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Foreword
Despite concerted efforts and tangible progress in the push to transition our energy 
systems and the global economy away from fossil fuels, the extent to which we are still 
reliant on petroleum is staggering, especially in the transportation sector. Waste and 
recycling collection trucks and other heavy duty truck and bus fleets are a vital focus. 
While they make up just 4% of the US vehicle population, they consume a whopping 
20% of all vehicle fuel and emit nearly 25% of our transportation greenhouse gases.
 
With the scale and scope of the race to carbon-neutrality by mid-century, existing 
and emerging technologies and solutions abound.  There is no one silver bullet, and 
each segment faces its own challenges and opportunities. For the transportation 
sector – not only the largest source of greenhouse gas emissions but also a major 
contributor to air pollution – we face an especially tall challenge to wean this country 
from our dependence on petroleum. 

Energy Vision’s new report takes an in-depth look at one critical sector of transpor-
tation in the U.S. – the 180,000 refuse trucks that tirelessly traverse the streets of 
virtually every city and town.  These essential workhorse vehicles make a critical con-
tribution to the quality of life in our cities and towns. But today, with concerns over 
how to improve urban air quality, how to reduce transportation’s climate impacts, and 
debates over low-and no-carbon vehicle technology, fleet owners/operators are grap-
pling with challenging decisions. This report offers a comprehensive assessment of 
the many non-petroleum options and the various environmental, economic and per-
formance considerations necessary to make sound infrastructure investments.
 
The key question is how can this part of the country’s heavy-duty truck fleet become 
a fully sustainable component of the transportation network needed to achieve our 
climate and clean air goals. 
 
Energy Vision has for years investigated the range of emerging technologies and fu-
els that can wean refuse trucks off of high-carbon and polluting diesel fuel that most 
fleets rely on today, and it has produced a snapshot of options, ranging from drop-
in biofuels to hybrid technologies to natural and renewable natural gas to battery 
electric and hydrogen vehicles. And while the complexities and regional differences 
within and across refuse fleets suggest different options at present, there is broad 
recognition that the ultimate goal is for use of proven, cost-effective trucks that use 
a clean and renewable energy source that makes little or no contribution to climate 
change or poor air quality.

All the options profiled in this report offer benefits over petroleum diesel-powered 
trucks, giving fleet owners and regulators many choices. With this audience in mind, 
Energy Vision’s report provides a comprehensive analysis of the key metrics for 
fleet owners and operators, including: 1) climate impacts/benefits; 2) public health 
impacts/benefits; 3) cost; and 4) performance. Ultimately, the refuse segment and 
broader transportation sector will require technology(s) that achieves improvements 
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over petroleum in all four categories.
 
Public and private sector decision makers are now struggling to determine how best 
to achieve the greatest and fastest environmental and public health benefits, includ-
ing dramatic reductions in methane emissions that the international scientific com-
munity has flagged at COP26 as essential in the coming decade. The only option that 
promises carbon-negative greenhouse gas reductions are refuse trucks powered by 
renewable natural gas (RNG) fuel made from the very “waste” these trucks collect. The 
RNG choice simultaneously addresses our country’s urban air pollution challenge and 
massive solid waste challenge, by turning the methane biogases emitted by organic 
wastes into clean fuel plus nutrients that can help replenish the world’s poor soils. 
And RNG fueled trucks are commercial today--this is not a far-away idealized option. 
 
Battery electric trucks have also emerged recently as an exciting option. They are 
now being piloted by public and private refuse fleets in several locations, but they do 
not yet have the operational track record of success necessary for widespread adop-
tion and they are considerably more expensive than diesel or natural gas models. 

The growing interest in “zero emission” solutions suggests that we will see more 
demonstrations of this technology, but every vehicle and fuel option has implications 
for our environment, our climate and public health, well-beyond a vehicle's on-road 
operations. Therefore, the importance of "lifecycle" assessments to compare and 
contrast technology and fuel options cannot be overstated.
 
As the Biden Administration seeks to make our country a model for industrial innova-
tion and green infrastructure deployment, this Energy Vision report makes a ground-
breaking contribution to decision makers.

Brendan Sexton
Former Commissioner of Sanitation for New York City
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Introduction
The Biden Administration has embraced ambitious goals to move this country for-
ward in slashing greenhouse gas emissions, and to play a strong collaborative role in 
the community of nations that are part of the Paris Climate Accord. In confronting our 
global dilemma, how important a factor are the roughly 180,000 waste and recycling 
collection trucks ("refuse" for short) traveling the streets of virtually every city in the 
US, and the untold number in fleets worldwide? Why is Energy Vision concentrating 
on them in this report?

In the transportation arena, which generates the largest share of US greenhouse 
gases, our research has prioritized refuse trucks because they have historically been 
major polluters of urban air and contributors to climate change. These workhorse ve-
hicles, essential for collecting municipal solid wastes and recyclables, are large con-
sumers of diesel fuel because of their constant stop-and-start mode of operation. 
Understanding the non-petroleum options for this sector is critical for decision-mak-
ing by fleet owners and operators as well as for policymakers, municipal officials, fi-
nanciers, environmentalists, and concerned citizens. 

Refuse trucks play a vital role in the quality of life of cities and towns, and every re-
fuse truck purchased today will be on our roadways for the next decade or more.  This 
report therefore addresses the core question: How can they perform their essential 
tasks while mitigating or eliminating their contribution to climate change? How can 
they be part of the sustainable economies of the future? In short, it will require a 
wholesale transition away from petroleum fuel and towards propulsion systems that 
run on low- or no-carbon renewable resources. This shift ideally must be to a fuel 
or new technology that eliminates emissions of health-damaging pollutants, reduces 
noise, and eliminates greenhouse gas emissions on a lifecycle basis (including fuel 
production, transport, and use).

In this report, Energy Vision has evaluated the various truck technologies and fuels 
that have been introduced to replace petroleum diesel fuel: their respective costs, 
performance records and impacts on the environment and public health. We are en-
couraged that several options have emerged as commercial choices, contributing to 
the critical shift that must take place. 

We hope that this report will help municipal and private fleet owners, state policy-
makers and regulators, clean energy investors, and environmental and civic organi-
zations pick up the reins and move the "refuse revolution" forward that this country 
urgently needs. 
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Greenhouse Gases (GHGs): Which Impact Change the Most?

The most common GHGs are carbon dioxide (CO2), which represents 80% of the to-
tal; methane (CH4), 10% of the total; and nitrous oxide (N2O), 7% of the total. Fluori-
nated gases make up the remaining 3%.1 

Different greenhouse gases have different “global warming potentials,” or efficiencies 
with which they trap heat in the atmosphere. CO2 is the benchmark, with a global 
warming potential of 1; when different GHGs are being discussed in this report their 
impacts are generally expressed in terms of “CO2 equivalent,” or “CO2e” – the amount 
of CO2 that would have the same heat-trapping impact. 

The chart below left is based on a 100-year timeframe, which gives methane a global 
warming potential of 25; at this value, methane accounts for 660 million metric tons 
(MMT) of CO2e, or 10% of total greenhouse gases. However, methane only stays in the 
atmosphere for about 12 years, and measured over a 20-year time frame its global 
warming potential (GWP) is actually 86, according to the Intergovernmental Panel on 
Climate Change (Assessment Report 5). On that basis, and without adjusting any other 
values, the impact of methane would be better represented by the chart below. 

Flourinated Gases
197 MMT, 2% Nitrous Oxide

459 MMT, 6% 

Methane
2256 MMT, 28%

Carbon Dioxide
5246 MMT, 64% 

Flourinated Gases
197 MMT, 3%

Nitrous Oxide
459 MMT, 7% 

Methane
656 MMT, 10%

Carbon Dioxide
5246 MMT, 80%

Methane's Greater Global Warming Potential (GWP), 100 vs 20 Year Time Frame
In Million Metric Tons (6,558 MMT total), 2019 Inventory

 100 year GWP
Source: US EPA

20 year GWP
Source: Energy Vision, based on US EPA
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Because of methane’s potency over 20 years, reducing methane emissions has be-
come a top national priority, and a recent UN report highlights that cutting these 
emissions 45% by 2030 is achievable and critical for averting the worst impacts of 
climate change.2 In addition, landfills are the third largest source of anthropogenic 
methane emissions in the US, and still the final resting place for most of the materials 
collected by refuse trucks in every corner of the US. Therefore, this Energy Vision 
report gives special attention to reduction of methane emissions.

Refuse Trucks Today
The technologies and fuels needed for the United States to transition to a sustainable 
economic future must be derived from renewable, pollution- and carbon-free sourc-
es of energy. In this report, Energy Vision has analyzed the options for one key sector: 
the fleets of heavy-duty refuse trucks that service cities and towns across the coun-
try. Most depend today on ultra-low-sulfur diesel fuel.

There are an estimated 180,000 refuse trucks in service daily in the US.3 While these 
trucks provide an invaluable service, day in and day out, their operations take a signif-
icant environmental toll. It is astonishing that heavy-duty buses and trucks represent 
just 4% of the total vehicles on US roadways, but consume over a fifth of on-road 
vehicle fuel: nearly 40 billion gallons out of a total of 185 billion gallons per year.4 (The 
explanation is actually simple: refuse trucks and buses, like delivery trucks or tractor 
trailers, are on the road most of the day, while passenger vehicles actually sit unused 
much of the time.)5 

The fuel used by heavy-duty fleets has historically been high-carbon petroleum die-
sel, putting refuse trucks firmly in the category of vehicles that emit high levels of 
greenhouse gases as well as health-threatening pollutants. Furthermore, because 
the transfer stations or landfills where refuse trucks operate often border on disad-
vantaged communities, their emissions have an inordinate impact on those already 
living in distressed socioeconomic circumstances. 

