt, approximately one third were compostable organic materials, including 18% food, 

12% lumber, 9% landscape waste, and nearly 20% paper and cardboard [82]. In 2020, the 

state would have generated more than 80 Mt of solid waste if it had not been for the 

economic downturn caused by COVID-19 [81].   

 

Total MSW disposal is driven by several variables including population, wages, real personal 

consumption expenditures, taxable sales, unemployment, and housing [76]. According to 

Breunig et al. (2018), while per-person disposal rates have declined, total disposed waste is 

expected to increase in the future due to a strengthening economy and increasing 

population, unless curbed by increased source-reduction and recycling [76].  

MSW Categories Available for Bioenergy Production 

In estimating the MSW potential available for bioenergy production, following the LLNL 2020 

“Getting to Neutral” report’s approach, this study considered MSW categories with 

production of over 500,000 BDT/yr. These categories include lumber, paper, cardboard, 

food waste, green waste, and “other” organics [83]. The FOG category, which is produced at 

a much lower level than 500,000 BDT but can be used for producing biodiesel, is 

considered in the biodiesel section. In the following paragraphs, these waste categories are 

defined and/or comments are made on their future generation based on Breunig et al.’s 

(2018) analysis [83]. Percentage increases of each of the MSW categories calculations are 

then performed based on Breunig et al.’s medium growth scenario to project future MSW 

availability. Comments are then made on how regulatory drivers necessary for achieving the 

 
3 Alternative daily cover refers to material other than earthen material used to cover MSW in landfills. Green 

waste has been used as alternative daily cover. However, as of January 1, 2020, the use of green waste does 

not qualify as waste diversion and is considered disposal. This has increased the amount of waste recorded on 

California’s landfills. Source: [81,81] 
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Figure 20: MSW disposal activities in California. More than half of waste generated is disposed of in landfills 

[81,82]. 
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SB 1383 goals (which are accounted for in Breunig et al.’s scenarios) could decrease the 

availability of MSW for bioenergy, if successfully implemented. 

While paper and paperboard products currently represent a significant percentage of total 

MSW by mass in California, their generation has been decreasing and is expected to 

continue to do so in the future. This is mainly due to the continuing spread of digitization 

[84]. Driven by these demand changes, under the medium growth scenario from Breunig et 

al. (2018), paper and paperboard availability decrease by 31% in 2050 compared to 2014 

levels. Under an aggressive waste diversion scenario necessary to achieve the SB 1383 

goals, however, waste diversion programs could achieve a 50% diversion by 2050 by 

eliminating subtypes identified by CalRecycle as "easy targets". These include 

remainder/composite paper4 [83].  

 

There still is a significant amount of cardboard disposed of in landfills, and there likely will 

be in the future. In the medium growth scenario from Breunig et al. (2018), MSW availability 

increases by 38% by 2050 compared to 2014 levels [83]. For this analysis, however, we 

assume that initiatives like the City and County of San Francisco’s “zero waste rate 

structure” (in collaboration with the waste management company Recology) incentivize 

residents to recycle more cardboard and paper and classify both MSW categories as 

unacceptable landfill material [85]. If fully implemented and successful, programs that are 

aimed at achieving SB 1383 goals, would result in a 50% diversion of cardboard from 

landfills, which also means that less cardboard would be available for bioenergy production 

[83].  

 

Construction and demolition activities generate a lot of lumber waste [83]. Current and 

future availability of lumber as MSW depends on sawmill practices, land accessibility and 

ownership, tree species and ecosystem needs, and forest fire management strategies [83]. 

In Breunig et al.’s medium growth scenario, lumber production increases by 54% by 2050 

compared to 2014 levels. Achieving California’s waste diversion targets, on the other hand, 

would result in an 80% reduction in lumber waste diversion as of 2050.  

The green waste category includes organic plant materials, such as yard trimmings, grass 

clippings, house and garden plants, tree trimmings, and brush. According to Breunig et al. 

(2018), the total amount of green waste increases by 3% in 2050 compared to 2014 in the 

medium growth scenario, but the fraction of green waste in the total organic waste pool 

decreases slightly. In the aggressive recycling scenario necessary to achieve SB 1383 goals, 

regulations on recycling organics in commercial and multifamily residential sectors that 

began in 2016, could result in a 75% decrease by 2050 [83]. 

Each day in the US, approximately one lb of food waste is generated per person. Food waste 

generation can be attributed to everything from the production and supply to American’s 

tendency to over-purchase, to the unrealistic aesthetic standards we have come to expect 

from fruits and vegetables [86]. Food waste increases by about 28% in 2050 compared to 

 
4 Remainder/composite paper waste category is defined as items made mostly of paper, that do not fit into any 

other material types, that are combined or contaminated with large amounts of other materials (such as wax, 

food, and moisture), and that are compostable. Examples include food-soiled paper, paper towels, shredded 

paper, etc. Source: CalRecycle. (n.d.) Material Type Description (CalRecycle Waste Characterization Studies)  
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2014 levels, in Breunig et al.’s medium growth scenario. Achieving the SB 1383 goals 

would, however, entail a 60% food waste reduction in the residential sector due to food 

conservation awareness, or a 75% waste reduction due to the regulatory drivers (explained 

in the paragraph on green waste) [83]. Food waste is wet, heterogeneous, and prone to 

contamination, making it a challenging waste stream to recycle but relatively easy to 

anaerobically digest [87].  

 

The “other“ waste organics category includes miscellaneous organic fractions that are not 

captured in other categories [83]. According to Breunig et al., the “other” category will 

increase by 13% in 2050 compared to 2014 levels in the medium growth scenario. Under 

the aggressive recycling scenario, regulations on recycling organics in commercial and 

multifamily residential sectors (like in the green and food waste categories) could result in a 

75% decrease by 2050 of organics that are included the “other” category [83].  

MSW Conversion Processes  

Low-moisture solids, which include lumber, paper and cardboard, and high-moisture solids, 

which include food waste and green waste, are typically processed to bioenergy using 

thermochemical processes [83]. Currently implemented MSW conversion technologies 

utilizing low-moisture MSW in California include waste-to-energy (WTE) (or MSW combustion) 

and gasification [88]. While these MSW categories can also be processed through fast 

pyrolysis, there are no fast pyrolysis projects in the state. Conversion technologies utilizing 

high-moisture MSW include anaerobic digestion (biological conversion) and hydrothermal 

liquefaction (thermochemical conversion). While anaerobic digestion projects are widely 

present in California, hydrothermal liquefaction projects are not, due to the high cost of the 

technology [1]. All these MSW conversion processes present an opportunity for both 

bioenergy production and an alternative to landfilling or composting MSW [89]. In contrast 

to many waste-to-bioenergy options that require feedstock to be purchased, MSW facilities 

are usually paid by the fuel suppliers to take the fuel (known as a “tipping fee") [89].  

WTE 

WTE is still the most common MSW to energy conversion technology in California. The 

process usually involves trucks depositing unprocessed or minimally processed MSW into 

pits where cranes mix the waste and remove non-combustible materials [89]. The cranes 

then move the mixed MSW into a combustor. Heat from the combustion process is used to 

generate steam which is directed towards a turbine-generator for power generation. The ash 

produced represents 20-25% by weight of the incoming MSW processed and can be 

hazardous or non-hazardous depending on the MSW composition [89]. Non-hazardous ash 

can be mixed with soils and used as landfill cover while hazardous ash needs to be treated 

[89]. Since WTE plants operate continuously, they can provide base-load electricity [90].  

 

All of the operating WTE facilities in the US have been subjected to strict environmental 

regulations since the passage of the Clean Air Act Amendments in 1990 with numerous 

environmental groups arguing that these plants undermine state goals of waste diversion 

and worsen local air pollution [91,92]. As a result, the few existing WTE facilities now meet 

or exceed stringent local air quality standards, including those imposed by the South Coast 

Air Quality Management District in Southern California [88]. Until 2018, California had three 
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operating WTE plants, namely, the Commerce Refuse-to-Energy Facility, the Stanislaus 

County Resource Recovery Facility, and the Southeast Resource Recovery Facility [88]. 

However, due to the denial of the WTE application to the Renewable Portfolio Standard 

(RPS) (for the purposes of generating RECs as an economic incentive for continued 

operation) and the tipping fees in California that are generally insufficient to make WTE 

plants cost-competitive with other forms of electricity generation, one of the WTE plants, 

Commerce Refuse-to-Energy Facility has closed and no additional WTE plants are planned 

[88]. 

Gasification 

MSW gasification is not yet widely established in California but is receiving strong support 

from numerous public and private entities. In the process of gasification, MSW gets 

converted into carbon monoxide (CO), CO2, and H2 by reacting the feedstock at high 

temperatures (>700°C) with a controlled amount of oxygen and/or steam [93]. The 

resulting gas mixture, called syngas, is a fuel. An obvious advantage of gasification over the 

combustion of MSW is that syngas can be a starting point for generating other energy 

storage compounds. For example, it can be used to produce methanol and H2, and/or 

converted via the Fischer-Tropsch process into a range of liquid fuels suitable for use in 

gasoline or diesel engines [93]. An interesting MSW gasification project has been developed 

by Sierra Energy, which partnered with the U.S. Army and the CEC to build the first 

commercial scale FastOx gasification system located at Fort Hunter Liggett in Monterey 

County, California [94]. According to Sierra Energy’s website, FastOx gasification produces 

energy-dense syngas without releasing any process emissions or toxic byproducts, requires 

low maintenance efforts and has lower operating and capital costs than other gasification 

system types [95]. The project has received support from the California EPA, CalRecycle, the 

Defense Logistics Agency, the Department of Defense, and the White House.  

Fast Pyrolysis 

Fast pyrolysis is a thermochemical decomposition process in which MSW (or other types of 

biomass) is decomposed by heat (>350°C) in the absence of oxygen (as opposed to 

gasification which allows oxygen), leading to the production of biochar, bio-oil and/or 

gaseous products [96]. The liquid bio-oil with a high caloric value and low water content is 

often the most valuable pyrolysis product [97]. Upgrading bio-oil to compounds suitable as a 

vehicle fuel requires a comprehensive deoxygenation process that is commonly used in the 

crude oil refining industry [1]. In this upgrading process, H2 and biochar are generated as co-

products. H2 can also be produced from bio-oil through bio-oil reforming, followed by a 

water-gas shift reaction and H2 purification [1]. Biochar, which is a porous, carbon-rich 

charcoal, can be used for combustion for energy and as a soil amendment [1]. There are no 

currently operating facilities using fast pyrolysis to convert MSW to bioenergy in California. 

With fast pyrolysis, the yield and composition of products are significantly influenced by a 

range of operational parameters, including the type of waste, reactor system, gas residence 

time, heating rate, temperature, pressure, catalysts, and presence of H2 gas, making it a 

harder process to control than gasification [97]. 

Hydrothermal Liquefaction 

Green waste, food waste and “other” organics, which have moisture contents of about 40%, 

70% and 4% on a wet basis, respectively, can be processed into liquid fuels via 

hydrothermal liquefaction [70]. This conversion pathway is a thermochemical 

https://www.sciencedirect.com/topics/engineering/diesel-engines
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depolymerization process which occurs in an enclosed reactor at moderate temperatures 

(typically 200–400°C) and high pressures (typically 10–25 Megapascals) to convert any 

type of biomass high in moisture content into bio-oil, light gases (principally CO2 and small 

amount of CH4, CO and H2) and biochar [98,99]. An important advantage of hydrothermal 

liquefaction over fast pyrolysis and gasification is that it does not require extra energy to dry 

the biomass [98]. However, hydrothermal liquefaction is currently not implemented in 

California due to its high cost. The LLNL 2020 “Getting to Neutral” report describes 

hydrothermal liquefaction as the highest cost technology per ton of CO2 for the conversion of 

green waste [1]. 

Anaerobic digestion 

Due to their high moisture content, green waste and food waste can also be anaerobically 

digested (as discussed in other sections), producing bioenergy at a much lower cost than 

hydrothermal liquefaction. There are numerous anaerobic digestion projects in California 

currently accepting green waste [100]. 

MSW Potential 

In order to estimate the current, 2025 and 2045 MSW potential in California, this analysis 

utilized Breunig et al.’s (2018) MSW inventory for 2014, which also predicted quantities of 

MSW in 2050 (the same strategy was used by [1]) [83]. Breunig et al.’s analysis accounts 

for moisture content, geographical variation in per capita disposal, and policy drivers. In their 

MSW inventory predictions, Breunig et al. used CalRecycle’s three scenarios of future waste 

disposal: 1. The medium growth (business as usual) scenario, which assumes that per 

capita disposal rate stays at the recent historical average; 2. The low growth scenario, which 

reflects achievement of the 75% recycling goal by 2020 and thus assumes that the per 

capita disposal rate declines significantly; 3. The high growth scenario, which assumes an 

economic boom and a significant increase in per capita disposal. The medium and low 

growth scenarios are adjusted for California’s larger population in 2050. This study used the 

medium growth scenario assumptions. 