Finding clean fuel solutions for the refuse truck sector is imperative to protect the 
health of the communities living near refuse-handling operations and landfills, as well 
as the health of residents along collection routes, and the drivers and refuse collec-
tion workers themselves.
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What This Energy Vision Report Covers 
The three primary areas covered in this Energy Vision report:  
 
1) The environmental, health and climate impacts of diesel refuse trucks. 

These include: 
 
• Lifecycle emissions of greenhouse gases (GHGs), including those related to fuel 

production, transport and use 
• Tailpipe emissions of the health-threatening airborne “criteria pollutants” nitro-

gen oxides (NOx) and particulate matter (PM2.5)
• Noise levels, which impact the residents of communities in which they operate as 

well as the hearing of those driving or otherwise working on the trucks themselves
• Non-emission-related issues associated with fuel extraction (defined below)
• End of life/disposal issues 
 
2) The alternative technologies and fuels and the extent to which each reduces or 
eliminates the negative impacts of petroleum diesel. 

Over the last few decades, the research and development of alternatives has ex-
panded greatly. The options explored in this report include: 

• Biodiesel
• Renewable Diesel
• Battery Electric Vehicles
• Hybrid Electric/Hydraulic Hybrid Vehicles
• Fossil Natural Gas
• Renewable Natural Gas (RNG) made from organic wastes
• Hydrogen
• Dimethyl Ether (DME) 

3) The cost, practicality, and performance of these options, including short case 
studies for each. The specific factors include:

• Stage of technological/road-ready development of fuel and vehicles
• Fuel availability, cost, and relative efficiency
• Availability and cost of compatible vehicles that can use each fuel
• Performance of vehicles and fuel in on-road conditions appropriate to vehicle 

purpose
• Geographic factors/considerations

In the following sections, references to “diesel” and “diesel fuel” mean ultra-low-sulfur 
petroleum diesel (ULSD) unless otherwise indicated. 
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Summary of Energy Vision’s Findings and Conclusions
• "Lifecycle" analyses of fuels and technologies are essential to understanding 

and evaluating their respective climate, environmental and public health im-
pacts. In reality, when using lifecycle accounting metrics, there is no such thing 
as a "zero emission" vehicle; every fuel/technology creates climate, environ-
mental and public-health impacts, and each comes with trade-offs. 

• Renewable Natural Gas (RNG) is the one fuel that is becoming widely available, 
for which affordable commercial engines and vehicles exist, that comes closest 
to meeting the criteria for sustainability. 

RNG is not a fossil fuel and thus is not produced by drilling. Rather, it is made 
from a renewable resource: food waste, animal manure, and other types of or-
ganic wastes. These organic materials, which predominantly end up in landfills 
and constitute a third of the US municipal waste stream, have long been consid-
ered “garbage.” They are now being recognized as a new energy source valuable 
for combatting climate change.

RNG is a double climate-change-winner. First, its production involves trapping 
and refining the methane biogases that are emitted by decomposing organic 
wastes, which would otherwise escape into the atmosphere with a potent climate 
warming impact. It is the only fuel that sequesters methane, now recognized by 
the IPCC and many prominent scientists as the top-priority greenhouse gas to cut 
in the decade ahead to meet US and global climate change goals.

Second, RNG fuel can be used to replace high-carbon diesel fuel in heavy-duty 
vehicles. On a lifecycle basis, RNG fuel cuts greenhouse gases (GHGs) from 50% 
up to 300% relative to diesel. How can it reduce methane emissions more than 
100%? Because producing the fuel in tanks called anaerobic digesters captures 
more greenhouse gases than are emitted by the vehicles burning it, and as noted 
above, those GHGs would otherwise have escaped from landfills into the atmo-
sphere. RNG is the only fuel today that can be net carbon-negative. By replacing 
diesel in refuse trucks, the use of RNG also cuts health-threatening tailpipe emis-
sions of nitrogen oxide (NOx) by 90% or more, and cuts tailpipe particulate matter 
emissions by 60% or more.6 

Trucks with natural gas engines that can burn RNG fuel cost about $35,000 more 
than diesel models at present, but the lower costs of the fuel and maintenance 
over their lifetime helps recoup this premium. While most Americans are not yet 
aware of it, the market for RNG is growing quickly. There are now more than 200 
facilities producing RNG (equivalent to 500 million gallons of fuel) from organic 
waste in the US,7 up from just 40 in 2016. The potential is far greater.

Today, approximately 50,000 trucks and buses are already powered by RNG fuel; 
close to 10,000 of those are refuse trucks. Conservative estimates indicate that 
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RNG production potential could reduce petroleum demand by approximately 10 
billion gallons per year,8 enough fuel for every urban truck and bus fleet in Ameri-
ca and more,9 or about 25% of the transportation sector’s current on-road diesel 
demand.

• Fossil Natural Gas. RNG can now fuel the natural gas engines that were first in-
troduced in the early 1990’s to burn chemically-similar fossil natural gas, sought 
after because it burned more cleanly than gasoline or diesel. These engines are 
now sophisticated and reliable. And today, there are nearly 8,000 refuse trucks 
burning fossil natural gas on the road, according to industry estimates. More than 
half of the refuse trucks on order today are for natural gas models.10,11 As with 
RNG, when burning fossil compressed natural gas (CNG) there are significant re-
ductions in emissions of NOx (90%) and measurable reductions in PM (60%) com-
pared to diesel; consequently, these vehicles are much healthier for workers, and 
their engines reduce hearing-damaging noise by as much as 50%.12 

However, lifecycle GHG emissions from trucks using fossil natural gas fuel are 
only 5% lower than diesel, based on Argonne National Laboratory’s Greenhouse 
gases, Regulated Emissions and Energy use in Transportation (GREET) database. 
Furthermore, fossil natural gas is not a renewable fuel, and the extraction meth-
ods used to produce it pose significant environmental risks. The use of frack-
ing techniques has drawn intense opposition across the country for polluting air 
and water, despoiling landscapes, and threatening wildlife, and methane leakage 
through extraction and distribution are serious concerns. 

• Battery electric vehicles (BEVs), including refuse trucks, are the long-dreamt-of 
"zero-emission" solution of the future. To date, however, Energy Vision estimates 
that there are less than 50 fully electric refuse trucks on the road, and their cost 
is nearly 70% higher than diesel trucks – $500,000 compared to $300,000.13 The 
small sample size and limited publicly available data leave questions about the 
power, torque, and reliability of this technology for the refuse sector.

BEVs’ main advantages are their zero tailpipe emissions and noise-free opera-
tions. However, they have other impacts that deserve consideration – impacts 
that get relatively little discussion by the many environmental groups that see the 
simple solution to transportation as “electrify everything.” The impacts of con-
cern include:

1. The on-road operation of BEV's aren't truly zero emission. While the tailpipes 
emit no greenhouse gases or health-threatening pollution, the weight of the 
batteries required to propel a refuse truck, which leads to range/route con-
cerns, reduced payload capacity; increased wear and tear on brakes, tires, 
and the road can result in high levels of particulate matter (PM) pollution.

2. The source of the electricity that powers the batteries, which is still derived 
primarily from fossil fuels; on average, therefore, BEVs reduce lifecycle green-
house gases by 58% compared to diesel.
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3. The significant local electricity demand necessary to charge medium- and 
heavy-duty electric trucks.

4. The source of the materials to make batteries – lithium, cobalt and rare earth 
minerals – and the associated labor conditions, air and water pollution, and 
health impacts of mining those materials.

5. Significant questions related to safe recycling or disposal of batteries. 

• Renewable Diesel (RD) is not a fossil fuel; it is made from waste oils and other 
organic feedstocks (described in more detail below, in Introduction to Alterna-
tive Fuels and Technologies). When it was first introduced in 2015 in the US, it 
showed promise as an easy-to-use “drop in” non-petroleum substitute for die-
sel fuel, and it has recently gained traction among some refuse fleet operators. 
There is no need to change engines, so there is little cost in converting to its use.  
 
RD achieves lifecycle carbon emissions reductions compared to fossil diesel 
(~60%). Fleets in California, where a Low Carbon Fuel Standard is in place, have 
been quick to adopt RD. It is not clear that there is any NOx reduction relative to 
conventional diesel. There is, however a particulate reduction of 40% associated 
with RD compared to diesel. To date, challenges here include fuel availability, lim-
ited domestic production, and higher fuel costs.

• Hydrogen fuel, also long seen as a true “fuel of the future,” has so far not become a 
commercial option. 95% of the hydrogen made today is produced by splitting hy-
drogen atoms from natural gas (CH4), in an energy-intensive process called steam 
methane reforming.14 Just 5% is made by splitting hydrogen atoms from water 
(H2O) using renewable energy. While 22 hydrogen refuse trucks are being demon-
strated in Europe, there are none presently in the US, although several companies 
are innovating in this arena, especially in California (see Case Studies).