 

The currently available MSW (in 2021) was estimated based on linear interpolation of 

Breunig et al.’s 2014 and 2050 estimates [83]. There should currently be about 13.2 BDT of 

MSW available for bioenergy production. This estimate corresponds to CEC’s data on organic 

waste disposal. Estimates of future MSW availability were calculated the same way and it 

was found that there should be about 13.4 million BDT of MSW available in 2025 and about 

14.2 million BDT in 2045. Figure 21 demonstrates MSW potential available for bioenergy 

production by category. Using the medium growth scenario from Breunig et al. thus 

demonstrates that the disposal of organics available for bioenergy is projected to increase 

by only 7% in 2045 compared to 2021 levels due to improved consumer recycling 

awareness and decreased paper consumption and green waste [83]. Additionally, the 

potential of MSW categories such as lumber could be significantly altered by future drought, 

wildfire, and land management conditions. While these conditions are out of the scope of 

this analysis, they should be further explored for a more accurate projection.  
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MSW Uses 

A note on electricity production in WTE plants (or MSW combustion): If low-moisture MSW 

categories (lumber, paper, and cardboard) were combusted in WTE plants, based on a 550 

kWh of electricity per ton of waste conversion factor, about 3.9 billion kWh of firm electricity 

could be produced now, 4 billion kWh in 2025, and about 4.3 billion kWh in 2045. This 

would correspond to total emission reductions (direct + avoided) of 11.9 MtCO2e today, 12.1 

MtCO2e in 2025 and 12.8 MtCO2e in 2045 (calculated based on [101-103]). Assumptions 

and inputs into these emission calculations can be found in Appendix B Table B4. The 

calculations were performed for illustrative purposes and making different assumptions 

could significantly impact total emissions reduction potential. Despite this potential, 

according to CEC, the combination of low tipping fees in California and public opposition, 

has meant that MSW-to-electricity through combustion in WTE plants is currently not 

competitive with other forms of electricity generation [89].  

 

A note on liquid fuel and electricity production through gasification: Using Sierra Energy’s 

FastOx gasification calculator, which assumes a gasifier with a 50 metric tons/day MSW 

capacity, and the current daily MSW disposal rate in California, demonstrates that about 

2.07 MW electric capacity or about 1,797 gallons of diesel could be produced daily in 

California [104]. The calculation assumes that the total amount of waste gasified is only 

1.42% of the total waste amount generated in a county the size of Alameda County [102]. 

Emissions eliminated with this gasification system would be 107,570 tCO2e/year whether 

the waste is used to produce electricity or diesel [104]. Installing these or similar gasifiers 

across the state and increasing their waste capacity could thus lead to significant energy 

production and emissions reductions. Using gasification data given in [101] and [102], this 

analysis calculates that the electricity production potential from the total gross low-moisture 

MSW categories would be about 7.8 billion kWh currently, 7.9 billion kWh in 2025 and 8.4 

billion kWh in 2045. This would correspond to about 14.2 MtCO2e in total gross (direct + 

avoided) emission reductions today, 14.3 MtCO2e in 2025 and 15.3 MtCO2e in 2045. 

Notably, the simplifying assumption that the total gross MSW potential could be utilized is 
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Figure 21: MSW potential in California by category. The availability of all MSW categories except for paper 

increases in 2025 and 2045 under the medium growth scenario [76]. 
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likely not a possibility in the real world but was made for illustrative purposes. Assumptions 

and inputs into these emission calculations can be found in Appendix B Table B5. 

 

A note on biogas production through anaerobic digestion: Biogas production potential from 

food waste and green waste anaerobically digested is shown in Figure 22. Using biomethane 

potentials of 0.29 and 0.14 g of CH4 per g of volatile solids and volatile solids to total solids 

ratios of 0.84 and 0.9 for food waste and green waste amounts presented in Figure 21, 

results in current biomethane potential of about 13 BCF from food waste and 17.6 BCF from 

green waste [70]. Since the CH4 content in food waste and green waste is about 60%, this 

biomethane potential corresponds to about 21.6 BCF and 29.3 BCF of biogas potential for 

food waste and green waste, respectively [1]. 2025 biomethane production potentials of 

about 14 BCF and 17.7 BCF correspond to 23.3 and 29.4 BCF of biogas potential from food 

waste and green waste, respectively. 2045 biomethane production potentials of 16 and 18 

BCF correspond to 26.8 and 29.9 BCF of biogas potential from food waste and green waste, 

respectively (Figure 22). For illustrative purposes, this biogas potential corresponds to about 

5.7 MtCO2e total emissions reduction potential (direct + avoided) currently, 5.8 MtCO2e in 

2025 and 6.1 MtCO2e in 2045 [66]. Assumptions and inputs into these emission 

calculations can be found in Appendix B Table B6. 
 

 

 

 

 

 

 

 

 

 

 

 
 

MSW-Related Regulations 

This MSW policy summary closely follows the MSW policy analysis in Breunig et al. (2018) 

[83]. Policies on waste reduction and diversion have played an important role in decreasing 

the amount of waste entering landfills in California and thus determining the amount of 

waste available for bioenergy [83]. For example, in 1989, California passed the Integrated 

Waste Management Act (AB 939), which created a comprehensive statewide reporting, 

inspection, and permitting system for solid waste facilities and required jurisdictions to 

implement programs to achieve 50% waste diversion from landfills by 2000. In 2011, AB 

341 declared that the policy goal of the entire state is to reduce sources, recycle, or 

compost not less than 75% of solid waste generated by 2020 [105]. Several laws affecting 
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Figure 22: Food and green waste biogas potential in California. 2025 and 2045 potentials are based on Breunig 

et al.’s (2018) medium growth scenario [83]. 
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organics have been passed to help the state achieve the AB 341 goals [83]. For example, 

AB 1826 required businesses to recycle their organic wastes after April 1, 2016, based on a 

decreasing generation cutoff rule [83]. In 2016, SB 1383 targeted a 50% reduction of 

statewide organic waste disposal from the 2014 level by 2020, and a 75% reduction by 

2025 [106].  

To meet the goals of SB 1383 and under CalRecycle’s current policies and definitions of 

what counts as diversion of waste, meeting the goal of 75% organic waste reduction in 

landfills would require the construction of 110 additional anaerobic digestion and 

composting facilities (and it is questionable whether the composting facilities could be sited 

and permitted) – a goal that might be difficult to achieve [81]. While recycling, anaerobic 

digestion, and composting count as diversion in California, WTE does not count towards the 

state’s recycling goals [81]. Additionally, no new statute or subsequent CalRecycle policy has 

focused on pyrolysis and gasification that could convert the non-recyclable portion of MSW 

to electricity, biofuels, or chemical feedstock as actions towards achieving the state’s goals 

[81]. Categorizing these technologies as possible conversion pathways would make 

achieving the 75% goals more realistic. Additionally, grant programs like the CalRecycle 

Organics Grants, which provide funding for selected projects that compost or digest 

previously landfilled organic materials and turn them into compost, soil amendments, 

fertilizers, and renewable electricity or biogas could be expanded to include other 

technologies and MSW diversion pathways.  

Financial Incentives 

A note on WTE: Currently, none of the WTE plants is subject to the California Cap-and-Trade 

program. Administered equitably, Cap-and-Trade program could provide an economic 

incentive favoring WTE relative to landfilling as a result of the lower lifetime CO2e emissions 

of the WTE as a waste management strategy [107]. However, it is not likely that this will 

occur, due to local resistance to WTE, and the failure to implement AB 655 which would 

have allowed the state’s waste incinerators to qualify for renewable energy credits via the 

RPS [108].  

 

A note on gasification: The existing few MSW gasification demonstration projects in 

California could qualify for an LCFS pathway and an RFS pathway. As an example, a 

gasification plant in Nevada, has applied for approval of its Fischer-Tropsch MSW 

gasification to vehicle fuel pathway in the LCFS program, reporting a 14.47 gCO2e/MJ CI 

[39]. This CI, which is significantly lower than the CIs of fossil fuel alternatives, indicates 

significant revenue generation potential for MSW gasification. Additionally, any fuel 

produced from a portion of the cellulosic MSW stream qualifies as a renewable biofuel 

under the RFS [109]. 

 

A note on anaerobic digestion: Food waste and green waste biogas can qualify for different 

financial incentives, depending on the end product. For example, if vehicle fuel is produced, 

LCFS and RFS (RIN D3 and D5) credits can be generated. If electricity is produced, RECs 

could be generated, and Cap-and-Trade offsets could potentially be sold as similarly 

discussed in the “Wastewater Biogas: Financial Incentives” section of this study.  

https://www.calrecycle.ca.gov/climate/grantsloans
https://www.calrecycle.ca.gov/climate/grantsloans
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Technoeconomic Analysis of an MSW Project 

Due to the lack of cost data on MSW-to-energy projects, the technoeconomic analysis of this 

waste resource is quite preliminary and has inevitable limitations. The analysis assessed the 

costs of MSW combustion for electricity production, as this is currently the most 

economically feasible and widely used MSW conversion process. The cost data are, 

however, based on mix of costs for a WTE plant in Brazil and California and should not be 

considered an accurate estimate for projects in California [29,49,102,110-112]. Inputs into 

this technoeconomic analysis can be found in Appendix D (Table D8). Capital cost value 

used includes waste receiving, waste burning, energy recovery, fuel gas cleaning and 

residue treatment costs [110]. The O&M cost value used includes fixed costs like labor, 

insurance, permits and rates, etc., and variable costs like consumables, waste diversion, 

transport, and landfill operation costs [110]. Tipping fee of about $45/ton of waste used is 

based on the median tipping fee value for California [111].  

Electricity Production 

Without any incentives but including the revenue from tipping fees, the LCOE produced in 

WTE plants would be about $0.19/kWh (Figure 23). Given the current IOU generation costs 

in California, which vary from $0.07/kWh to $0.10/kWh, this project would not be 

economically feasible [40]. Including the potential revenue form GHG credits that could, 

potentially in the future, be generated through the Cap-and-Trade program due to emission 

reductions related to displacing natural gas electricity generation and avoiding CH4 on 

landfills reduces LCOE to $0.13/kWh. MSW combustion is, however, still not economically 

feasible without additional incentives.  
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Waste Resource Potential: Agricultural Residues 

Agricultural Residue Generation in California 

Agriculture is a multibillion-dollar enterprise in California, producing large quantities of 

biomass residues [113]. In addition to dairy manure discussed previously, agriculture in 

California produces a significant amount of orchard, vineyard, food, and fiber processing 

residues [70,80,113]. Although distributed throughout the state, the Central Valley has the 

highest concentration of these residue types [114]. Quantities of agricultural residues are 

commonly based on estimates of total aboveground biomass produced as byproducts of 

conventional crops [80]. Using agricultural residues for bioenergy production instead of 

dedicating land for bioenergy crops helps limit the competition with many other land-use 

priorities such as food security, wildlife habitat, and carbon storage but still involves trade-

offs [115]. When left on the soil surface, crop residues provide ecosystem services including 

decreased wind and water erosion, maintenance of soil organic carbon (which increases 

available soil water and nutrients), weed control, and moderation of soil temperature and 

water loss [115,116]. While this analysis assesses the gross potential of agricultural 

residues in California, not all crop residues produced are sustainably and/or technically 

available [80]. Sustainably available removals are constrained, depending on soil 

characteristics, to not exceed the tolerable soil loss limit of the United States Department of 

Agriculture Natural Resources Conservation Service and to not allow long- term reduction of 

soil organic carbon [80]. In their assessment of biomass resources in California, Williams et 

al. (2015) [70], for example, used a technical availability factor of 70% for orchard and 

vineyard crop residues, 50% for crops producing straw and stover residues, 5% for crops 

generating higher moisture leaf and vine residues, 0% for vegetable crops, and 80% for all 

food and fiber residues.  

Agricultural Residue Categories Available for Bioenergy Production 

Breunig et al.’s (2018) analysis [83] included 25 sub-categories of agriculture residues. This 

analysis, following [1], focuses only on the following categories: row culls, row residues, 

orchard & vineyard residue, field residues, cotton gin trash, rice hulls, nut shells, and field 

residues. These categories make up about 90% the of total agricultural residue production 

in California [1,83]. The smaller categories not considered here include distillery, brewery 

and cannery residues, grain chaffs, and winery residues [83]. 

Agricultural Residue Conversion Processes 

Low-moisture agricultural residues including orchard & vineyard residue, field residues, 

almond hulls and shells, walnut shells, rice hulls, and cotton gin trash can be processed into 

bioenergy through combustion, gasification, or fast pyrolysis [1]. High-moisture residues, 

which include row residues and row culls, on the other hand, can be processed through 

hydrothermal liquefaction [1]. Agricultural residues are currently widely co-combusted with 

forestry residues for bioenergy in California’s long-established biomass plants. While there is 

great interest in gasification and pyrolysis projects, only a few demonstration projects 

currently exist across the state. There are no currently operating hydrothermal liquefaction 
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projects accepting agricultural residues. While it is difficult to estimate direct and avoided 

emission reductions given the heterogenous chemical composition of different agricultural 

residues and numerous types of conversion processes, this analysis attempted to generate 

illustrative emission reduction values by making several simplifying assumptions. 