Four other technologies and fuels analyzed in this report offer moderate improve-
ments over diesel. Two of them, diesel hybrid-electric and hydraulic hybrids, seemed 
to have some real promise when they were launched, but they have not lived up to 
that potential of greatly increasing the efficiency of fuel use. A third, biodiesel, cuts 
reliance on petroleum diesel by 5-20% on average, but is more of a stopgap solution 
that offers short-term benefits. And fourth, dimethyl ether (DME) has promising char-
acteristics, but to date, its adoption has been severely limited due to minimal produc-
tion capacity and a general lack of vehicles equipped to use it. For these reasons, we 
do not consider DME to be a commercial option in the refuse sector today.

• Hybrid-electric vehicles (HEVs) have lost some of the excitement that they first 
attracted a decade ago, when they were introduced with the promise of greater 
fuel efficiency compensating for their higher cost. Hybrid refuse trucks emit few-
er greenhouse gases than diesel vehicles, but they emit the same level of criteria 
pollutants. And while they cost approximately 20% more than diesel models, they 
offer only moderate fuel efficiency improvements (20-30%). Their market pene-
tration in the refuse sector is unclear, but new technologies are emerging.
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• Hydraulic hybrids (HHVs) also earned some acceptance in the refuse truck class, 
promising greater fuel efficiency and lower GHG emissions than diesel models. But 
they have not performed as well as hybrid electric trucks, and their air emissions 
are the same as for diesel and hybrid electric. Their market penetration appears 
to have been hampered mainly by a fall in oil prices that slowed their adoption, to 
the degree that two major hydraulic systems suppliers stopped production.

• Biodiesel, used in conventional diesel trucks, is relatively inexpensive, widely 
available, and easy to use. When blended with fossil diesel, biodiesel cuts petro-
leum use by 5-20%. It produces no reduction in NOx emissions but cuts PM2.5 
emissions by 40%. “First generation” biodiesel made from food crops, or from 
crops that could compete with food crops for land and water, does not consti-
tute a long-term, sustainable option. It is a stopgap solution on route to the total 
replacement of petroleum-based diesel trucks. Biodiesel is also a useful fuel for 
achieving some level of emissions reduction in conventional diesel trucks up to 
their end of life, but it is not a choice that can enable a full switch away from diesel 
when buying a new truck today.

 
• Dimethyl Ether (DME) is a synthetic fuel alternative to diesel. It can be produced 

from biomass and methanol, but natural gas is the “feedstock of choice” in the 
US.15 DME has been explored as an attractive substitute for diesel because it ig-
nites relatively easily, has energy efficiency and power ratings similar to diesel, 
and its use generates no particulates. However, its limitations have hampered 
adoption. It has a relatively low energy density, requiring a larger tank than diesel. 
It also requires pressurization to remain a liquid, and necessitates the need for 
a specially built engine and fuel system. In 2017, the NYC Sanitation Department 
ran a short pilot on DME, but pursued the fuel no further. The sole US producer, 
Oberon Fuels, is demonstrating DME in California.



THE REFUSE REVOLUTION11

Diesel Refuse Trucks: 
A Technology/Fuel Combination 
of the Past

Lifecycle Emissions of Greenhouse Gases 
from Diesel-Fueled Refuse Trucks
 
The combustion of fossil fuels like petroleum diesel 
or gasoline releases significant amounts of carbon 
dioxide (CO2), a greenhouse gas (GHG) that traps 
heat in the atmosphere, contributing to climate 
change. 

Based on industry estimates, the average refuse 
truck consumes approximately 9,000 gallons of die-
sel per year, which means that diesel-burning refuse 
trucks consume close to 1.4 billion gallons of fuel 
annually. Each gallon of diesel consumed generates 
approximately 22.4 pounds of CO2, according to the 
US Energy Information Administration.16 So the av-
erage refuse truck generates about 179,000 pounds 
(89.5 tons) of CO2 per year. While this is a relatively 
small subset of the overall on-road sector, the chal-
lenges and opportunities that exist are indicative of 
the broader transportation sector, and all of these 
operations must be decarbonized.

In discussing diesel fuel as well as alterna-
tive fuels, GHG impacts are framed in terms 
of “lifecycle analysis” – all of the emissions 
associated with a fuel, having to do with its 
extraction and production, its refining, its 
transportation to the vehicles using it and 
its combustion by those vehicles. (This is 
also called a “well-to-wheels” analysis.) When 
fuels are made from crops, the lifecycle 
analysis also includes land use impacts. For 
fuel comparisons, GHGs are quantified in 
grams of CO2 equivalent per mile traveled by 
the vehicle (gCO2e/mile). 

The Air Pollution and Health Impacts of 
Diesel-Fueled Refuse Trucks

Because of their adverse impacts on both the cli-
mate and human health, this report looks at emis-
sions of harmful compounds from the combustion 
of fuel in a vehicle, as well as from indirect sources 
like wear on tires and brakes. 

While the diesel trucks of today are considerably 
cleaner than those of the early twenty first century, 
that is less about improvements in diesel fuel than 
about the addition of sophisticated “aftertreatment 
systems” which clean up the exhaust post-combus-
tion. These systems include diesel particulate filters 
(DPFs) which, as the name suggests, filter particu-
lates or soot from the exhaust stream17; oxidation 
catalysts which convert exhaust hydrocarbons and 
carbon monoxide to carbon dioxide and water18; and 
selective catalytic reduction (SCR) mechanisms 
that convert nitrogen oxides into nitrogen and, de-
pending on the catalyst, water or CO2.19 

Aftertreatment systems add considerable complex-
ity and cost to the operation of diesel trucks. With 
selective catalytic reduction systems, improper in-
troduction of the catalyst (often urea) can limit sys-
tem efficiency and create deposits of unevaporat-
ed catalyst that cause backpressure in the exhaust 
system. DPFs require periodic “regeneration,” or the 
combustion of accumulated soot to clean the filter. 
Raised exhaust temperatures in vehicles traveling at 
high speeds over distance can burn away the soot 
for a “passive regeneration,” but this option isn’t 
available to refuse trucks with their stop-start duty 
cycle. If (frequently automatic) “active regeneration” 
that injects a catalyst or fuel into the DPF doesn’t do 
the job, a vehicle may have to be pulled off the road 
by the driver for a time-consuming “forced regener-
ation,” with a risk of damage to the DPF or engine if 
the driver misses or ignores the dashboard indica-
tor.20,21,22,23 In short, post-combustion treatment of 
emissions, rather than their reduction or prevention 
through the use of cleaner fuels, creates costs and 
complications for maintenance crews and drivers 
alike. 

The “criteria pollutants” described below are among 
the most common byproducts of diesel fuel com-
bustion and the most damaging to human health. 
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Nitrogen Oxides (NOx): “NOx” generally refers to 
nitric oxide (NO) and nitrogen dioxide (NO2), gases 
which are primary contributors to smog formation, 
acid rain, and ozone layer depletion. Short-term ex-
posure to NOx can aggravate existing respiratory 
conditions, including asthma; longer-term exposure 
can cause asthma attacks and greater vulnerability 
to respiratory infections. 

Combining NOx with moisture, ammonia or other 
chemical compounds found in air can form nitric 
acid, which can cause breathing to become difficult 
and damage lung tissue; it can also worsen existing 
heart conditions. People with respiratory condi-
tions, children, and the elderly are at particular risk 
from NOx pollution.24,25 The US Environmental Pro-
tection Agency (EPA) considers NOx to be a precur-
sor to the formation of “secondary” fine particulate 
matter formed in the air through the chemical reac-
tion of primary emissions or PM2.5; see below).26

Particulate Matter 2.5 (PM2.5): PM2.5 is one of the 
most harmful air pollutants to human health. It re-
fers to particles of pollutants in the air that are 2.5 
microns or less in size. Molecules of this size are 
able to penetrate deeply into the respiratory system, 
aggravating existing heart and lung disease (po-
tentially fatally), triggering irregular heartbeats and 
heart attacks, restricting lung function, worsening 
asthma and causing general breathing difficulties.27 

High levels of exposure to small-particle air pol-
lution have also been linked to impaired cognitive 
development in children, and to brain atrophy and 
memory decline in the elderly.28 Particulate matter 
is estimated to account for 63% of deaths from “en-
vironmental causes” in the US, and about 95% of air 
pollution health impacts globally.29 

While PM2.5 is one of the most harmful air pollut-
ants to human health, it has also been among the 
most difficult to study.30 Unlike CO2 or NOx, PM is 
a catch-all term for a diverse set of liquid and sol-
id compounds produced by many different vehicle 
processes.31 As such, rates of PM emissions from 
heavy-duty engines vary across model year, engine 
mileage, and emissions control system, not to men-
tion across speed and load within a single vehicle’s 
duty cycle. Very little research has been published 
addressing the interaction of these factors and how 
they impact PM emissions from refuse collection 

vehicles. However, research is beginning to show 
that many low-carbon fuel alternatives suitable for 
heavy-duty vocational vehicles also provide con-
sistent reductions in particulate matter emissions 
when compared to petroleum diesel.32 
 
In general, lower-income communities of color in 
urban areas are far more likely to be exposed to all 
of these pollutants, as they are more likely to be liv-
ing or working in areas with high levels of heavy-duty 
(diesel) vehicle traffic – near warehouses, heavy-du-
ty vehicle depots, landfills, transfer stations, com-
mercial and industrial zones, and highways.33 

Public health officials have long been in agreement 
on the damage done by diesel emissions. Dr. Philip 
J. Landrigan, a global expert on children’s health at 
Boston University, put it most succinctly:

"Diesel exhaust is nasty stuff. It’s a complex 
mix of gases and particulates, potent respi-
ratory irritants and metabolic toxins. These 
include proven human carcinogens such as 
formaldehyde and soot. Exposure to diesel 
exhaust leads to more asthma, more respi-
ratory tract infections, more missed school 
days for children, and more heart attacks 
and lung disease for adults. Recent studies 
have linked it to chronic kidney disease, 
diabetes and preterm births for pregnant 
women. One new study posits an increased 
risk for Alzheimer’s disease. These chemi-
cals waft through the urban air and make us 
all sick. There is no place in our environment 
with children and other living things for die-
sel. Getting rid of it is the right thing to do."34  
 
— Dr. Philip J. Landrigan
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Introduction to Alternative Fuels 
and Technologies

Biodiesel 

Biodiesel was first introduced in the 1970's to re-
duce U.S. dependence on foreign oil. It is most often 
produced from vegetable or seed oils or animal fats 
through a process called “transesterification.”35,36 
This produces a liquid fuel that is commonly mixed 
with petroleum diesel in a “biodiesel blend” gener-
ally containing 5-20% biodiesel.37 100% biodiesel is 
rarely used, as the manufacturing process introduc-
es oxygen into the fuel, making it prone to freezing, 
separation during storage and even algae growth.38 
(Even blends above B5 – e.g. B20 – are more suscep-
tible to freezing and “gelling.”39)

Biodiesel and other biofuels are often referred to 
by “generation.” “First generation” biofuels are com-
monly made with oils from food crops such as cano-
la, palm, and (most commonly in the US) soy.40,41 
Concerns about negative impacts on food prices, 
production, and land and water use – “food vs. fuel” 
– led to “second generation” biofuels, marked by use 
of tougher-to-break down “lignocellulosic” biomass, 
like non-food crops (often grown on poor-quality 
land), agricultural residues (stems, husks, leaves), 
and wood, as well as feedstocks like food waste 
and cooking oil.42,43 Biofuels made from engineered 
crops – specifically algae – are commonly called 
“third generation.”44 

In its infancy, biodiesel was criticized for being cor-
rosive of certain engine parts, particularly polymers, 
and for clogging injectors or filters.45 More recent-
ly, the National Biodiesel Board has claimed that 
roughly 90% of medium- and heavy-duty truck man-
ufacturers approve the use of up to B20 in their en-
gines, and all approve B5 blends under factory war-
ranty.46 Biodiesel blends are now in such widespread 
use that American Society for Testing and Materials 
(ASTM) International specifications for convention-
al diesel allow for up to a 5% blend without separate 
labeling.47 

Renewable Diesel 

Renewable diesel (RD) is a cousin to traditional bio-
diesel, most commonly made by reacting the same 

kinds of feedstocks48 with hydrogen instead of with 
alcohols (“hydrotreating”). RD has the same chemi-
cal structure as petroleum diesel, and can be used 
in diesel engines with no blending required,49 mak-
ing it a “drop-in” diesel substitute. Producers main-
tain that it lacks the corrosive and injector-plugging 
qualities attributed to biodiesel.50 Containing no ox-
ygen, it does not freeze or separate, and it also burns 
more cleanly; it is often described as a “second-gen-
eration biofuel.”51,52 

Renewable diesel, which can be directly substituted 
for petroleum diesel without engine modifications, 
has generated considerable interest and has been 
well-reviewed by the municipal agencies piloting its 
use.53,54 However, it faces supply and cost hurdles 
(see discussion of “Cost & Practicality”). Renewable 
diesel is currently being used by refuse trucks in 
Oakland,55 San Diego,56 Sacramento, and New York 
City; after a successful pilot, the latter has issued 
an RFP for suppliers.57,58 (A case study released by 
New York City in July 2020 indicated that the adop-
tion of renewable diesel, which is more expensive 
than conventional diesel, was being hampered by 
the lack of a low-carbon fuel standard in New York 
State,59 which would create an economic incentive 
for low-carbon fuels.)

Battery Electric 

Battery electric vehicles show promise for two pri-
mary reasons: 1) for the efficiency of their power 
source; and 2) for eliminating tailpipe emissions of 
greenhouse gases and health-threatening pollut-
ants. According to the US Department of Energy (US 
DOE), all-electric vehicles are more efficient than 
their fossil fuel counterparts, converting over 77% of 
their charge into power at the wheels, compared to 
12-30% efficiency for vehicles powered by internal 
combustion engines.60

A battery electric vehicle (BEV) has no internal com-
bustion engine; instead, electricity stored in an on-
board battery pack powers an electric motor and its 
control systems.61 The batteries used in BEVs are 
called “deep cycle,” which means that they are de-
signed to provide a steady supply of current over a 
long period of time, regularly using 80% or more of 
their charge.62,63 Depleted batteries in heavy vehicles 
are recharged with grid electricity from a dedicated 
charging unit.64 Charge can also be maintained in 
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BEVs through regenerative braking, in which brak-
ing energy that would normally be lost as heat is re-
turned to the battery as electricity.65 The stop-start 
nature of refuse truck operations has been cited as 
making these vehicles ideal for electrification with 
regenerative braking.66 

The weight of battery packs, however, can be an ob-
stacle for BEVs in the heavy-duty sector. The heavi-
er the vehicle, the larger the battery needs to be, 
which adds to the weight of the vehicle, creating a 
loop that requires weight reductions elsewhere or 
payload limitations that reduce the operational and 
economic viability of BEVs. 

Battery electric refuse trucks have been sold by the 
California-based electric drivetrain manufacturer 
Motiv Power Systems67,68 to Chicago and Sacramen-
to and by BYD, a Chinese producer, to Los Angeles, 
Palo Alto, and Seattle.69,70,71 New York City’s Depart-
ment of Sanitation (DSNY) road-tested an electric 
model from Mack in the first quarter of 2020.72 Ad-
ditional demonstrations are underway across the 
country, from Boise, ID to Hickory, NC. Nonetheless, 
Energy Vision estimates that there are less than 50 
battery electric refuse trucks operating in the Unit-
ed States and Canada as of summer 2021, making 
this still an experimental technology with limited re-
al-world operational data. A number of economic and 
environmental obstacles to adoption of heavy-duty 
BEV trucks are discussed elsewhere in this report. 

Diesel Hybrid 

Hybrid vehicle technologies come in three main 
forms. While they don’t involve a fuel switch away 
from diesel,73 their benefit is to effectively cut emis-
sions by extending the range of each gallon of fuel by 
storing/using otherwise wasted energy. The adop-
tion of hybrid technologies in refuse trucks by man-
ufacturers and customers has been broad enough to 
lead to its inclusion here.74 However, the penetration 
of the refuse market by these vehicles is unclear. 

A hybrid electric vehicle (HEV) combines a conven-
tional fossil-fuel  (typically gasoline or diesel) inter-
nal combustion engine with the electric motor of a 
battery electric vehicle (hybrid vehicle drivetrain).75 
Generally speaking, at low speeds the vehicle runs 
on the electric motor. When cruising at higher 
speeds, the vehicle switches over to the internal 

combustion engine. During heavy acceleration, both 
systems work together to maximize the power going 
to the wheels.76 

“Conventional” or “grid independent” hybrids use re-
generative braking technology to recharge their bat-
teries, and cannot be recharged externally. “Plug-in” 
hybrids (PHEVs) can be recharged using grid elec-
tricity.77,78 Argonne National Laboratory’s AFLEET 
and GREET databases both omit plug-in hybrids as 
a heavy-duty vehicle technology, and they are not 
evaluated here, as heavy-duty PHEVs aren’t a com-
mercial option. 

In hydraulic hybrids (HHVs), rather than charging a 
battery, braking energy is used to pressurize a fluid 
kept in the reservoir of a hydraulic system. The ki-
netic energy stored in this pressurized fluid is then 
applied to one or more pumps or motors to aid ac-
celeration by an internal combustion engine.79 HHVs 
are more efficient at energy recovery than HEVs, 
and can improve fuel economy by 15-50%, depend-
ing on the configuration of the system. They also 
significantly extend brake life by 200-400% in cer-
tain applications.80 

Is it electric? Is it a hybrid? In their approach to hy-
brids, Wrightspeed Powertrains produces a bat-
tery-electric powertrain with a turbine for on-the-go 
recharging; the turbine can be fueled with diesel, 
CNG, LNG, liquid propane or RNG.81 Wrightspeed has 
described its system as a “range-extended electric 
vehicle powertrain,” which offers improved mileage 
and a 54% reduction in fuel consumption; however, 
the all-electric range for their refuse truck applica-
tion is only 24 miles.82 For that reason, this report 
places the system within hybrid technology, rather 
than battery-electric technology.83 

In a recent variation on the supplemental electric 
drivetrain, Texas-based Hyliion provides a “brand 
and engine agnostic” after-market powertrain 
package for Class 8 tractor-trailers. Diesel, CNG or 
RNG in dedicated behind-cab storage fuels a gen-
erator that is installed alongside the engine. The 
generator charges batteries that power a motor, 
which provides additional power to the rear axles 
for hill-climbing and other high-demand activi-
ties. Because this system supplements a diesel or 
CNG engine, it too is considered a hybrid technol-
ogy rather than a battery-electric technology, but 
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initial testimonials have been quite positive and 
a number of high-profile fleets including Anheus-
er-Busch, Penske, Ryder, and Ruan have commit-
ted to piloting the technology.84,85 As of summer 
2021, Energy Vision had not found any publicly 
available information indicating that Hyliion is look-
ing at refuse truck applications for its technology. 