Direct Combustion 

Most biomass power plants in California, which are concentrated in the San Joaquin Valley, 

accept agricultural, forestry, construction, and urban residues. They burn combined residues 

in combustors to produce high-pressure steam for turbines generators [117]. The high-

pressure steam can also be used to heat facilities or for manufacturing [117]. In 2021, the 

California Biomass Alliance reported 23 operating solid fuel biomass power plants across 

the state [118]. Most facilities combust sawmill residue, forestry residue, or a mix of forestry 

and agricultural residues [118]. Most agricultural residues combusted are woody. These 

include orchard prunings, fruit pits, and nut shells [118]. One facility, Wadham Energy, 

utilizes rice hulls which would, if left to decompose naturally, emit CH4. Wadham estimates 

that the facility produces enough electricity to power approximately 22,000 area homes 

[119]. This analysis estimates that about 8.9 MtCO2e (direct + avoided) could be reduced 

today, 9.2 MtCO2e in 2025 and 11.3 MtCO2e if the total gross low-moisture agricultural 

residue potential was combusted for electricity [102,120-122]. Since it is unlikely that the 

total gross potential would be utilized for energy production and given numerous simplifying 

assumptions made in the calculations, these emission reduction values are intended for 

illustrative purposes only. Assumptions and inputs into emission reduction calculations can 

be found in Appendix B Table B7.  

Gasification 

There are a few interesting demonstration projects gasifying agricultural residues in 

California. For example, the Dixon Ridge Farm, which grows, processes, and sells organic 

walnuts, previously sold its walnut shells to a nearby commercial biomass combustion plant 

[123]. To transition to an on-farm gasification system, the farm secured a CEC grant in 

collaboration with Community Power Corporation (a developer), to install a BioMax 50 kW 

gasification system that produces 4,400 cu ft of syngas from approximately 100 lb of walnut 

shells per hour [123]. In 2012, the farm upgraded to a 100kW system which significantly 

offsets its on-site heat and electricity costs [123]. In 2021, another interesting gasification 

project was supported by the San Joaquin Renewables, which announced it will invest up to 

$165 million with its partners to develop and construct a biomass to RNG project near 

McFarland, California [124]. This gasification project is planned to take orchard residues 

and shells from San Joaquin Valley farms and convert them to RNG that will be sold as 

transportation fuel [124]. Similarly, a gasification project in Mendota, California, which will 

use waste biomass from nearby agricultural operations to produce electricity was supported 

by investors including Chevron Corp. and Microsoft Corp. [125]. Designed and developed by 

Clean Energy Systems and Schlumberger New Energy, this project will be capturing and 

sequestering the process CO2 emissions, which will make the generated electricity carbon 

negative [124]. A number of other developers including Phoenix Energy, West Biofuels, All 

Power Labs, etc., have gasification projects planned or in construction [126]. This study 

estimates that if the total gross low-moisture agricultural residues were gasified for 

electricity production, 6 MtCO2e of total emissions (direct + avoided) could be saved today, 

6.2 MtCO2e in 2025 and 7.6 MtCO2e in 2045 [102,120,122,127]. Assumptions and inputs 
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into these emission calculations can be found in Appendix B Table B8. On the other hand, if 

the residues are gasified to H2, 5.2 MtCO2e could be reduced today, 5.4 MtCO2e in 2025 

and 6.6 in 2045 MtCO2e (Appendix B Table B9). This conversion route could lead to largest 

reduction benefits if CCS is utilized given high process emissions which are capturable [1]. 

Fast Pyrolysis 

Projects utilizing fast pyrolysis to process agricultural residues are even rarer than 

gasification projects in California. One interesting fast pyrolysis demonstration facility is 

being developed by Biogas Energy in Sacramento, California [128]. The project is supported 

by German and US partners including Thermophil International, Bioenergy Concept, Joint 

BioEnergy Institute, and California State University, with financial support from the CEC 

[128]. This demonstration plant is planned to process up to 500 kilograms (kg) of biomass 

per hour with the goal of producing 190,000 L of pyrolysis oil over its 3.5-year lifetime. The 

plant is gearing up to accept agricultural residues, forestry residues, beetle infested wood, 

and demolition wood [128]. This study estimates that 13.7 MtCO2e (drect + avoided) could 

be reduced today, 14.3 MtCO2e in 2025 and 17.5 MtCO2e in 2045 if the total gross low-

moisture agricultural residue potential was converted to pyrolysis oil [1,120]. Assumptions 

and inputs into these emission calculations can be found in Appendix B Table B10. Given 

that it is unlikely all residues will be utilized for energy production and given the slow 

adoption of pyrolysis, these total emissions reduction potentials are intended for illustrative 

purposes.  

Agricultural Residue Potential 

To estimate the current (2021), 2025 and 2045 gross agricultural residue potential in 

California, this analysis followed the strategy from [1] and utilized Breunig et al.’s [83] 

agricultural residue inventory which assessed county level yield data from 1980 to 2014 to 

identify trends and extrapolate values for harvested acreage in 2050 using linear 

regression. This study linearly interpolates the available agricultural residue in 2021, 2025 

and 2045 based on Breunig et al.’s 2014 and 2050 estimates. Based on the interpolation, 

there should be about 9.8 million BDT of agricultural residues available for bioenergy 

production currently, about 10.2 million BDT in 2025, and 12.6 million BDT in 2045 (Figure 

24). The total gross availability of agricultural residues could, however, be significantly 

altered by future drought, wildfire, and land management conditions which are out of the 

scope of this analysis.  
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Agricultural Residue-Related Regulatory Instruments 

The traditional biomass power industry is primarily regulated under the Public Utility 

Regulatory Policy Act (PURPA), which was enacted during the energy crisis in 1978 to 

promote the use of alternative nonutility power generation [129]. Agricultural residues have 

been used for energy in the US ever since the beginning of the development of the biomass 

energy industry. This also served as a pathway to avoid open burning, a trend supported by 

California’s air quality regulatory agencies [129]. In 1984, CARB developed agricultural 

offset protocols to give biomass energy producers credit for the air quality benefits they 

provide [130]. The demand for agricultural residues significantly increased between 1988 

and 1990, and many new biomass facilities started operating with the goal of offsetting air 

pollutant emissions [130]. In 1996, AB 1890, which deregulated the electric utility industry 

in California, recognized the unique benefits of biomass energy production and directed that 

further steps should be taken to ensure a long-term future of biomass energy in the state 

[130]. In 2000s, the National Renewable Energy Laboratory proposed creating Agricultural 

Fuels Tax Credit and open-burning permit fees for agricultural residues to motivate 

agricultural residue diversion from open burning to energy utilization [130]. 

 

However, much has changed in the energy markets since PURPA and AB 1890. First, the 

wholesale cost of electricity has decreased due to the availability of natural gas for electricity 

production. Second, as California adopted the RPS, which requires a significant percentage 

of the power purchased by utilities to be renewable, competition in renewable energy 

production has grown [129]. Under the RPS, IOUs have tended to favor subsidized lower-

cost intermittent sources of renewable power, such as solar and wind [129]. Given that the 

current price of electricity is too low for their operation to be viable, many of the traditional 

Figure 24: Agricultural residue potential in California by category. Orchard residues and almond hulls represent the 

most significant biomass potential [83]. 
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biomass plants utilizing agricultural residues have closed or are struggling financially [129]. 

Moreover, the shutdown of numerous biomass facilities has also significantly reduced the 

available alternatives to open burning [129]. 

 

There is currently little policy support for traditional biomass plants in California that burn 

agricultural residues among their feedstocks. One program that offers contracts for 

traditional biomass plants at rates that allow them to remain viable is the Biofuel Renewable 

Auction Mechanism (BioRAM) program [131]. This program was a response to Governor 

Brown’s emergency proclamation requiring IOUs to procure 50MW of power from facilities 

that utilize bioenergy feedstock from zones with high risk from wildfire and/or falling trees 

[131]. While not directly connected to agricultural waste, BioRAM has allowed traditional 

biomass facilities that process agricultural waste to remain online and continue accepting 

waste [129]. However, the amount of agricultural waste material that traditional biomass 

plants accept is insufficient to handle the agricultural waste material supply in the Valley 

[130]. Without changes to state energy policy, this trend will continue [130]. 

 

Another program that offers support for the development of alternative bioenergy conversion 

technologies utilizing agricultural waste (e.g., pyrolysis and gasification) is the BioMAT 

program. This program was established to achieve the implementation of SB 1122 and 

offers up to 250 MW of capacity to eligible projects through a fixed-price standard contract 

to export electricity to California’s three large IOUs [132]. Projects that utilize agricultural 

waste materials are part of project Category 2 of BioMAT which is capped at 90 MW of 

power, and that cap has yet to be reached [129]. Additionally, AB 3163 which supports the 

production of biomethane was recently signed by the Governor and expands the definition of 

“biomethane” to include CH4 (rather than biogas) that is produced from the non-combustion 

thermal conversion of eligible biomass feedstock (thus supporting gasification and fast 

pyrolysis in addition to anaerobic digestion) [129]. The logistics and uncertainty related to 

the price and availability of biomass fuel for the projects, have resulted in very few of these 

projects operating [129].  

 

Further details about the policy, operation uncertainties, and economic feasibility are 

addressed in the companion study “Pathways to Carbon Neutrality in California | The Forest 

Management Opportunity” [2].  

Biodiesel  

Biodiesel Production in California 

The US Energy Information Administration (EIA) projects that US biofuel production will slowly 

grow through 2050, primarily driven by economic and policy factors [133]. Among different 

sectors demanding energy, transportation has the largest share of biofuel demand [134]. 

Biodiesel is a diesel replacement fuel mostly used in the transportation sector. It is 

commonly produced from plant oils (e.g., soybean oil, cottonseed oil, canola oil, corn oil); 

recycled cooking greases or oils; animal fats (beef tallow, pork lard); or various combinations 

of these feedstock types [135]. Biodiesel produced in California’s biorefineries is most often 

made from second use materials such as cooking oil or rendered animal fat. Since a limited 

volume of these materials is available locally, much of the feedstock volume necessary to 
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satisfy the demand is sourced elsewhere in the US and transported to California. With 168 

million gallons per year (mgy) of biodiesel produced in the state, California is the fifth-largest 

biodiesel producer in the US (Figure 25) [136]. Biodiesel is also imported into California as a 

finished product from other US states and globe. 

 

 
 

 

 

 

 

 

 

 

 

Biodiesel Supply Chain 

Steps along the biodiesel value chain in California include research and development, 

feedstock production and collection, biodiesel production, blending, retail and distribution. 

These distinct value chain steps involve various stakeholders such as restaurants, 

biorefineries, distributors, and fuel customers [137]. 

 

During the research and development stage, national laboratories, universities, the 

Department of Energy (DOE), and biodiesel companies set research priorities for biodiesel 

production, identifying new sources that can be used as feedstock, or new processing 

paradigms that can accelerate the development and commercialization of the biofuel [138]. 

 

Since a significant fraction of biodiesel in California is made from second use materials, 

feedstock production usually occurs, not on farms, but in restaurants and food service 

companies. One of the most widely used feedstock types in California is yellow grease, which 

is the leftover cooking oil from large fryers and griddles [139]. Both yellow and brown grease 

(congealed FOG) can be highly polluting if released into the sanitary sewer system, but both 

are also valuable waste resources. Yellow grease has several benefits over brown in that it is 

less likely to be contaminated by bacteria and it is relatively free of solids and other non-oil 

substances [139]. Nevertheless, with additional processing, brown grease can be used for 

biodiesel production as well [139]. Biodiesel can also be made from tallow from the meat 

production and processing system. While biodiesel used in California can be and is 

produced directly from plant oils like corn or canola oil, some biodiesel refineries prefer to 

use distillers corn oil, which is a co-product of corn ethanol production.  
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Figure 25: Biodiesel production capacity by state. California is the fifth-largest biodiesel producer in the US. Figure 

replicated from: BBI International. 2021 Biodiesel Industry Directory [136]. 
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In the feedstock collection stage of the supply chain, biodiesel companies partner with 

restaurants, food service companies, meat processors, livestock slaughter plants, poultry 

plants, pet food processors, and grocery stores to collect their waste grease and deliver it to 

the biodiesel refinery [140]. Additional feedstock can be transported via a truck or rail from 

other US states to California’s biodiesel refineries.   

 

Once the collection of the feedstock material is complete, biodiesel production can occur. 

Transesterification is the most common biodiesel production method. It entails a reaction of 

fat or oil with an alcohol to form methyl-esters (biodiesel) plus glycerol [141]. This reaction is 

shown in Figure 26. Among several alcohols that can be used in the transesterification 

process, methanol is used most frequently due to its low cost and its physical and chemical 

advantages (it is polar and is the shortest chain alcohol) [141]. A catalyst is usually used to 

improve the reaction rate and transesterification yield. Alkalis, enzymes, and acids can all 

serve as catalysts [141]. Since alkali-catalyzed transesterification is the fastest, alkalis like 

sodium hydroxide are most used commercially [141]. Transesterification of edible oils 

requires a two-step esterification process. In the first step, the free fatty acids are converted 

to fatty acid methyl esters by an acid catalyzed pretreatment. In the second step, alkaline 

catalysts help complete the reaction [141].  

 

 

Biodiesel is most often used in blends with petroleum diesel and/or renewable diesel. Many 

modern diesel vehicles can use biodiesel in concentrations ranging from 5 to 20% [143]. 

Blends must meet the American Society for Testing and Materials standards [138]. In 

California, biodiesel is limited by law to 20% of the fuel blend for general commercial use 

[144]. In specialty applications nationwide, biodiesel is used in higher blends, up to 100% 

[144]. 

During the retail and distribution step of the biodiesel supply chain, some companies deliver 

their biodiesel to business customers who then blend and distribute the product further 

[138]. Other companies sell their biodiesel blends directly to consumers at fuel stations 

across California as a cleaner fuel option [138].  

Biodiesel Supply and Demand 

California’s in-state biodiesel production is supplemented by imports to satisfy the demand. 

As of 2021, there were 10 biodiesel plants in the state that produced about 168 mgy of 

biodiesel (Figure 27) [136]. Of the 10, 4 biodiesel plants report using used cooking oil, 2 use 

Figure 26: General equation for transesterification of triglycerides. Figure reprinted from: Meher, L. C., Sagar, D. V., & 

Naik, S. N. (2006). Technical aspects of biodiesel production by transesterification—a review. Renewable and 

sustainable energy reviews, 10(3), 248-268 [142]. 
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distillers corn oil, and 4 use multiple feedstocks but with a focus on utilizing waste resources 

(based on individual biodiesel plants’ website search) [136]. California’s biodiesel 

consumption represents 13% of total in-state demand of about 237 mgy (Figure 27) [145].  

 

A significant fraction of the in-state demand that exceeds in-state production is supplied by 

international imports. About 56 million gallons of biodiesel were imported into California in 

2016 [146]. About 4.6 million gallons came from Argentina [145]. Of the 40 million gallon 

that could have generated LCFS credits, 20.4 million came from Korea, 18 million from 

Canada, and 1.5 million from Taiwan [146]. Given many applications of the biodiesel 

produced in the Midwest to the LCFS program, this analysis assumes that the remaining 

demand volume, not covered by international imports, is supplied by Midwestern biodiesel 

imports [39]. Figure 27 demonstrates in-state production, imports from other states, and 

international imports of biodiesel.  

 
 

 

 

 

 

 

 

 

 

Feedstock Potential 

A recent comprehensive inventory for biodiesel feedstock availability based on waste 

resources has not been conducted in California, but the 2008 report “Strategic Assessment 

of Bioenergy Development in the West” assesses biomass supply in the Western Governors’ 

Association Region for 2015 [147]. The report estimates that about 167 million lb of yellow 

grease and 94 million lb of edible and inedible tallow could be generated in California [147]. 

Given that about 7.7 lb of oil is necessary to produce a gallon of biodiesel, this study finds 

that the gross potential of biodiesel produced from yellow grease and edible and inedible 

tallow, respectively, could be about 22 and 12.2 million gallons (Table 5) [148].  

 

The analysis of the local supply of FOG (or brown grease) was based on a temporal and 

geographic assessment of biomass residues by Breunig et al. (2018) [83]. They report about 

7.7 million lb of FOG available in 2014. Since about 7.5 lb of brown grease is necessary to 

produce a gallon of biodiesel, this analysis finds that about 1 million gallons of biodiesel 

(gross potential) could be produced from this feedstock type (Table 5) [149].  
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Figure 27: California biodiesel production, consumption, and imports. In-state biodiesel production satisfies 

about 71% of the demand but most of the feedstock is likely imported. 
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Since fat and oil collection from restaurants and hotels is a well-established and highly 

competitive industry, it is unlikely that the collection rates will improve. This study thus 

assumes that the feedstock values calculated from previous analyses [83,147] correspond 

to today’s yellow grease, edible and inedible tallow, and brown grease potential. Even when 

all the waste biodiesel feedstock potential in California is accounted for, only 36 million 

gallons of biodiesel can be produced, accounting for about 21% of current biodiesel 

utilization. This further emphasizes the importance of biodiesel feedstock and biodiesel 

imports into California. In addition, waste fats and oils have alternative uses, which may 

lower their availability for biodiesel production. For example, inedible tallow and yellow 

grease are often used as a supplement for animal feed, fatty acids, soaps, lubricants, etc., 

while edible tallow is primarily used as a cooking or baking product.  
 

Feedstock type million lb of feedstock million gallons of biodiesel 

Yellow Grease 167 22.2 

Edible and Inedible Tallow 94 12.2 

FOG or Brown Grease 8 1 

TOTAL 269 35.8 

 

Biodiesel Advantages and Disadvantages 

Biodiesel has multiple energy security, climate, air quality and economic benefits. From an 

energy security point of view, biodiesel produced in California or other parts of the US 

contributes to reducing dependence on foreign energy sources [138]. From a climate point 

of view, biodiesel produced from the two most common biodiesel feedstock types in the 

state, yellow grease, and distillers corn oil, has about 60-80% lower CI than conventional 

diesel (calculated based on [34] and assuming B100). From an air quality point of view, 

biodiesel use can significantly reduce emissions of several air pollutants, including PM, 

sulfur, hydrocarbons, and CO [150]. Selling/reusing glycerol in the form of less pure 

glycerine for soap production or other uses is a revenue source additional to revenue 

generated from biodiesel sales. 

 

There are a few noteworthy technical and climate related disadvantages to biodiesel 

production. The technical disadvantages of blending biodiesel with fossil diesel include 

problems with fuel freezing in cold weather, reduced energy density, and degradation of fuel 

that is stored for prolonged periods [151]. Additionally, when a biodiesel blend is first 

introduced into equipment that has a long history of pure hydrocarbon usage, it can cause 

blockage of fuel filters [151]. Furthermore, biodiesel has variable influence on emissions of 

nitrogen oxides compared to fossil diesel depending on the engine generation and testing 

procedure [152,153]. The biodiesel nitrogen oxides emissions effect can be mitigated by a 

modification to the engine control settings such as retarding injection timing and increasing 

exhaust gas recirculation [154].  

Biodiesel-Related Regulatory Instruments 

Biodiesel becomes much more economically viable when its production is supported by 

multiple regulatory incentives [40]. Policies like the LCFS, the RFS and the Biodiesel Tax 

Table 5: Maximum biodiesel feedstock potential in California [83,147]. 
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Credit (BTC) can alleviate the costs of biodiesel. This is important for feedstocks such as 

yellow grease, which has feedstock costs over three times the cost of crude oil on a per 

barrel basis [145]. 

 

The BTC is a federal program designed to subsidize blending of biodiesel and renewable 

diesel into petroleum-based diesel fuel to make it more economically competitive with 

petroleum fuel production [145]. While it has been amended a few times, in its current form, 

qualified taxpayers may claim the tax credit, at $1.00 per gallon, when the required amount 

of biodiesel is blended with petroleum diesel for sale or use in a trade or business [145]. In 

years when the tax credit was in effect during the time of production, domestic production 

and foreign imports of biodiesel increased significantly relative to the preceding years [155]. 

The EIA calculated that the fiscal impact of BTC was $2.7 billion in fiscal year 2016, up from 

about $550 million in fiscal year 2010. The BTC, which has been extended five times since 

2011, is applicable through 2022 [155]. 

 

As was discussed in previous sections, the lower the CI of the fuel applied to the LCFS 

program, the more revenue can be generated. In other words, an equivalent volume of 

biodiesel supplied to California can generate more (or fewer) credits depending on the 

feedstock it was produced from. For the two most common biodiesel types in California, 

yellow grease and distillers corn oil biodiesel, CI averaged at about 18 and 29 gCO2e/MJ, 

respectively, in LCFS applications compared to the conventional diesel CI of 92 gCO2e/MJ 

[34]. Biodiesel imports into California from Canada also comply with LCFS [156]. Over the 

past 5 years, biodiesel LCFS credit generation has stagnated, mainly because of the 

preference for renewable diesel and the resulting competition for the biomass feedstock 

[144,157].  

 

Biodiesel is also recognized as an advanced biofuel under the RFS and RFS2, since it 

achieves greenhouse gas reductions of more than 50% compared to petroleum diesel. 

[158,159]. Biomass-based diesel RIN D4 price, which applies to volumes of both biodiesel 

and renewable diesel fuels, approached $1.20/gallon during in late January and early 

February of 2021 [160]. This high price of D4 RINs is a result of diesel fuel prices quickly 

falling in Spring of 2020 below the price of biodiesel and driving D4 RIN prices higher to 

encourage the blending of costlier biodiesel [160]. 

Technoeconomic Analysis of a Biodiesel Project 

Economic feasibility of a new biodiesel plant in California with a 30 mgy capacity was 

assessed using a relatively simple technoeconomic model. Data inputs (coming from various 

secondary sources) cover costs of 1. feedstock, 2. glycerine, and 3. process energy [161, 

162]. The profitability of biodiesel is variable due to volatile prices of these cost categories. 

For most other fixed and variable costs (which include process energy costs), this analysis 

utilized the Iowa State University Biodiesel Profitability Tracking tool [156] but also 

[29,38,69,148,163-166]. The analysis assumes that yellow grease is the primary feedstock 

utilized. It also assumes a project construction start date in 2022 and accounts for project 

costs until 2045. Specific inputs into the technoeconomic analysis of biodiesel production 

can be found in Appendix D (Table D9). 
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As Figure 28 demonstrates, levelized cost of biodiesel (LCOBio) without incentives and 

glycerine sales would be about $5.20/gallon. Since the calculated production cost5 of diesel 

in California is currently about $3/gallon, this biodiesel project would not be economically 

feasible [calculated based on values in 167]. With financial incentives (LCFS and RFS 

credits) included in the analysis, the LCOBio would be about $0.80/gallon, which is 

significantly lower than the current diesel production cost in California and thus 

economically feasible (Figure 28).  

Ethanol 

Ethanol Production in California 

Conversion of biomass to biofuels currently provides the most cost-effective pathway to non-

fossil, carbon-containing, energy-dense liquid fuels [168,169]. With a gross calorific value of 

about 23.6 MJ/L, ethanol is a widely used, low-cost biofuel relevant for applications in light 

to heavy-duty fleets [170,171]. Ethanol can be produced from a range of raw materials, 

including simple sugars, starch, and lignocellulose [172]. In California, first-generation, food 

crop ethanol (predominantly corn) dominates the in-state production. Only about 2-5% of 

total ethanol produced in the state is second-generation or lignocellulosic ethanol. A major 

 
5 In this study, production cost is generally used to describe the sum of crude oil costs and refining costs 

(excluding the costs associated with taxes and distribution and marketing). Diesel retail price is based on the 

December 2021 price in California [167]. Refining costs and profits are assumed to represent 12% of the retail 

price, and crude oil costs are assumed to represent 49%. Source: EIA. (March 2022). Diesel Fuel Explained: 

Diesel Prices and Outlook.  

Figure 28: LCOBio for a yellow grease biodiesel project. Financial incentives drive the cost of biodiesel down by 

about 84%. 
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barrier to obtaining more ethanol from lignocellulosic materials is the high biomass 

recalcitrance or the resistance of plant cell walls to deconstruction into components such as 

sugars amenable to subsequent processing [173,174]. The fraction of in-state demand that 

exceeds in-state production is supplied by international imports from the Midwest and other 

countries.  

Ethanol Supply Chain 

Steps along ethanol supply chains in California include research and development, 

feedstock production and collection, ethanol production, blending, and retail and 

distribution. In California, these distinct value chain steps involve farmers, ethanol 

biorefineries, government offices, and ethanol customers spanning the transportation, 

commercial and industrial sectors.  

During the research and development stage, national laboratories, universities, the DOE, 

ethanol refineries and start-ups work to set research priorities for ethanol production and to 

identify new feedstock types or new processing paradigms that can accelerate the 

development and commercialization of ethanol. Much of ethanol research and innovation is 

focused on upstream technologies aimed at producing readily processed intermediates like 

sugars from recalcitrant cellulosic biomass [171].  

Feedstock production for ethanol produced in California occurs on farms and in the food 

and beverage industry. Most ethanol in California is produced from corn, with some 

produced from sorghum and soybean [175]. Most of this feedstock material is grown on 

farms across the Midwest, and some is sourced in California (specific fractions will be 

discussed below). Throughout its history in the US, the growing ethanol market has 

benefited crop farmers by boosting corn and other agricultural commodity prices, which in 

turn has stimulated economic activity in rural areas [175]. Import tariffs such as the 2.5% ad 

valorem tariff and an import duty on ethanol further assist US farmers.  

 

In the feedstock collection stage, crops dedicated for ethanol production are “shipped by 

rail, barge, and truck to feedlots, feed mills, other processors, ethanol refineries, and ports 

for export” [176]. Agricultural transportation demand is influenced by variation in annual 

crop size and location, the timing of planting and harvesting, weather-related transportation 

disruptions, global trade patterns, crop quality concerns, and commodity price fluctuations 

[176]. Corn grown in California, or the Midwest is primarily handled by truck [39,176].  

 

Since ethanol in California is produced using 1. food crops, 2. food and beverage waste and 

3. lignocellulosic residues such as corn kernel, the ethanol production stage implies various 

feedstock-specific processing paradigms.  

 

1. Most food crop ethanol is produced from corn by either the dry grind or the wet mill 

process. In the dry grind process, a food crop such as corn is ground into corn flower 

and mixed with water [177]. This corn-water mash is cooked, and enzymes are added 

to convert the starch to sugar [177]. Then yeast is then added to ferment the sugars, 

producing a mixture containing ethanol and solids which is then distilled and 

dehydrated to create fuel-grade ethanol, while the solids remaining are dried to 
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produce distillers dried grains with or without solubles (DDGS), which can be sold as 

animal feed [177]. In contrast to the dry grind process where the focus is on 

maximizing the capital return per gallon of ethanol, the wet-mill plants allow for the 

separation of other valuable components in the grain before fermentation to ethanol 

[177]. These plants produce primarily corn sweeteners, along with ethanol and 

several other co-products (such as corn oil and starch) [178]. The wet milling process 

is more capital- and energy- intensive, as the grain must first be separated into its 

components, including starch, fiber, gluten, and germ [178]. The starch solution is 

then separated from the solids and fermentable sugars dedicated to ethanol 

production [178].  