Efficiency improving technologies: “Stop-start” 
technology – in which an electrical system takes over 
non-propulsion functions from the internal combus-
tion engine during braking, and the engine re-en-
gages when the brake is released – is also counted 
as a hybrid technology. Electricity generated by 
braking is stored and used to get the vehicle mov-
ing again.86,87 While such systems can significantly 
reduce emissions from vehicles that stop and start 
frequently, the vehicles aren’t switching between 
propulsion systems, so we consider this an efficien-
cy-improving technology and will not address it fur-
ther in this report.

Fossil Natural Gas 

Natural gas vehicle engines were first developed in 
the 1980's to take advantage of a fuel that was sig-
nificantly cleaner burning than gasoline or diesel at 
the time. The diesel molecule is a complex, long-
chain hydrocarbon containing 16 carbon atoms and 
34 hydrogen atoms. Fossil natural gas is composed 
primarily of methane (CH4, one carbon atom and 
four hydrogen atoms). 

Fossil natural gas is extracted from dedicated 
wells or recovered in conjunction with crude oil ex-
traction.88 It can be used as a vehicle fuel either in 
compressed (CNG) or liquid (LNG) form; both require 
fuel storage, delivery and ignition systems specifi-

cally built for a gaseous fuel. Natural gas can be used 
to displace gasoline  or diesel fuel and emits fewer 
GHGs than petroleum-based fuels.89 

Natural gas engines in use in the United States are 
adapted from existing diesel engine technology 
(not specifically designed from the ground up for 
a gaseous fuel), with some changes to the ignition 
and air-intake systems, although the valves are the 
same. According to some experts, this helps ac-
count for why particulate emissions from natural 
gas engines are not even lower.90

According to industry reports, there are nearly 18,000 
natural gas-fueled refuse trucks in the US, and 60% 
of new refuse trucks ordered since 2017 have been 
natural gas models.91 All new natural gas vehicles 
are now equipped with “near-zero” NOx natural gas 
engines, which significantly reduce health-threat-
ening air pollutants. They reduce emissions of ni-
trogen oxides by 90% or more relative to the current 
Environmental Protection Agency standard for these 
pollutants (see endnote for explanation of EPA stan-
dard). 92 Similar to older natural gas vehicle technol-
ogy, the newer “near zero” engines keep emissions of 
particulate matter at or below the EPA standard, and 
beat the Federal Phase 1 GHG emissions standards 
for heavy-duty engines by approximately 8%.93 As 
noted earlier, natural gas engines can also be up to 
50% quieter than trucks with diesel engines.

Renewable Natural Gas (RNG) 

RNG, also called biomethane, is chemically similar to 
fossil gas but is not a fossil fuel. Obtaining it requires 
no fracking or drilling. It is made from a renewable 
resource – from food wastes, agricultural manures, 
wastewater, and other sources organic material 
long-considered "waste." 

The fuel is produced by capturing the methane-rich 
biogases that are released as organic materials de-
compose in oxygen-free environments; these gases 
can be captured from the wastes in landfills, or from 
organics that are put into airless tanks called anaer-
obic digesters. The biogases can then be “upgrad-
ed” by removing moisture, CO2, siloxanes, and other 
impurities. This process produces a pipeline-quality 
gas that is 95%-plus methane. Since it is then suffi-
ciently pure, it can be used in all the ways that fossil 
natural gas is used today. It can be transported in 

Molecules of diesel, gasoline and methane
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natural gas pipelines, stored in the same tanks, and 
used to generate power, heat buildings or, arguably 
its highest and best use, propel heavy-duty vehicles.

RNG production has the climate benefit of trapping 
methane biogases that would otherwise escape into 
the air as potent GHGs, including from landfills -- 
the third largest source of human-caused methane 
emissions in the US. Its other GHG benefit is that 
the fuel's use can then replace high-carbon diesel 
in heavy-duty trucks once they are equipped with 
commercially available natural gas engines. RNG 
use, like that of fossil natural gas, reduces particu-
late matter compared to diesel and reduces nitro-
gen oxide emissions by over 90% compared to the 
EPA standard when used in new natural gas engines 
(model year 2016 or newer).94 It is a drop-in option for 
any vehicle with a natural gas engine, requiring no 
alteration to vehicles or dispensing equipment. 

Hydrogen Fuel Cells

Hydrogen has long been the holy grail of renew-
able technologies, for good reason, but it has been 
plagued with economic and technical challenges. 
Hydrogen (H2) is naturally abundant in water (H2O), 
methane (CH4) and other organic materials, but it 
takes a significant amount of energy to separate 
the strong bond within these molecules.95 Today, 
more than 95% of hydrogen production in the US96 
is based on a process known as steam-methane re-
forming, in which natural gas molecules are blasted 
with steam to separate out the hydrogen atoms. 

This is an energy-intensive process and produces 
significant lifecycle GHG emissions.97,98  The pro-
duction of "green" hydrogen by electrolysis, which 
uses electricity (generated from renewables) to 
split water into its components is now emerging, 
and would enable hydrogen to become both car-
bon-neutral and zero-emissions, although costs are 
still high and production capacity remains low.99,100  

A hydrogen fuel cell, rather than using combustion, 
generates energy through an electrochemical reac-
tion between hydrogen and a catalyzing agent;101 the 
electrons released by the reaction create an electric 
current.102 A fuel cell vehicle then works much like a 
BEV, and must periodically be refueled with hydro-
gen to maintain the electrochemical reaction. By-
products of the reaction are water and heat.103

According to the US DOE, as of September 2021 
there are 48 hydrogen fueling stations in the US; 
47 are in California, and there is one in Hawaii.104 In 
June 2020, DOE announced a 5-year, $100 million in-
vestment in hydrogen vehicle technology, focusing 
on the development of “large-scale, affordable elec-
trolyzers,” and heavy-duty fuel cell trucks.105 How-
ever, DOE has also called hydrogen production by 
electrolysis suboptimal in many parts of the United 
States, given the high emissions generated by some 
regional electrical grids.106

In August 2020, private refuse hauler Republic Ser-
vices signed a deal with Nikola Motor Company for 
2,500 fuel-cell trucks, to be delivered starting in 
2023 and with Republic participating in the design 
process. The deal was apparently met with some 
skepticism, as Nikola had “yet to deliver a volume 
production vehicle to date.”107 Since the announce-
ment, Nikola has been accused of fraud, including 
that it faked product demos.108 Shortly after the an-
nounced partnership, both entities agreed to dis-
continue the collaboration to develop and deploy 
fuel cell refuse trucks.109

Under two separate projects, 22 hydrogen-fueled 
refuse trucks have recently been piloted in 15 Eu-
ropean cities, including a pilot in Glasgow, Scotland 
with Ballard Power Systems.110 Engine manufacturer 
Cummins is contributing to the development of hy-
drogen refuse trucks there, providing fuel cell mod-
ules to multiple European truck manufacturers, and 
recently announced a similar effort in California.111 In 
the US, a partnership between fuel cell truck man-
ufacturer Hyzon and distributed hydrogen produc-
er Raven SR was announced in April 2021. The two 
companies “plan to build 100 ‘hydrogen hubs’ that will 
power fuel cell garbage trucks with hydrogen gen-
erated from the very refuse they haul.”112 The city of 
Anchorage, Alaska used DOE funding to purchase a 
Peterbilt 520EV fuel-cell electric refuse truck, which 
it expects to receive in 2021.113

While Energy Vision’s research found that hydro-
gen-fueled refuse truck demonstrations had been 
funded in the US,114 we found no information about 
such trucks in use on American roads as of Decem-
ber 2020. Hydrogen technology should be watched 
closely in the coming years, but due to lack of com-
mercial deployments in the U.S. refuse sector it 
will not be discussed further in this report. 
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Dimethyl Ether 

Dimethyl Ether (DME) is a synthetic alternative to 
diesel. It can be produced from biomass, methanol, 
or fossil fuels, with natural gas being the “feedstock 
of choice” in the US.115 Producing DME is a multistage 
process, starting with production of a “synthesis 
gas” that is converted to methanol, which is then 
converted to DME.116

DME has been explored as an attractive substitute 
for diesel or propane because it ignites relatively 
easily and has energy efficiency and power ratings 
similar to diesel. Its chemical structure means that 
its combustion produces virtually no particulate 
matter, potentially eliminating the need for particu-
late filters. However, a relatively low energy density 
requires a larger tank than diesel, and DME, like pro-
pane, must be kept pressurized to remain in liquid 
form.117 It also requires a purpose-built engine and 
fuel system, further complicating its adoption.118,119 

After a 2017 trial by the New York City Department 
of Sanitation failed to produce a contract, DME pro-
ponent Volvo abandoned the fuel in the US market. 
The sole US producer, Oberon Fuels, refocused its 
efforts on its home state of California. In 2019, the 
company received a $2.9 million grant from the Cal-
ifornia Energy Commission to upgrade its existing 
plant from pilot to demonstration scale and to test 
DME in modified diesel trucks.120 Legislation in 2020 
aligned the taxes on DME with other alternative fu-
els (effective July 2021), for DME used as a diesel 
replacement or blended with propane.121 However, 
it does not represent a commercial alternative to 
diesel in the United States at this time and is not 
further addressed in this report. 