 

2. Ethanol production from waste generated in the beverage and food industry such as 

off-spec beer and waste brewery yeast involves collection, concentration, and 

denaturing [179]. The dried yeast that remains can be sold into the pet food industry 

or used as a nutritional supplement and flavor enhancer [179]. While the information 

is not readily available, it is assumed that the two ethanol refineries in California that 

report utilizing waste materials from the beverage and food industry use this method 

to produce ethanol. Waste whey from the milk to cheese production process is 

another feedstock material utilized. 

 

3. Among various types of plant biomass, lignocellulosic feedstocks such as agricultural 

residues can offer great potential for mitigating climate change without 

compromising food security. Edeniq’s Pathway Technology is the lignocellulosic 

biomass conversion paradigm currently utilized in two ethanol refineries in California. 

This is an integrated platform to produce qualified cellulosic ethanol in existing corn 

ethanol plants [180]. The platform combines Edeniq’s Cellunator with an enzyme 

cocktail to break down corn kernel fiber in the slurry, releasing cellulosic sugars into 

the fermentation process [180].  

 

Upon ethanol production through one of the paradigms described above, ethanol produced 

in California is then transported by truck, train, or barge from production points to petroleum 

blending terminals equipped to store/or blend ethanol [176].   

 

In the distribution and retail stage, ethanol blends are delivered to retail stations, fleet 

stations, or other end users via fuel trucks [178].  

Ethanol Supply and Demand 

In 2021, ethanol in California was produced in seven ethanol refineries at a rate of about 

228 mgy [181,182]. Five refineries reported using corn; four reported using sorghum or food 

crops other than corn; one reported using sugar beets; two reported using food and/or 

beverage waste; and two reported using some lignocellulosic residues such as corn kernel 

fiber as ethanol feedstock [181,182]. Communication with an official from one of the 

ethanol refineries revealed that most food crop feedstock, about 80-85% is imported from 

the Midwest with the remaining 15-20% sourced locally. Since feedstock storage capacity 

can be an issue for ethanol refineries, the 15-20% of locally harvested food crops is closely 

tied to the timing of harvest. Specifically, biorefineries prefer transporting the feedstock 

directly to the facility when it is sufficiently dried in the field, thus avoiding the need to run 
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the feedstock through a grain terminal and dry it further. This window is usually between the 

end of September through December in California.  

 

Communication with an ethanol refinery official also revealed that usually only about 2-5% of 

the total ethanol production is cellulosic whereas 95-98% is food crop based, even in 

refineries reporting cellulosic ethanol production. 

 

In 2019, ethanol demand in California was about 1.6 billion gallons with the transportation 

sector presenting the highest demand, followed by the commercial and the industrial 

sectors [183] (Figure 29). The difference between the in-state production of ethanol and the 

demand is supplied by imports. Brazil ethanol imports in 2020 were about 9,000 

barrels/day or 0.14 billion gallons/yr [184]. California is an attractive market for ethanol 

from Brazil and the Midwest as a consequence of the need for low-carbon fuels under 

the LCFS [184]. (Figure 29). This analysis thus assumed that the remaining demand (not 

supplied by imports from Brazil) is supplied by imports from the Midwest.  

 
 

 

 

 

 

 

 

 

Ethanol Advantages and Disadvantages  

Aviation, long-distance ocean shipping, and long-haul trucking have cargo space and 

payload capacity constraints that require fuel sources with higher volumetric and gravimetric 

energy density than batteries [169]. Even if the rest of the global economy were completely 

decarbonized, the failure to displace the fossil fuels used in aviation, ocean freight, and 

long-haul trucking with low-carbon alternatives would result in emissions exceeding the 2°C 

Paris Agreement target [171]. While “fuel molecules other than ethanol are more readily 

compatible with existing infrastructure”, “ethanol is the least expensive liquid fuel molecule 

and is likely to remain so for the indefinite future” [171]. In addition to its application in the 

heavy-duty fleet, producing ethanol is an economical way to prevent California’s over-

reliance on the imports of fossil fuels [177]. Finally, numerous co-products are generated 

during ethanol production. For example, CO2 released during fermentation is often captured 

Figure 29: California’s ethanol production, consumption, and imports. Most ethanol demand is supplied by 

imports.  
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and sold. The CO2 is used in carbonating soft drinks and beverages, manufacturing dry ice, 

and in other industrial processes (alternatively, it can be sequestered underground via CCS 

technology) [177]. Furthermore, corn gluten feed (co-product of the wet milling process) and 

DDGS (co-product of the dry grind process) can both be sold as animal feed [177]. Distillers 

corn oil that can be extracted from distillers grain prior to the drying process can also be 

used for biodiesel production among other applications thus providing another source of 

revenue for ethanol producers [177].  

There are many drawbacks associated with producing ethanol based on the current corn 

starch-based technology used in California. For example, food crop ethanol may compete for 

the limited agricultural land needed for food and feed production or may lead to intensified 

use of fertilizer [185].  

Ethanol-Related Regulatory Instruments  

One of the most influential state regulations affecting the growth rate of ethanol occurred in 

1999 when California announced it would ban the use of methyl tertiary butyl ether (MTBE) 

[176]. Before California’s ban, MTBE was widely used as a response to the 1990 Clean Air 

Act Amendments requiring the addition of oxygen compounds to gasoline in an effort to 

control CO and ozone in urban areas [176]. Two years after CARB made a formal request to 

the EPA for a waiver from the requirement to use oxygenates in gasoline, EPA denied it, so 

the state started adding ethanol to the gasoline as the only other oxygenate available to 

meet the EPA requirements [176]. Many states followed California’s phaseout of MTBE, and 

ethanol’s share in the market grew rapidly [176]. 

 

The use of ethanol is also supported with the LCFS program. To help facilitate the LCFS 

through the increased use of ethanol, in 2008, CARB approved changes to its reformulated 

gasoline regulations, allowing fuel providers to increase their ethanol blends from 5.7% up 

to 10% [186]. In 2010, the EPA increased the amount of ethanol allowed to be blended with 

gasoline from 10% to 15% (E15). Additionally, while the ethanol content of most of the 

motor gasoline sold in California does not exceed 10% by volume, the volume of E85 sold 

has surged under the LCFS from 2.9 million gallons consumed in 2009 to 40.4 million 

gallons consumed in 2020 [187]. The volume of ethanol under the LCFS has remained 

stable over the last decade in California except for the COVID-related downturn in 2020 

when production fell by 6% [188]. Based on the LCFS pathways applications, CI values of 

ethanol in California vary widely depending on the feedstock type used and whether the 

feedstock is collected locally or transported from the Midwest [39]. All values (ranging from 

7-80 gCO2/MJ) are, however, lower than the CI of conventional diesel and thus represent 

potential for LFCS revenue generation. The lowest CI values come from the use of local 

resources like sugar beets and waste wine, while the highest values come from the Midwest 

materials like sorghum and corn. A fraction of in-state demand that exceeds in-state 

production is supplied by Midwestern or international imports. Driven by the LCFS, many 

ethanol producers are drawn to California’s lucrative ethanol market 

 

The RFS includes targets for cellulosic biofuels, advanced biofuels and conventional 

renewable fuels under which ethanol produced in California qualifies [189]. Most ethanol 

produced in California qualifies for D6 RIN credits as it is mostly derived from corn starch. 
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Sugarcane ethanol in the state qualifies for D5 RIN credits whereas cellulosic ethanol 

qualifies for D3 RIN credits [181]. D3 RINs are worth significantly more than D6 and D5. 

Technoeconomic Analysis of an Ethanol Project 

Economic feasibility of a new ethanol plant in California with a 40 mgy capacity was 

assessed using the simple technoeconomic model discussed previously. The analysis 

assumed that the feedstock used in the plant is 85% corn transported from the Midwest and 

15% sourced in California. Data inputs detail Californian and Midwestern 1. corn prices, 2. 

DDGS prices, and 3. transportation costs [190-195]. The profitability of ethanol production 

is variable due to the volatile prices of these cost determinants. For most other fixed and 

variable costs, this analysis utilized the Iowa State University Ag Decision Maker tool [190] 

but also [163,164,194]. Specific inputs into the technoeconomic analysis can be found in 

Appendix D (Table D10). The analysis assumes a new project construction start date in 

2022 and accounts for project cost up until 2045.  

 

As Figure 30 demonstrates, levelized cost of ethanol (LCOEtOH) without incentives and 

DDGS sales would be about $3.02/gallon. Since the production cost of gasoline in California 

was about $3.01/gallon in 2021 [196], this ethanol project was close to economic 

feasibility. With financial incentives included in the analysis (LCFS and RFS credits), ethanol 

becomes economically feasible at $0.14/gallon (Figure 30). 

 

Figure 30: LCOEtOH for a corn ethanol plant in California. The largest cost comes from purchasing corn. 

Financial incentives drive the cost of ethanol down by about 95%. 
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Comparison of Bioenergy Resources 
 

Figure 31 converts all biogas, solid waste, biodiesel, and ethanol potential to PJ for easier 

comparison using heating values from [197-201]. On a PJ basis, landfill gas holds the 

greatest energy potential in the waste category currently. In 2045, however, MSW and 

agricultural residues such as lumber, orchard residues and almond hulls represent the most 

significant energy potential. As noted before, these projections can be significantly altered 

by future drought, wildfire, and land management conditions, which are out of the scope of 

this analysis but which should be further explored for more accurate projections. 

Conclusions 
California’s abundant biomass-based agricultural and urban waste streams can be 

converted to bioenergy products that have many potential applications across California’s 

energy system, including renewable electricity generation, low carbon transportation fuel 

and pipeline biomethane production. A few important conclusions about this bioenergy 

opportunity can be made based on the study: 1. Utilizing waste resources to produce useful 

bioenergy products avoids CH4 and CO2 emissions that would have otherwise been released 

through waste decomposition or combustion; 2. The use of bioenergy displaces fossil fuels 

and thus avoids fossil fuel emissions; 3. If the gross waste potential in California was utilized 

for bioenergy production, the state’s total emissions could be reduced by 1-8% depending 

on the conversion process and the end-product; 4. All the biomass resources assessed 

Figure 31: Energy potential of bioenergy sources analyzed in this study converted to PJ. By 2045, MSW and 

agricultural residues such as lumber, orchard residue and almond hulls become biomass categories with the 

most significant energy potential 
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create CO2 at the time of conversion, which can be captured and stored permanently with 

BECCS technologies making the production of bioenergy one of the most valuable carbon-

negative options; 5. Without economic incentives like the LCFS and RFS programs, 

production of RNG for vehicle fuel would not be economically feasible and biodiesel and 

ethanol imports would likely be much lower.  

Appendix A: Dairy Manure Biogas Calculations  
 

AgStar data [9] seems to overestimate the emissions savings from the 42 currently 

operating dairy digesters (although replicating AgStar’s calculations leads to a similar 

answer). Additionally, the LLNL “Getting to Neutral” report’s [1] 2025 biogas production 

potential of 50 billion cu ft/yr seems to have been calculated using a higher CH4 production 

rate than this study found in the literature. 

 

Explanation  

If the total emission savings from 42 digesters currently operating and producing 820 

MCF/yr of biogas were 1.5 MtCO2e/yr (as estimated in the Agstar database), then the 

emission savings resulting from 50 BCF/yr of biogas projected by the LLNL “Getting to 

Neutral” report in 2025 (when all dairies are assumed to have a digester installed) would be 

higher than the current total manure management-related emissions in California (10 

MtCO2e/yr).  

 

In estimating the 2025 biogas production potential, the authors of the “Getting to Neutral” 

report cite that they used the 2016 report for CARB written by Kaffka at al. [6] which 

contains detailed information on CH4 production and emission mitigation rates for different 

types of digesters. They also report using a biogas production rate of 85.5 cu ft/day/cow for. 

However, in Kaffka et al. (2016) [6], this study found the CH4 production rates to be 34.4-

36.9 cu ft/day/cow (which corresponds to about 57-62 cu ft/day/cow of biogas). Using 

these rates, this study calculates that the biogas production in 2025, if all 1100 dairies 

(with 1.7 million cows) had digesters, would be about 35 BCF/yr instead of 50 BCF/yr (Table 

A1). Further, using mitigation potential factors from [6], this study calculates that 8.35 

MtCO2e/yr of direct emissions could be saved. This number aligns better with the current 

manure management emissions in CA (Table A2).  
 

However, in estimating the current biogas production and emission reductions, using CH4 

production and emission factors from [6] lead to higher biogas production estimates but 

lower emission reduction estimates compared to those presented in AgStar (Tables A1 and 

A2). The differences in biogas production estimates might exist because not all dairies in 

AgStar reported their biogas potential. Input parameters for all calculations can be observed 

in Tables 1 and A3. 

 

Data Source 
Current biogas 

production (42 dairies) 

2025 biogas production 

potential (1100 dairies) * 

AgStar Database 820 MCF/yr  

LLNL “Getting to 

Neutral” report [1] 
 50 BCF/yr 
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This study’s calculations 

(based on values from 

[6]) 

4 BCF/yr 35 BCF/yr 

 

 
 

 

 

 

 

 

 

*Assumes all 1100 dairies in California have digesters installed 

**Total emissions reduction estimates, which are still lower than AgStar estimates, can be observed in Figure 

5. 