In commercial terms, only four alternatives to con-
ventional diesel are viable choices today: biodiesel, 

renewable diesel, fossil natural gas, and renewable 
natural gas. Battery-powered and hydrogen are still 
in the pilot testing phase, but there are no hydrogren 
refuse trucks on the road today, as summarized in 
the table above.

Comparing Impacts of Alternative 
Fuels on Climate, Public Health 
and Noise

The Lifecycle Greenhouse Gas Emissions of 
Alternative Fuels (Chart 1)

The range of GHG emissions for trucks burning 
alternative fuels compared to trucks burning ul-
tra-low-sulfur diesel fuel is striking. Lifecycle GHG 
modeling is essential to assessing the total climate 
impacts (and benefits) of a particular fuel/technol-
ogy combination. Emissions vary widely depending 
on the "feedstocks" and technology(s) used to pro-
duce a fuel.

Chart 1 (below) shows the lifecycle greenhouse gas 
emissions of 13 alternative fuels compared to ul-
tra-low-sulfur petroleum diesel, based on the Ar-
gonne National Laboratory GREET model, the gold 
standard for assessing the combined climate im-
pacts of a fuel's entire lifecycle. The comparisons 
are made on the basis of grams of CO2 equivalent 
(CO2e) emitted per mile traveled, and they take into 
account the emissions from all stages of a fuel’s 
lifespan – including production, transportation, and 
consumption, as well as land-use impacts (if crops 
are the source of fuel production). Following the 
chart is a discussion of the factors considered in 
these fuel evaluations.

TABLE 1: Estimated Market Penetration of Available Refuse Truck Technologies

Diesel Natural Gas Electric

Ultra-Low
Sulfur Diesel

Biodiesel 
(B5 or more)

Renewable 
Diesel

Fossil Natural 
Gas

Renewable 
Natural Gas

Battery 
Electric

~160,000298 ~160,000299 ~2,000 ~8,000 ~10,000 <50
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Renewable Natural Gas (RNG): RNG made from four 
different feedstocks achieved by far the greatest 
greenhouse gas reductions. Using landfill gas results 
in an 80% reduction of emissions (CO2e). But organ-
ic wastes processed in anaerobic digesters from 
wastewater, dairy manure and food waste all achieve 
net-carbon-negative results – results achieved by no 
other fuel. According to Argonne GREET, the lowest 
emissions were attributed to food waste. (The Cali-
fornia Air Resources Board, however, has attributed 
the greatest emissions reduction to RNG made from 
livestock manure in the “carbon intensity” tables122 it 
developed to give credits to fuel producers selling 
low-carbon fuels in the state.) 

According to Argonne National Lab (ANL), average 
emissions for RNG made from different feedstocks 
(landfill gas, wastewater, animal manure and food 
waste), are approximately 150% lower than ULSD 
and 145% lower than fossil natural gas. ANL shows 
the greatest emissions reductions coming from RNG 
made from food waste, at 196% and 191% lower than 
ULSD and fossil natural gas, respectively.

Compressed Natural Gas (CNG): Compressed nat-
ural gas (CNG) in North America has lifecycle emis-
sions just 5% lower than diesel, according to ANL 
GREET mainly because of the emissions related to 
fracking. Natural gas also has a lower energy con-
tent than diesel, meaning that traveling the same 
mile requires more fuel; if the two fuels are com-
pared on the basis of emissions per unit of energy, 
natural gas has about 19% lower emissions.

Battery Electric (BEV): An operating BEV has no 
tailpipe emissions. However, its lifecycle emis-
sions depend on the fuel powering the electric grid 
charging its batteries. In the US, this often includes 
natural gas and coal. The above chart provides three 
examples: Battery electric vehicles charged on an 
upper Midwest grid (which uses 43% coal) have life-
cycle GHG emissions that are about 40% lower than 
petroleum diesel; those charged on an “average US 
mix” (which uses nearly 25% coal) have emissions 
57% lower than diesel; and vehicles using a North-
eastern grid (which relies less than 3% on coal and 
much more on natural gas, nuclear and hydroelectric 
power) have lifecycle emissions that are 76% lower.
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Renewable Diesel: The chart includes emissions 
for RD made from soybeans, the most common oil 
crop, although RD can also be made from switch-
grass; other cellulosic materials like crop residues, 
wood and sawdust; agricultural waste; and rendered 
animal fats.123 It evaluates RD made with no blending 
(“R100”), which has 70% lower GHG emissions than 
diesel, according to ANL GREET.

Two types of Biodiesel: The chart compares the 
emissions of vehicles using 100% biodiesel (B100) 
and 20% biodiesel (B20). Both are made from soy-
beans, the most common US feedstock for biodies-
el. According to ANL GREET, B100, which totally re-
places petroleum diesel, achieves a 61% reduction 
compared to diesel. (B100 is rarely used in practice, 
as it requires a later-model engine with biodies-
el-compatible parts to avoid degradation of some 
engine components;124 as discussed above, it is also 
subject to gelling, freezing, and separation.) B20, 
one of the most common blends (20% biodiesel and 
80% petroleum diesel) achieves a 12.3% reduction in 
GHGs.125

Hybrid-Electric: Grid-independent hybrid die-
sel-electric refuse vehicles have about 29% low-
er emissions than ULSD, according to ANL GREET 
2020. As noted above, hybrid technology extends 
the range of a gallon of fuel, so that these emissions 
represent a greater distance traveled – approxi-
mately 20% greater, compared to diesel.126 

According to Argonne National Laboratory, the local 
electric grid impacts multiple aspects of a vehicle’s 
total lifecycle emissions, even if its batteries are not 
being charged from that grid;127 however, based on 
GREET, these variations for grid-independent hy-
brid electrics come in at less than 1%, and Chart 1 
shows only the average US mix.

Hydraulic Hybrid: Hydraulic hybrid vehicles (HHVs) 
have GHG emissions that are almost 21% lower than 
diesel, according to GREET 2020. Argonne esti-
mates that HHVs get approximately 21% greater fuel 
economy than diesel vehicles, although HHV drive-
train manufacturer Parker Hannifin claimed up to 
43% (see Case Studies). 

The Emissions of Criteria Pollutants: 
Nitrogen Oxides and Particulate Matter 
(Chart 2)

Battery Electric Vehicles emit no NOx emissions at 
all, while vehicles using fossil or renewable natural 
gas cut NOx by 90% or more. (Please see endnote 
89 for an explanation of the EPA’s current NOx stan-
dard.) NOx tailpipe emissions for chemically similar 
conventional ultra-low-sulfur diesel, biodiesel, re-
newable diesel, and hybrid technologies using diesel 
fuel all came in at the same level.

Particulate matter, 2.5 microns or smaller 
(PM2.5)

PM2.5 is known to have serious life-shortening im-
pacts on human health, but there is a lot we do not 
understand about its behavior in heavy-duty refuse 
trucks.128 Fuel, technology, vehicle weight, mod-
el year, engine mileage, maintenance compliance, 
payload, speed, outdoor temperature, and emis-
sions control system all impact rates of PM emis-
sions. Little work has been published addressing the 
interaction of these factors and how they impact PM 
emissions from refuse collection vehicles. 

However, research is beginning to show that many 
low-carbon fuel technologies suitable for heavy-du-
ty vocational vehicles provide consistent reductions 
in particulate matter emissions when compared to 
petroleum diesel.129 This report looks at particulate 
matter related to combustion and to non-combus-
tion emissions (Chart 2).130

Combustion-related PM2.5:

With no tailpipe, battery electric vehicles have zero 
exhaust emissions. Combustion of natural gas (pri-
marily CH4), whether from a fossil or organic waste 
source, produces little-to-no particulate matter; 
PM2.5 emissions from natural gas engines come 
primarily from lubricating oil burned in the com-
bustion chamber.131 PM2.5 emissions from natu-
ral gas refuse truck engines consistently come in 
lower than emissions from their diesel counter-
parts, about 0.01 grams of PM2.5 every mile.132 This 
is 60% lower than a modern diesel engine with in-
dustry-standard emissions controls systems.133 
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That reduction can have significant health bene-
fits: based on data released by the EPA, we calcu-
late that replacing just five diesel refuse trucks 
with natural gas-fueled vehicles would prevent one 
case of acute respiratory illness in the communi-
ties they serve, from the avoided PM2.5 alone.134

Biodiesel burned in a traditional heavy-duty diesel 
engine also seems to provide measurable reductions 
in PM emissions. Biodiesels tend to have a higher 
oxygen content than fossil or renewable diesel and 
burn more completely, and thus avoid releasing un-
burned particles of fuel into the atmosphere.135 How-
ever, most heavy-duty engine manufacturers only 
approve low-biodiesel blends in their engines – 5% 
or 20% at the most.136 This significantly mitigates 
the PM reduction benefits of using the bio-based 
fuel. A B20 blend in a diesel engine will see average 
PM reductions137 around 40% less than traditional   
diesel.138 Renewable diesel also reduces PM to a 
lesser degree, but unlike biodiesel, RD can be used 

in diesel engines unblended. All told, R100 also de-
livers a 40% reduction in PM on average, no better 
than B20.139

Non-Combustion PM2.5:

Particulate matter is also produced by wear and tear 
on tires and brakes, and even the surface of the road 
during normal operation. In addition, trucks kick up 
dust as they pass and these “resuspended” particles 
are often included in total PM2.5 emissions invento-
ries. Combustion-engine refuse trucks (diesel and 
natural gas alike) typically release around 0.08 grams 
of PM2.5 per mile from tires and brakes.140 Road wear 
and resuspended dust are harder to measure, but 
these sources tend to produce about 5 times more 
PM2.5 than tire wear from the same vehicle.141 Thus 
we estimate that an average fuel-powered refuse 
truck produces around 0.045 g PM2.5/mi.
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The on-road operation of BEV's aren't truly zero 
emission. While battery electric vehicles have no 
tailpipe emissions, these vehicles do emit meaning-
ful amounts of PM. Their heavy batteries are known 
to increase tire wear because the extra weight in-
creases the friction between tire and road, and be-
tween brake pad and wheel.142 Mounting evidence 
from studies on a diverse set of electric and com-
bustion-engine vehicles shows that BEVs may in 
fact produce more dust and wear on tires and roads 
than their combustion engine cousins – enough that 
net reductions in PM2.5 compared to internal com-
bustion vehicles may be negligible.143 One study sug-
gested that electric vehicles may generate up to 8% 
more PM than their conventional counterparts.144

A Mack LR Electric truck. While the vehicle has no tail-
pipe, it does produce non-combusion emissions.