 

**Most currently installed digesters are covered lagoons 

 

Current and 2025 emissions reduction calculations 

 

Total number of dairies in California is about 1100 and they are home to about 1.7 million 

dairy cows.  

 

Below is a calculation of the 2025 direct emissions reduction potential assuming all 1100 

dairies have had covered lagoon digesters installed. 

  

4.91 tCO2eq /cow/yr * 1.7 million dairy cows = 8.35 MtCO2eq/yr 

 

Next is a calculation of current direct emission reductions with 42 dairies currently having a 

digester installed (the numbers of cows are taken from Table 1 in the main text).  

 

Covered Lagoon 

4.91 tCO2eq /cow/yr * 186,363 cows = 915,042 tCO2eq /yr 

 

Data Source 
Current emission 

reductions (42 dairies) 

2025 emission 

reduction potential 

(1100 dairies) * 

AgStar Database [9] 1.5 MtCO2e/yr  

This study’s direct 

emissions reduction 

calculations (based on 

values from [6]) 

0.94 MtCO2e/yr ** 8.35 MtCO2e/yr 

Parameter Units 
Covered lagoon 

digesters ** 
Plug flow digesters 

CH4 produced 
cu meter/cow/yr  

cu ft/day/cow 

354.8 

34.3 

381.3 

36.9 

Project emissions MgCO2e /cow/yr 0.33 0.16 

Mitigation potential MgCO2e /cow/yr  4.91 5.08 

Table A1: Current and 2025 biogas production estimates from AgStar, the LLNL “Getting to Neutral” report 

and this study’s calculations. There are significant differences in biogas production potential estimates. 

Table A2: Current and 2025 emissions reductions potential estimates from AgStar and this study’s 

calculations. There are significant differences in emissions reduction potential estimates. 

Table A3: Parameters and results from dairy manure methane production project. Replicated from: Kaffka, S.; 

Barzee, T.; Williams, Rob.; Zicari, S.; and Ruihong Zhang. (2016). Evaluation of Dairy Manure Management 

Practices for Greenhouse Gas Emissions Mitigation in California. Final technical Report to the State California 

Air Resources Board 
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Mixed Plug Flow and Complete Mix ***  

5.08 tCO2eq /cow/yr * (2,500 + 2,513) cows = 25,466.04 tCO2eq /yr 

 

Total current emissions reductions: 915,042 tCO2eq /y + 25466.04 t CO2eq /y = 940,508 

tCO2eq /yr 

 
***Using the same mitigation potential for complete mix as for mixed plug flow due to lack of information for 

complete mix digesters. 

 

Current and 2025 biogas production calculations 

 

Below is a calculation of the 2025 biogas production potential assuming all 1100 dairies 

have had covered lagoon digesters installed.  

 

1.7 million cows * 34.3 cu ft/day/cow * 365 day/year= 21 BCF/yr of CH4 

 

Since dairy manure biogas composition is 60% CH4 and 40% CO2, it can be assumed that 

biogas production will be equal to about 35 BCF/yr of biogas. 

 

Next is a calculation of the current biogas production potential with 42 dairies currently 

having a digester installed (the numbers of cows are taken from Table 1 in the main text). 

 

Covered Lagoon 

186,363 cows * 34.3 ft^3/day/cow * 365 day/year = 2.33 BCF/yr  

 

Mixed Plug Flow and Complete Mix  

(2,500 + 2,513) cows * 36.9 * 365 day/year = 67.52 MCF/yr 

 

Total current biogas production potential: 2.33 BCF/yr + 67.52 MCF/yr = 2.40 BCF of CH4 

which corresponds to about 4 BCF/year of biogas. 

 

Estimating 2045 biogas production and emissions reduction potential  

 

According to the LLNL “Getting to Neutral” report, based on predicted human population 

growth and linear extrapolation of per capita dairy product consumption, by 2045 manure 

production will have increased by 21%. Table A4 compares this study’s estimates of 2045 

biogas production and emissions reduction potential calculated using parameters from [6] 

and LLNL “Getting to Neutral” report’s estimates. It also showcases the exact calculations 

this study is using, and the calculations believed to have been used by the LLNL report.   

 
Data source  Number of cows 2045 biogas production 

LLNL “Getting to Neutral report” 

[1] 
1.5 million * 1.21 = 1.815 million 

1.815 million cow* 85.5 cu 

ft/day/animal*365 day/yr = 56.5 

BCF/yr of biogas (LLNL calculates 

56 BCF) 

This study’s estimates  1.7 million * 1.21 = 2.06 million 

2.06 million cow* 34.4 cu 

ft/day/animal*365 day/yr = 26 

BCF of CH4 or 43 BCF/yr of biogas 
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2045 direct emissions reduction potential of about 10.1 MtCO2e is calculated by increasing 

the 2025 emissions reduction potential calculated above by 21%. Total emissions reduction 

estimates can be observed in Table 5.  

Appendix B: Data Inputs for Quantifying Direct and Avoided 

Emissions Reductions  
 

Parameter Value Source 

Total dairy manure biogas 

production today 
4 BCF 

Based on the analysis in this 

study 

Total dairy manure biogas 

production in 2025 
35 BCF 

Based on the analysis in this 

study 

Total dairy manure biogas 

production in 2045 
43 BCF 

Based on the analysis in this 

study 

Dairy manure biogas CH4 content 60% [1] 

Mitigation potential coefficient for 

covered lagoons 
4.91 tCO2/cow/yr [6] 

Mitigation potential coefficient for 

mixed plug flow and complete mix 

digesters 

5.08 tCO2/cow/yr [6] 

 

Direct CH4 emissions reduced (MtCO2e/yr) = Number of cows generating manure for a 

specific anaerobic digester * mitigation potential coefficient from [6] (MtCO2/cow/yr) 

 

Avoided CH4 emissions reduced (MtCO2e/yr) = Dairy manure biogas utilized (cu ft/yr) * % 

CH4 in dairy manure biogas * 70% conversion efficiency dairy manure CH4/CNG CH4 * 

1,012 Btu/cu ft CH4 * 161 lbs CO2/million Btu * million Btu/1,000,000 Btu * short t/2000 

lbs * 0.9072 metric t/short t * million metric t/1,000,000 metric t (Equation adapted from 

[17]) 

 

Total emission reductions (MtCO2e/yr) = Direct CH4 emissions reduced (MtCO2e/yr) + 

Avoided CH4 emissions reduced (MtCO2e/yr) 

 
*It is assumed that the direct and avoided emissions equations presented in [17] are applicable to dairy 

manure biogas calculations with modifications to the biogas CH4 content. 

**It is assumed that all of the biogas that is captured is converted to vehicle fuel (CNG). Given that some 

biogas will be used for onsite energy needs, in reality, the emissions reduction calculation in this analysis is 

intended as an illustrative example. 

 

Parameter Value Source 

Total landfill gas production today 124 BCF 
Based on the analysis in this 

study 

Total landfill gas production in 

2025 
112 BCF 

Based on the analysis in this 

study 

Table B1: Inputs into emission reductions calculations for a dairy manure anaerobic digestion project.   

Table B2: Inputs into emission reductions calculations for a landfill gas project.   

Table A4: 2045 biogas production and emissions reduction estimates from this study’s calculations and the 

LLNL “Getting to Neutral” report.  
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Total landfill gas production in 

2045 
75 BCF 

Based on the analysis in this 

study 

Landfill gas CH4 content 50% [1] 

 

Direct CH4 emissions reduced (MtCO2e/yr) = Landfill gas collected and destroyed (cu ft/yr) * 

% CH4 in landfill gas * 0.0423 lbs CH4 * short t/2000 lbs * 0.9072 metric t/short t * GWP 

CH4 * million metric t/1,000,000 metric t (Equation adapted from [17]) 

 

Avoided CH4 emissions reduced (MtCO2e/yr) = Landfill gas utilized (cu ft/yr) * % CH4 in 

landfill gas* 70% conversion efficiency landfill CH4/CNG CH4 * 1,012 Btu/cu ft CH4 * 161 lbs 

CO2/million Btu * million Btu/1,000,000 Btu * short t/2000 lbs * 0.9072 metric t/short t * 

million metric t/1,000,000 metric t (Equation adapted from [17]) 

 

Total emission reductions (MtCO2e/yr) = Direct CH4 emissions reduced (MtCO2e/yr) + 

Avoided CH4 emissions reduced (MtCO2e/yr) 

 
*It is assumed that 37.25% of the landfill gas that is captured is utilized for vehicle fuel production (% 

calculated based on data in [49]) 

 

Parameter Value Source 

Total wastewater biogas 

production today 
13.6 BCF 

Based on the analysis in this 

study 

Total wastewater biogas 

production in 2025 
13.8 BCF 

Based on the analysis in this 

study 

Total wastewater biogas 

production in 2045 
15.7 BCF 

Based on the analysis in this 

study 

Landfill gas CH4 content 65% [1] 

 

Direct CH4 emissions reduced (MtCO2e/yr) = Wastewater biogas captured and destroyed (cu 

ft/yr) * % CH4 in wastewater biogas * 0.0423 lbs CH4 * short t/2000 lbs * 0.9072 metric 

t/short t * GWP CH4 * million metric t/1,000,000 metric t (Equation adapted from [17]) 

 

Avoided CH4 emissions reduced (MtCO2e/yr) = Wastewater biogas utilized (cu ft/yr) * % CH4 

in wastewater * 70% conversion efficiency wastewater CH4/CNG CH4 * 1,012 Btu/cu ft CH4 

* 161 lbs CO2/million Btu * million Btu/1,000,000 Btu * short t/2000 lbs * 0.9072 metric 

t/short t * million metric t/1,000,000 metric t (Equation adapted from [17]) 

 

Total emission reductions (MtCO2e/yr) = Direct CH4 emissions reduced (MtCO2e/yr) + 

Avoided CH4 emissions reduced (MtCO2e/yr) 

 
*It is assumed that the direct and avoided emissions equations presented in [17] are applicable to wastewater 

biogas calculations with modifications to the biogas CH4 content. 

**It is assumed that all the biogas that is captured is converted to vehicle fuel. Given that some or most of the 

biogas could be used for onsite energy needs, the emissions reduction calculation in this analysis is intended 

as an illustrative example. 

 

Parameter Value Source 

Table B3: Inputs into emission reductions calculations for a wastewater anaerobic digestion project.   
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Emissions released from waste 

decomposition on landfill 
1,610 kgCO2/t [102] 

Emissions from combusting MSW 

for electricity production 
0.367 kgCO2/kWh [102] 

Emissions from natural gas 

combustion  
0.446 kgCO2/kWh [102] 

Total low-moisture MSW potential 

today 

7,231,922 BDT 

 

Based on the analysis in this 

study 

Total low-moisture MSW potential 

in 2025 

7,285,246 BDT 

 

Based on the analysis in this 

study 

Total low-moisture MSW potential 

in 2045 

7,763,753 BDT 

 

Based on the analysis in this 

study 

Electricity production  550 kWh/t  [103] 

 

Total emission reductions for a MSW WTE project (MtCO2e) = Non-biogenic emissions from 

combusting MSW for electricity production (MtCO2e) – Emissions from natural gas 

combustion (MtCO2e) – Emissions released from waste decomposition on landfills (MtCO2e) 

 
* Low-moisture MSW categories include lumber, paper and cardboard. The “other” category was not included 

due to uncertainty about the moisture content.  

 

Parameter Value Source 

Emissions released from waste 

decomposition on landfill 
1,610 kgCO2/t [102] 

Emissions from gasifying MSW for 

electricity production 
0.115 kgCO2/kWh [101] 

Emissions from natural gas 

combustion  
0.446 kgCO2/kWh [102] 

Total low-moisture MSW potential 

today 

7,231,922 BDT 

 

Based on the analysis in this 

study 

Total low-moisture MSW potential 

in 2025 

7,285,246 BDT 

 

Based on the analysis in this 

study 

Total low-moisture MSW potential 

in 2045 

7,763,753 BDT 

 

Based on the analysis in this 

study 

Electricity production  1,083 kWh/t [101] 

 

Total emission reductions for a MSW gasification project (MtCO2e) = Non-biogenic emissions 

from gasifying MSW for electricity production (MtCO2e) – Emissions from natural gas 

combustion (MtCO2e) – Emissions released from waste decomposition on landfills (MtCO2e) 

 
* Low-moisture MSW categories include lumber, paper, and cardboard. The “other” category was not included 

due to uncertainty about the moisture content.  

 

Parameter Value Source 

Emissions released from MSW 

decomposition on landfill 
0.388 tCO2e/wet t of food waste [66] 

Emission reductions associated 

with the land application of 

biosolids 

0.055 tCO2e/wet t of food waste [66] 

Table B4: Inputs into emission reductions calculations for an MSW direct combustion project.   