The Health Impacts of Noise Pollution 

A common complaint about refuse collection trucks 
is noise – not just the noise of the compactor, but 
of the diesel engine itself. That noise can disturb 
communities during nighttime waste collection, and 
it can also damage the hearing of drivers or others 
who work with diesel trucks.145 How much differ-
ence does an alternative fuel or drivetrain technol-
ogy make? Information on noise levels of alterna-
tive technologies is actually limited. But diesel and 
renewable diesel produce similar noise levels while 
natural gas and renewable natural gas engines are 
up to 50% quieter, and battery electric vehicles are 
virtually free of engine noise.

Battery Electric and Hybrid Electric: At low speeds, 
electric and hybrid-electric vehicles almost com-
pletely eliminate engine noise (at lower speeds hy-
brids run on their electric motor), and the noise that 
the drivetrains produce doesn’t travel like that from 

an internal combustion engine.146 Until the vehicles 
are moving at about 20 miles per hour and generat-
ing tire and wind noise, they can actually be so quiet 
that they are potentially hazardous to unsuspecting 
pedestrians. Legislation that went into effect in fall 
2019 requires such vehicles to make enough noise 
to enable “blind and other pedestrians to reasonably 
detect a nearby electric or hybrid vehicle”; howev-
er, that legislation does not apply to vehicles over 
10,000 pounds, exempting refuse trucks.147

Natural Gas: Trucks running on CNG are regularly 
described as much quieter than diesel vehicles. A 
US DOE Clean Cities report on CNG refuse trucks 
specifically references a fleet conversion by Illinois 
hauler Groot Industries that was made in part to 
achieve noise reductions.148 According to truck mak-
er Freightliner, natural gas engines run up to 10 deci-
bels (dB) quieter than their diesel counterparts.149 
The same noise reduction is cited by fueling station 
operators,150 and according to ANL’s AFLEET tool, a 
CNG refuse truck produces between 5 and 12 deci-
bels less noise, depending on the listener’s position 
relative to the truck.151 

Since decibels are measured on a logarithmic scale, 
the difference of 10dB can actually mean a 50% 
noise reduction; 60dB is considered half as loud as 
70dB.152 Having essentially the same characteristics 
as conventional natural gas, and being used in the 
same vehicle engines, RNG runs just as quietly as its 
fossil counterpart.

Renewable Diesel (RD): The largest producer of re-
newable diesel in the world (Neste) states that use of 
RD does not increase noise levels relative to conven-
tional diesel fuel, but also that the high cetane num-
ber of RD “ensures quicker cold starts, less noise and 
better throttle response.”153

According to the fleet manager for the City of Oak-
land, which uses RD in its fleets, there is no notice-
able noise difference between RD and convention-
al diesel.154 Similarly, the director of fleet services 
for Knoxville Tennessee, which tested RD, said that 
truck crews reported less eye irritation and cough-
ing (their duties required time outside the cab and 
exposure to exhaust), but did not mention noise re-
ductions.155

Hydraulic Hybrid: It is unclear from a literature re-
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view what the noise impacts of hydraulic hybrid 
technology are. Articles written or updated in 2004, 
2014 and 2020 describe noise as “a technical chal-
lenge” for HHVs.156 However, a 2011 article quotes a 
refuse truck driver in Miami Dade County describing 
his new HHV as “a whole lot quieter” than what he 
was used to driving.157

Comparing the Impacts of 
Alternative Fuels Related to Their 
Fuel Extraction & Production

Renewable Natural Gas

RNG is not a fossil fuel and therefore avoids the po-
tential impacts related to fracking or other forms 
of drilling. Instead of generating waste or pollution, 
its production can transform organic wastes into 
a feedstock for making two products that are es-
sential for sustainable economies: RNG and nutri-

ent-rich effluent (see next page). 

The methane gases emitted by organic materials are 
captured and put to use, rather than being left to rise 
into the air as potent climate warmers. They are 50-
60% methane, but when they are refined by remov-
ing moisture, CO2, siloxanes, and other impurities, 
the result is a pipeline-quality gas that is 95%-plus 
methane. It is sufficiently pure and similar to fossil 
natural gas that it can be distributed via the existing 
gas grid and can be used in all the same applications 
as fossil gas.

Based on ANL GREET, RNG’s lifecycle GHG emis-
sions – taking into account all aspects of production, 
transport and combustion – range from 80% lower 
than diesel fuel to significantly carbon negative.  
This reflects the fact that RNG is capturing fugitive 
methane that is above ground and would – were it 
not captured – escape, whether from landfills, ma-
nure ponds or wastewater treatment processes. 
These above ground methane biogases account for 

A driver refueling at a biodiesel station in India. A drop-in substitute, biodiesel achives moderate GHG/PM reductions.
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nearly a third of all anthropogenic methane emis-
sions in the US158 and they must be captured to meet 
our climate commitments moving forward. (By con-
trast, fossil natural gas is extracted from deep un-
derground and used or released into the air. Left un-
derground, it would do no environmental harm.) The 
remaining biosolids – or “digestate” – left in anaer-
obic digesters after the gases are captured can be 
used as high-quality, nutrient-rich compost or liquid 
fertilizer which can enrich depleting soils.

As with fossil natural gas, there are downstream 
leakage concerns with RNG that are important to 
address. There may be leakage from the anaerobic 
digesters where organic wastes are processed or 
from the pipeline networks that are used to trans-
port RNG. But like fossil natural gas, there is a direct 
economic incentive with major climate benefits to 
minimize leakage throughout the system – from pro-
duction to end-use.

Biodiesel and Renewable Diesel

The US EPA sees biofuel production potentially 
causing “changes to land use patterns that may in-
crease GHG emissions, pressure on water resources, 
air and water pollution, and increased food costs.”159 
Biofuels are often referred to in terms of “genera-
tions,” based on the feedstocks from which they’re 
made. “First generation” biofuels are commonly 
made using food crops such as canola, palm, and 
soy. Concerns about negative impacts on food pric-
es, production, and land use – “food vs. fuel” – led to 
“second generation” biodiesels, made from non-food 
crops (often grown on poor-quality land), agricultur-
al residues (stems, husks, leaves) and wood, as well 
as feedstocks like food waste and cooking oil.

A 2016 report by the UN Food and Agriculture Orga-
nization (FAO) expressed concern about a lack of co-
ordination between different policy areas that touch 
on biofuels: agriculture, energy, transport, environ-
ment, and trade. The report saw production of bio-
fuel feedstocks competing with food production, 
leading to food insecurity and volatile prices. Noting 
that biofuel production economics are a function of 
oil prices, the report also highlighted the potential 
for volatility in energy markets to be “transmitted to 
agricultural markets and on to food prices.”160

Biodiesel groups have countered that the soybean 

oil that is the main source of the fuel in the US is 
just a byproduct of producing soybeans for food, and 
does not lead to food crops being sacrificed for fu-
el.161 The industry also argues that biodiesel creates 
a market for animal and other fats that were once 
waste products.162 A past industry position that bio-
diesel helped keep food prices down by creating an 
additional market for soybean oil163 seems to have 
fallen out of favor, as fuel use has been shown to 
drive the cost of soybeans up.164

Battery Electric / Hybrid Vehicles

Labor, health, and pollution issues of concern are 
related to both the production and disposal of bat-
teries. According to a study of passenger vehicles 
by the Union of Concerned Scientists, the material 
and energy requirements for manufacturing a bat-
tery electric vehicle are 15-68% higher than for man-
ufacturing an internal combustion vehicle. How-
ever, the report concluded that the higher vehicle 
“manufacturing emissions are offset within 6 to 16 
months of normal driving,” depending on the source 
of the electricity charging the vehicle.165 While En-
ergy Vision was unable to identify similar studies 
specifically related to electric heavy-duty vehicles, 
it seems likely that even with larger battery require-
ments similar “paybacks” would apply, depending on 
the duty cycle of the vehicle. 