Table B5: Inputs into emission reductions calculations for an MSW gasification-to-electricity project.   
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Emissions reductions associated 

with anaerobically digesting MSW 

for RNG (as vehicle fuel) 

production 

0.26 tCO2e/wet t of food waste [66] 

Process emissions  0.017 tCO2e/wet t of food waste [66] 

Transportation emissions  0.008 tCO2e/wet t of food waste [66] 

Total high-moisture MSW 

potential today 

3,697,938 BDT 

 

Based on the analysis in this 

study 

Total high-moisture MSW 

potential in 2025 

3,738,832 BDT 

 

Based on the analysis in this 

study 

Total high-moisture MSW 

potential in 2045 

3,958,275 BDT 

 

Based on the analysis in this 

study 

High-moisture MSW moisture 

content 
50% [1] 

 

Total emission reductions from a MSW anaerobic digestion project (MtCO2e) = (Process 

emissions + Transportation emissions) (MtCO2e) – (Emissions from waste decomposition on 

landfills + Emission reductions due to land application of biosolids + Emission reductions 

due to biogas use as RNG in vehicles) (MtCO2e)  

 
* High-moisture MSW categories include food waste and green waste. The “other” category was not included 

due to uncertainty about the moisture content.  

** It is assumed that the food waste is co-digested with wastewater in WWTPs. It is also assumed that green 

waste has same emission factors as food waste.   

*** BDTs are converted to short wet tons 

 

Parameter Value Source 

Average emissions released from 

open-field burning 
957 kgCO2e/t [120] 

Emissions from system 

performance 
0.429 kgCO2e/kWh [121] 

Emissions from natural gas 

combustion  
0.446 kgCO2/kWh [102] 

Total low-moisture agricultural 

residue potential today 

9,206,005 BDT 

 

Based on the analysis in this 

study 

Total low-moisture agricultural 

residue potential in 2025 

9,560,245 BDT 

 

Based on the analysis in this 

study 

Total low-moisture agricultural 

residue potential in 2045 

11,704,809 BDT 

 

Based on the analysis in this 

study 

Electricity production 410 kWh/t of waste [122] 

 

Total emission reductions for an agricultural residue WTE project (MtCO2e) = System 

performance emissions (MtCO2e) - Emissions from natural gas combustion (MtCO2e) – 

Emissions from open-field burning (MtCO2e)  

 
* Low-moisture agricultural residue categories include orchard & vineyard residue, field residues, almond hulls 

and shells, walnut shells, rice hulls, and cotton gin trash. 

**Electricity production factor and system performance emissions for rice husk and open-field burning 

emissions for rice straw were assumed to be applicable for all low-moisture agricultural residue categories. 

Table B6: Inputs into emission reductions calculations for an MSW anaerobic digestion project.   

Table B7: Inputs into emission reductions calculations for an agricultural residue direct combustion project.   
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Given the heterogenous chemical compositions of agricultural residue categories, emissions reduction 

calculation in this analysis is intended only as an illustrative example.  

 

Parameter Value Source 

Average emissions released from 

open-field burning 
957 kgCO2e/t [120] 

Emissions from system 

performance 
0.985 kgCO2e/kWh [127] 

Emissions from natural gas 

combustion  
0.446 kgCO2/kWh [102] 

Total low-moisture agricultural 

residue potential today 

9,206,005 BDT 

 

Based on the analysis in this 

study 

Total low-moisture agricultural 

residue potential in 2025 

9,560,245 BDT 

 

Based on the analysis in this 

study 

Total low-moisture agricultural 

residue potential in 2045 

11,704,809 BDT 

 

Based on the analysis in this 

study 

Electricity production 570 kWh/t of waste [122] 

 

Total emission reductions for an agricultural residue gasification project (electricity 

production) (MtCO2e) = System performance emissions (MtCO2e) - Emissions from natural 

gas combustion (MtCO2e) – Emissions from open-field burning (MtCO2e) 

 
* Low-moisture agricultural residue categories include orchard & vineyard residue, field residues, almond hulls 

and shells, walnut shells, rice hulls, and cotton gin trash. 

**Electricity production factor and system performance emissions for rice husk and open-field burning 

emissions for rice straw were assumed to be applicable for all low-moisture agricultural residue categories. 

Given the heterogenous chemical compositions of these categories, the emissions reduction calculation in this 

analysis is intended as an illustrative example 

 

Parameter Value Source 

Average emissions released from 

open-field burning 
957 kgCO2e/t [120] 

Emissions from system 

performance 
1.65 tCO2/BDT [1] 

Avoided emissions  1.26 tCO2/BDT [1] 

Total low-moisture agricultural 

residue potential today 

9,206,005 BDT 

 

Based on the analysis in this 

study 

Total low-moisture agricultural 

residue potential in 2025 

9,560,245 BDT 

 

Based on the analysis in this 

study 

Total low-moisture agricultural 

residue potential in 2045 

11,704,809 BDT 

 

Based on the analysis in this 

study 

 

Total emission reductions for an agricultural residue gasification project (H2 production) 

(MtCO2e) = System performance emissions (MtCO2e) – Avoided emissions (MtCO2e) – 

Emissions from open-field burning (MtCO2e) 

 
* Low-moisture agricultural residue categories include orchard & vineyard residue, field residues, almond hulls 

and shells, walnut shells, rice hulls, and cotton gin trash. 

Table B8: Inputs into emission reductions calculations for an agricultural residue gasification-to-electricity 

project.   

Table B9: Inputs into emission reductions calculations for an agricultural residue gasification-to-H2 project.   
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**Open-field burning emissions for rice straw were assumed to be applicable for all low-moisture agricultural 

residue categories. Given the heterogenous chemical compositions of these categories, the emissions 

reduction calculation in this analysis is intended as an illustrative example 

*** Generalized system performance emissions and avoided emissions were assumed to be applicable to all 

low-moisture agricultural residue categories. Additionally, the unit of system performance and avoided 

emissions was assumed to be tCO2e although the original source uses tCO2 [1]. It is thus necessary to account 

for the GWP of other gases to make this calculation more accurate. 

 

Parameter Value Source 

Average emissions released from 

open-field burning 
957 kgCO2e/t [120] 

Emissions from system 

performance 
0.296 tCO2/BDT [1] 

Avoided emissions  0.834 tCO2/BDT [1] 

Total low-moisture agricultural 

residue potential today 

9,206,005 BDT 

 

Based on the analysis in this 

study  

Total low-moisture agricultural 

residue potential in 2025 

9,560,245 BDT 

 

Based on the analysis in this 

study 

Total low-moisture agricultural 

residue potential in 2045 

11,704,809 BDT 

 

Based on the analysis in this 

study 

 

Total emission reductions for an agricultural residue pyrolysis project (pyrolysis oil 

production) (MtCO2e) = System performance emissions (MtCO2e) – Avoided emissions 

(MtCO2e) – Emissions from open-field burning (MtCO2e) 

 
* Low-moisture agricultural residue categories include orchard & vineyard residue, field residues, almond hulls 

and shells, walnut shells, rice hulls, and cotton gin trash. 

** Open-field burning emissions for rice straw were assumed to be applicable for all low-moisture agricultural 

residue categories. Given the heterogenous chemical compositions of these categories, the emissions 

reduction calculation in this analysis is intended as an illustrative example 

*** Generalized system performance emissions and avoided emissions were assumed to be applicable to all 

low-moisture agricultural residue categories. Additionally, the unit of system performance and avoided 

emissions was assumed to be tCO2e although the original source uses tCO2 [1]. It is thus necessary to account 

for the GWP of other gases to make this calculation more accurate. 

Appendix C: Stakeholder Perspectives on Dairy Manure Biogas 

Production 
Table C1 demonstrates the characteristics of interviewed dairy farmers and anaerobic 

digestion operations performed on their farms. Additionally, representatives of dairy 

associations shared perspectives of other farmers they interacted with across the state. 

Major points both farmers and representatives of dairy associations emphasized in our 

conversations about anaerobic digestion and the environmental impacts of dairy farms 

related to the following broad topics: regulatory pressures, economic feasibility of anaerobic 

digestion, the value of co-products, and environmental stewardship. We report stakeholders’ 

perspectives and what we learned about these topics below.  

 
Dairy Location Farmer experience Anaerobic Digester Type How long is the digester 

operating? 

Table B10: Inputs into emission reductions calculations for an agricultural residue pyrolysis-to-pyrolysis oil 

project.   
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Central Valley 4th generation farmer; ∼ 

20 years of experience 

 

Covered Lagoon 2 years 

Central Valley 2nd generation farmer, 

took over the dairy 

recently 

Covered Lagoon In construction 

 

“CH4 permits would be infeasible.” 

 

According to farmers and representatives of dairy associations, one of the primary reasons 

for doing anaerobic digestion is regulatory pressure. While these stakeholders agreed that 

some pressure from regulatory bodies is necessary to make sure that “farmers are doing the 

best they can for the environment”, they also emphasized that “too much regulation” is not 

favorable. A farmer whose digester is currently in construction stated how SB 1383 is “not 

really voluntary”. According to him, dairy farmers feel like there is a constant threat of 

stringent regulations unless they constantly “share with regulatory bodies how it’s going” 

and demonstrate their efforts to reduce CH4 emissions. Representatives of dairy 

associations emphasized their efforts to prevent the creation of CH4 permits as this would 

impose huge strains on farmers’ budgets and divert attention from dairies’ primary focus - 

producing milk and other dairy products. Farmers agreed that CH4 permits would be 

infeasible. “Farmers want certainty” and the possibility of permits makes them feel insecure 

about the future of their operations. Representatives of dairy associations also explained the 

difficulties surrounding the construction of dairy digesters on small dairy farms. According to 

one of the stakeholders interviewed, 4,000-5,000 liters (L) of manure is necessary for a 

lagoon anaerobic digester to operate, however, dairy farmers are permitted by the number 
of cows in CDFA, so CH4 emissions management on small dairy farms is an unsolved 
question and should be addressed by adequate research and policy. 
 

“It economically makes sense to do something sustainable. Something like anaerobic 

digestion.” 
 

According to a farmer whose digester is currently in construction, it was “a low-hanging fruit 

to use available funds to do anaerobic digestion” and contribute to CH4 emissions reduction 

efforts while also generating revenue. According to an interviewed stakeholder from a dairy 

association, it is usually the case that 75% of anaerobic digestion construction costs are 

covered by state grants and funds, while the remaining 25% is either covered through loans 

or private investments obtained by farmers or anaerobic digester developers. Once 

constructed, there are two arrangements through which anaerobic digester systems are 

operated and their revenues collected: 

 

1. Anaerobic digester developers approach farmers with detailed plans on types and 

sizes of digesters they could construct. After construction, the farmers sell their 

manure at a flat rate to the developers who proceed to maintain and operate the 

digesters. Developers can then apply for biomethane-related credits for the biogas 

they have generated or sell it for electricity generation. Farmers interviewed in this 

study emphasized how satisfied they were with the fact that developers are taking 

Table C1: Characteristics of interviewed dairy farmers and anaerobic digestion operations performed on their farms. 
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care of the digester so that they can focus on producing milk and operating their 

farms. “Farmers have plenty to do all the time” and having a developer to operate 

and maintain the digester causes “no headaches”. 

 

2. Farmers might also pay the developers to design and construct an appropriate 

anaerobic digester but then continue to operate and maintain the digester on their 

own without developer involvement. While it involves more responsibility with the 

anaerobic digester, this configuration allows farmers instead of developers to apply 

for biomethane-related credits and/or sell the end-products (biomethane and/or 

electricity) and collect the revenue. This is a rarer arrangement as farmers like to 

focus on the primary activities on their dairies, producing milk and dairy products. 

Additionally, water and soil quality violation risks, loan funding, and management 

efforts are associated with owning a digester.  

 

While there are numerous financial incentives for developers to construct anaerobic 

digesters and produce biogas, farmers emphasized that there is currently no system in place 

to fund issues that might arise during operation and maintenance of digesters. The farmer 

whose digester is currently in construction expressed his concerns over possible “issues that 

might arise over the 5-20 years period of anaerobic digester operation”.  

 

Farmers interviewed emphasized the value of co-products generated through manure 

management systems involving anaerobic digestion. Figure C1 demonstrates the creation of 

fuel and co-products (in green) that can serve as sources of revenue and/or cost-savings on 

farms. The farmer who has had a digester installed on his farm for two years was 

enthusiastic about the fact that he could use the liquid slurry generated in the process of 

anaerobic digestion as fertilizer for the corn growing on his farm. He emphasized that “crops 

change color within two days” of applying this natural fertilizer to the soil. The farmer 

reported not needing to use any commercial fertilizer for two years since generating liquid 

slurry with his digester. Expecting future drought events, this farmer is looking into bringing 

new crops like alfalfa to his farm because of its nitrogen benefits and high water-use 

efficiency and expects that the liquid slurry contains useful elements that will be able to 

support the growth of crops beyond corn.  
 

Both farmers interviewed have a flush system on their dairies for moving the manure to the 

digester with recycled water. When flushed, manure goes through a sandline where sand 

that has been mixed with manure deposits on the bottom and can be used or sold for cow 

bedding or other on-farm purposes. Additionally, after biogas is produced in the digesters, 

both farmers stated they have/plan to have the digestate (material that is left after biogas 

production) inserted in solid-liquid separators. In this process, solids are separated from the 

digestate and can be used/sold as comfortable animal bedding. The liquid portion, as 

aforementioned, can be used as fertilizer.  
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Figure C1: Biogas and co-product generation pathway on two dairy farms in the Central Valley. Biogas, sand, 

and solid and liquid digestates represent potential for on-farm cost-savings or revenue generation. 

“I want to be a steward to the environment because my grandkid might decide to stay here.” 

 

Concerns over the state of the environment are another important reason for doing 

anaerobic digestion. Many farmers in the Central Valley are multi-generational farmers who 

are hoping that their children and grandchildren will continue the tradition. They thus want 

to leave their dairy farms in a good shape for their future generations. In addition to farmers’ 

efforts to reduce CH4 emissions, one of the interviewed farmers also pointed to the solar 

panels on his farm as another effort to reduce his environmental footprint and reduce his 

energy costs. Interviewed farmers also stated they are hoping the scientific and engineering 

communities will aid them in alleviating the expected drought events over the next 15 years.  

 

Representatives of dairy associations commented on a significant communication issue that 

needs to be addressed. They emphasized that people often attribute CH4 production to farm 

operations that are not producing the emissions. For example, “people sometimes think 

mixing silage relates to CH4 production because it has a specific odor, and it definitely does 
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not”. Additionally, “consumers, are sometimes worried CH4 emissions from dairies worsens 

asthma, and CH4 and dairies have nothing to do with asthma”. According to the interviewed 

stakeholders, these narratives often paint a negative environmental picture of farmers who 

are investing efforts into being better stewards to the environment.  

Appendix D: Data Inputs for Technoeconomic Analysis 

 
Parameter Value  Source 

Discount rate  10% Determined by the project team 

Inflation  2% Determined by the project team 

Hub and spoke model composition   11 dairies Determined by the project team 

Size of dairy  1,600 cows [28] 

Capital cost $1,250/cow (75% grant possible) [27] 

Construction subsidy 75% possible  
Based on preliminary stakeholder 

interviews  

O&M  $50,400  [28] 

Administrative cost  $135,000/dairy [26] 

Connection to the utility 

transmission system  
$500,000 (50% subsidy possible) [30] 

Electricity production  1,190,400 kWh 

Randomly selected dairy with 

specifications similar those 

presented above [9]  

Animal bedding revenue  $248,000 [28] 

Cap-and-Trade credits price  $17/metric tCO2e [29] 

CO2 savings on a dairy 7,856 metric tCO2e/yr 

Randomly selected dairy with 

specifications similar those 

presented above [9] 

Cow slurry production 53,000 kg/day [31] 

Electricity consumption for 

pumping and stirring the slurry  

7.2 kWh/t 
[31] 

2020 California electricity price $0.1753/kWh [32] 

Table D1: Inputs into the technoeconomic analysis of a dairy manure biogas-to-electricity project. 

 

Parameter Value  Source 

Discount rate  10% Determined by the project team 

Inflation  2% Determined by the project team 

Hub and spoke model 

composition   
11 dairies Determined by the project team 

Size of dairy  1,600 cows [28] 

Capital cost $1,250/cow (75% grant possible) [27] 

O&M  $31,167/dairy [26] 

CH4 production factor  34.3 ft^3/day/cow [6] 

Pipeline interconnection cost  
$181,818/dairy (50% subsidy 

possible) 
[33,37] 

Biogas upgrading tariff  $283,636/dairy [26] 

Administrative cost $107,908/dairy [26] 
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Cap-and-Trade credits price  $17/metric tCO2e [29] 

CO2 savings on a dairy 7,856 metric tCO2e/yr 

Randomly selected dairy with 

specifications similar those 

presented above [9] 

RIN D3 price $1.55/RIN [36] 

Dairy manure biogas CI -250 gCO2/MJ [39] 

Gasoline CI 92 gCO2/MJ [38] 

LCFS credit  $100/metric tCO2e Determined by the project team 

Biomethane conversion factor 1000 Btu/cu ft [34] 

Animal bedding revenue  $248,000 [28] 

Electricity use for upgrading 0.25 kWh/m3 [35] 

2020 California electricity price $0.1753/kWh [32] 

Cow slurry production 53,000 kg/day [31] 

Electricity consumption for 

pumping and stirring the slurry  
7.2 kWh/t [31] 

CH4 content  60% [1] 

Table D2: Inputs into the technoeconomic analysis of a dairy manure biogas-to-biomethane project. 

 

Parameter Value  Source 

Discount rate  10% Determined by the project team 

Inflation  2% Determined by the project team 

Capital cost  $2,000/kW [55] 

O&M  $300/kW [47] 

RECs $0.02/kWh [47] 

Cap-and-Trade credits price  $17/metric tCO2e [29] 

Direct emissions reductions 143,700 metric tCO2e/yr [49], based on a landfill in LMOP  

Avoided emissions 16,700 metric tCO2e/yr [49], based on a landfill in LMOP  

Electric capacity  3 MW [47] 

Electricity generation based on 3 

MW capacity 
22,340,000 kWh/year Calculated in [56] 

Gas collection and flaring capital 

costs for a 600-cfm system 

$1,313,000 

 
[55] 

Gas collection and flaring O&M 

costs for a 600-cfm system  
$221,000 [55] 

Large internal combustion engine 

capital costs  
$2,000/kW [55] 

Table D3: Inputs into the technoeconomic analysis of a landfill gas-to-electricity project. 

 

Parameter Value  Source 

Discount rate  10% Determined by the project team 

Inflation  2% Determined by the project team 

Landfill gas collected  1.54 million standard cu ft/day [49], based on a landfill in LMOP  

Gas pipeline capital cost  $1,000,000/mile [47] 
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Pipeline length  1 mile Determined by the project team 

Interconnection capital cost  $400,000  [47] 

Gas compression and treatment 

capital cost  

$6,200/standard cu ft per minute 

(scfm) 
[47] 

Gas compression and treatment 

and injection O&M cost  
$1,400/scfm  [47] 

RIN D3 price $1.55/RIN [36] 

LCFS credit  $100/metric tCO2e Determined by the project team 

Gas collection and flaring O&M 

costs for a 600-cfm system  
$221,000 [55] 

Gas collection and flaring capital 

costs for a 600-cfm system 
$1,313,000 [55] 

CH4 content in landfill gas  50% [1] 

Process electricity 0.009 kWh/cu ft [55] 

Landfill gas CI  20 gCO2e/MJ [39] 

Gasoline CI 92 gCO2e/MJ [38] 

Table D4: Inputs into the technoeconomic analysis of a landfill gas-to-biomethane project. 

 

Parameter Value  Source 

Discount rate  10% Determined by the project team 

Inflation  2% Determined by the project team 

Gas pipeline installation costs $689,700/mile [55] 

Pipeline length 5 miles Determined by the project team 

Gas collection and flaring O&M 

costs for a 600-cfm system  
$221,000 [55] 

Gas collection and flaring capital 

costs for a 600-cfm system 
$1,313,000 [55] 

Landfill gas collected  1.54 million standard cu ft/day [49], based on a landfill in LMOP  

Gas compression, treatment, and 

condensate management capital 

costs  

$730/scfm [55] 

Gas compression, treatment and 

condensate management O&M 

costs ($/scfm) 

$130/scfm [55] 

CH4 content in landfill gas  50% [1] 

Table D5: Inputs into the technoeconomic analysis of a landfill gas direct thermal project. 

 

Parameter Value  Source 

Discount rate  10% Determined by the project team 

Inflation  2% Determined by the project team 

Cogeneration capital cost  $17,100/scfm  [66] 

Conditioning capital cost  $5,900/scfm  [66] 

Cogeneration and conditioning 

O&M cost 
2% of capital cost  [66] 

System capacity  565 scfm  [66] 

WWTP operation time 144 hours/week [66] 
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Cap-and-Trade credits price  $17/metric tCO2e [29] 

Emission reductions 78,200 tCO2e/yr Calculated in [17] 

CH4 content in wastewater biogas 65% [1] 

IC fuel engine rate 8,900 Btu/kWh [66] 

Biogas flare capital costs $3,500/scfm [66] 

Biogas flare O&M costs 2% of capital cost [66] 

Table D6: Inputs into the technoeconomic analysis of a wastewater biogas-to-electricity project. 

 

Parameter Value  Source 

Discount rate  10% Determined by the project team 

Inflation  2% Determined by the project team 

Conditioning capital cost  $17,100/scfm  [66] 

Monitoring and pipeline capital 

cost  
$12,900/scfm  [66] 

Pipeline interconnect  $2,000,000  [66] 

Flaring cost (necessary for safe 

operations) 
$3,500/scfm [66] 

All O&M costs 2% of capital costs [66] 

System capacity 565 scfm [66] 

RIN D3 price  $1.55/RIN [36] 

LCFS credit  $100/metric tCO2e Determined by the project team 

CH4 content in wastewater biogas 65% [1] 

Wastewater biogas CI  30.31 gCO2/MJ [39] 

Gasoline CI 92 gCO2e/MJ [38] 

Table D7: Inputs into the technoeconomic analysis of a wastewater biogas-to-biomethane project. 

 

Parameter  Value Source 

Discount rate  10% Determined by the project team 

Inflation  2% Determined by the project team 

Capital cost for a WTE facility  $117,373,000 [108] 

O&M  $80/t of treated waste [108] 

Waste handled  650 t/day [108] 

Electric capacity  550 kWh/t of waste [103] 

Electricity generation 130,487,000 kWh/year Calculated in [56] 

Cap and Trade Price  $17/ metric tCO2e [29] 

CO2 emissions from MSW 

combustion  
367 g/kWh EIA Bioenergy citation 

CO2 emissions from natural gas 

combustion  
446 g/kWh EIA Bioenergy citation 

CO2 emissions from MSW 

decomposition 
1,610 kg/t EIA Bioenergy citation 

Tipping fee $45/t [109] 
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Electricity interconnect $500,000 Based on [26] 

Table D8: Inputs into the technoeconomic analysis of an MSW-to-electricity project. 

 

Parameter Value Source 

Discount rate 10% Determined by the project team 

Inflation 2% Determined by the project team 

Plant construction costs $1.57/gallon [156] 

Plant capacity 30 million gallons 
Assumed capacity for a plant in 

California; [144] 

Fixed cost ($/gallon) 

Labor & management 0.54 [156] 

Property taxes 0.01 [156,159] 

Variable costs ($/gallon) 

Chemicals and ingredients 0.0570 [156] 

Repairs & Maintenance 0.0300 [156] 

Transportation 0.1000 [156] 

Water 0.0190 

Based on a $7.09/unit (unit=748 

gallons; 2.0 gal/gal of biodiesel) 

[156,158] 

Electricity 0.0300 

Based on a $0.05/kWh electricity 

price as determined by the project 

team and 0.6 kWh/gal of 

biodiesel [156] 

Other 0.0300 [156] 

Natural gas 0.0245 

Based on a $3.5/MMBTU natural 

gas price as determined by the 

project team and 7 cu ft/gal 

biodiesel [156] 

Other variable costs 

Yellow grease cost $0.5/lb [157]  

Glycerine production cost $0.027/gal [156] 

Other inputs 

Yellow grease to biodiesel 7.7 lb/gal [143] 

Glycerine production 0.900 lb/gal [156] 

LCFS credit $100/metric tCO2e Determined by the project team 

Biodiesel100 energy content 0.13 MMBtu/gallon-LHV [161] 

RIN D4 price $2/RIN [160] 

Biodiesel CI 21.73 gCO2e/MJ [69] 

Diesel CI 92 gCO2e/MJ [38] 

Table D9: Inputs into the technoeconomic analysis of a biodiesel project. 

 
Parameter  Value Source 

Discount rate  10% Determined by the project team 
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Inflation  2% Determined by the project team 

Plant 

construction 

costs  

$2.11/gallon [185] 

Plant capacity  40 million gallons  Determined by the project team 

Fixed cost ($/gallon) 

Labor & 

management 

0.04 [185] 

Property taxes 0.001 Based on a 0.73% property tax and a $0.0023/gallon property 

tax for Iowa from [159] 

Variable costs ($/gallon) 

Enzymes 0.0335 [185] 

Yeasts 0.0034 [185] 

Chemicals 0.0324 [185] 

Denaturants 0.0466 [185] 

Repairs & 

Maintenance 

0.0250 [185] 

Water 0.0330 Based on a $7.09/unit (unit=748 gallons; 3.5 gal/gal of 

ethanol), [185,158] 

Electricity 0.0350 Based on a $0.05/kWh electricity price as determined by the 

project team and 0.6 kWh/gal of biodiesel [185] 

Other 0.0200 [185] 

Natural gas  0.1050 Based on a $3.5/MMBTU natural gas price as determined by 

the project team and 7 cu ft/gal biodiesel [185] 

Other variable costs 

California corn 

price 

$2.00/gallon [186] 

Midwest corn 

price 

$2.01/gallon [187]  

California corn 

transport  

$0.01/gallon Stockton, CA as assumed plant location, [189] 

Midwest corn 

transport  

$0.27/gallon Iowa to Stockton, CA (assumed plant location), [189] 

DDGS  $145/t [190] 

Other inputs 

Ethanol 

production 

110.236 gallons of 

ethanol/t of corn 

Based on 2.8 gal. of ethanol/bu of corn and 39.4 bu/t of corn; 

[185] 

DDGS production 0.3 t/t of corn Calculated based on [185] 

LCFS credit $100/metric tCO2e Determined by the project team 

Ethanol100 

energy content  

0.07633 

MMBTU/gallon 

[188] 

RIN D6 price $2/RIN [160] 

Ethanol CI 65.77 gCO2e/MJ A plant that uses both Midwestern and Californian corn as 

feedstock selected from [69] 

Gasoline CI  92 gCO2e/MJ [38] 

Table D10: Inputs into the technoeconomic analysis of an ethanol project. 
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