The batteries in BEVs and HEVs generally use lith-
ium-ion technology, and include in their composi-
tion cobalt, graphite, manganese, and nickel.166,167,168 
Of these, cobalt is the least abundant, and over half 
of the world’s supply comes from the Democratic 

A large cobalt mining operation in the DRC, where geopol-
itics and labor practices are cause for concern.
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Republic of Congo (DRC), where exploitative labor 
practices in mining have drawn international con-
demnation.169,170 Amnesty International has reported 
children as young as seven “working in life-threaten-
ing conditions and subjected to violence, extortion 
and intimidation.”171 With up to 65% of the global sup-
ply coming from the DRC, concerns about over-cen-
tralization of supply, refining, and processing are 
also an issue for manufacturers.172

Another concern with hybrid and electric vehicles 
are rare earth metals, used in components like 
magnets that help turn electric drivetrains.173,174,175 
Once mined, rare earth metals must be separated 
from other minerals; this can require multiple ap-
plications of toxic chemicals, with residues being 
“dumped back into the environment.”176,177 

China has dominated rare earth metal markets for 
years, outproducing its nearest competitor, Austra-
lia, by a factor of six, and the third-place finisher, the 
United States, by a factor of eight.178 Supply will likely 

fall and prices rise as China now focuses on cleaning 
up environmental damage and closing down illegal 
mines. It has been proposed that countries includ-
ing the US and Australia gear up their own rare-earth 
minerals production.179,180 

However, one of the first large lithium mines in the 
US (Thacker Pass, NV) now applying for permits has 
been met with passionate opposition from environ-
mentalists concerned with potential land-use and 
water impacts, as well as from Native Americans 
who consider the land sacred—highlighting  early 
challenges associated with increased domestic pro-
duction of elements critical to producing BEVs.181

Larger vehicle batteries bring specific end-of-
life issues. According to the International Energy 
Agency, a boom in all-electric vehicles caused by 
countries trying to meet climate goals could mean 
that by 2030 there will be 140 million BEVs on the 
world’s roads – and 11 million metric tons of lithium 
ion batteries to be dealt with.182

A large "direct lithium mining" operation requires almost no water. To meet growing BEV demand, extraction of critical 
elements necessary for battery production is expected to grow exponentially. Minimizing the environmental impact(s) of 

these operations will be critical to ensuring that BEVs are a truly sustainable alternative for the refuse sector.
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Recycling these batteries is also a critical environ-
mental issue. Batteries that get damaged (as might 
happen in a landfill) can leak over 100 toxic gases;183 
ones that overheat and combust release poisonous 
fluoride gases.184 Heavy metal leakage can pollute 
soil and water. As noted above, key ingredients like 
cobalt and lithium are hard to come by and have their 
own environmental consequences, making recy-
cling all the more important.  

Recycling technologies exist, and new ones are be-
ing developed, but significant hurdles remain – there 
are, for example, as many chemical formulations for 
batteries as there are manufacturers, making stan-
dardization difficult. 

This challenge is birthing new startups, and car 
manufacturers are entering the space, prodded by 
anticipated government regulation; China and the 
EU already hold electric vehicle makers responsible 
for battery recycling,185 although recycling rates in 
the EU may still be as low as 5%.186 Improving that 
number may be hampered by the reluctance of car 

manufacturers to use recycled materials out of re-
liability concerns, even though lead-acid batteries 
are largely recycled.187

BEVs’ large lithium ion batteries can be repurposed 
before being recycled. Such batteries retain signifi-
cant charge capacity even if they’re no longer suit-
able for vehicles, and so can be used in applications 
like powering streetlights or providing back up pow-
er for elevators or data centers.188,189

For hybrid-electric vehicles, the issues are similar 

but on a smaller scale. Batteries for HEVs are com-
monly nickel-metal hydride technology, although 
lithium ion batteries are also used.190 Hybrid batter-
ies are much smaller than those in all-electric vehi-
cles; for passenger cars, a BEV battery can weigh up 
to 1,200 pounds, while an HEV battery may only be 
about 100 pounds.191,192 Smaller HEV batteries do not 
contain the same amount of reclaimable resources, 
but there are rare earth elements and valuable met-
als to be recovered,193 and similar environmental and 
health hazards from landfill disposal, as with BEV 
batteries.194,195

Compressed Natural Gas

The Fracking Dilemma. Production of convention-
al natural gas in the US has increased greatly with 
the widespread adoption of hydraulic fracturing, or 
“fracking.” Fracked gas represented 67% of the US 
natural gas supply in 2015, according to the US Ener-
gy Information Administration.196 However, fracking 
is a highly contentious issue that has affected the 
entire view of the benefits of fossil natural gas as a 
lower-carbon alternative to other fossil fuels. The 
technique involves drilling vertical “boreholes” that 
are then cased in cement and steel, often in com-
bination with horizontal drilling deep underground. 

High-pressure water, chemicals and a granular sub-
stance like sand are then injected into the gas wells 
to fracture rock formations, allowing oil and/or gas 
to escape.197,198 60% of the water injected into the 
wells comes back up containing the chemicals as 
well as metals, radionuclides, and hydrocarbons 
which have to be disposed of or reused.

Innovations in horizontal drilling led to the increased 
use of fracking to extract oil and gas deposits 
held in shale formations (“shale gas”), putting the 
method in the public spotlight.199,200 Fracking has 
been linked to contamination of drinking water,201 
 increased release of methane into the atmosphere 
because of higher venting and more leakage than 
normal extraction,202 and even earthquakes.203 In 
2014, New York State banned fracking,204 a move 
praised by environmentalists. Their criticism was 
renewed, however, when New York continued to im-
port fracked gas from Pennsylvania.205,206,207

Claims about water pollution have been attacked 
as parlaying what could happen into what has hap-

Thacker Pass is home to a proposed open-pit lithium 
mine. Some conservation groups oppose the project.
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pened, and for equating complaints about possible 
pollution with proven incidents of pollution.208,209 A 
2016 EPA study acknowledged that fracking oper-
ations could “impact drinking water resources un-
der some circumstances,”210 but did not draw con-
clusions on frequency or severity because of “data 
gaps.”211 However, resistance to fracking by many en-
vironmental and environmental justice groups has 
persisted across the country, citing water quality 
concerns, destruction of ecological formations and 
animal habitat, carving of roadways for heavy truck 
traffic, and trucking- and drilling-related pollution.212

The notion that increased emissions from fracking 
offset the climate advantages of using fossil natural 
gas instead of other fossil fuels has gained traction, 
as has the idea that the EPA’s emissions estimates 
for natural gas leakage are too low.213

The Natural Resources Defense Council (NRDC) has 
called for both tighter regulation of natural gas ex-
traction and gradually reducing dependence on the 
fuel.214,215 The Environmental Defense Fund (EDF) 

calls for natural gas to be produced more responsi-
bly and regulated at the state and federal levels.216 

However, many other grassroots environmental or-
ganizations called for the complete prohibition of 
any fracking in New York State. Energy Vision’s re-
search concludes that leakage across natural gas 
systems is a legitimate and important concern.
Argonne GREET puts combined leakage and vent-
ing from shale gas recovery approximately 6.8% 
higher than from conventionally drilled gas.217 Even 
so, GREET puts lifecycle GHG emissions for natural 
gas 5% below those of diesel fuel on a per-mile ba-
sis, and approximately 19% lower per unit of energy 
(MMBTU). The California Air Resources Board con-
siders North American compressed natural gas to 
have emissions roughly 20% lower than diesel fuel 
per unit of energy.218

A large "fracking" operation extracts oil and gas by blasting rock formations with a high-pressure mixture of water and 
chemicals. Like other mining/drilling operations, "fracking"  can threaten human health and the local environment.
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Comparing the Practicality and 
Cost of Alternative Fuels & Case 
Studies

Biodiesel

Practicality: As noted above, the use of biodiesel 
has become so standard that most vehicle man-
ufacturers approve the use of B20 in the United 
States. It is an established fuel produced by a ro-
bust domestic industry. In 2018, 1.8 billion gallons of 
B100 was produced; in 2019, production fell off by 
about 7%, to 1.7 billion gallons,  but regained ground 
to close 2020 at more than 1.8 billion gallons.219 
 As noted above, the use of biodiesel has become so 
standard that most vehicle manufacturers have ap-
proved the use of B20 in their vehicles in the US.

Cost: There is no additional vehicle capital cost in-
volved for biodiesel since these blends can be used 
in standard diesel engines. A B20 blend has 1-2% less 
energy content than petroleum diesel.220 According 
to the US DOE’s Alternative Fuels Data center, during 
2020 the price of B20 closely shadowed that of con-
ventional diesel, selling for between $0.06 and $0.20 
less. As of late-summer 2021, B20 sold for $0.21 less 
than conventional diesel (based on the national av-
erage).221

Case Studies:

New York City: New York City began piloting bio-
diesel in 2005. Today, its municipal fleets, which 
include over 1,200 diesel-fueled refuse trucks, 
use biodiesel extensively. Historically, they ran on 
B20 from April through November, before freez-
ing and gelling were recognized as serious con-
cerns, and B5 from December through March. 
However, blending B20 with “winterized fuels” 
containing kerosene was so successful that some 
parts of the fleet started using B20 year-round – 2 
million gallons in the winters of 2017 and 2018.222 
 As noted above, however, the City has successfully 
tested lower-emissions renewable diesel and plans 
to transition all of its diesel trucks to run on it.

Madison, Wisconsin: In October 2019, the City of 
Madison announced to residents that over the sum-
mer it had moved its entire diesel fleet to B20 bio-

diesel, making it the second city in Wisconsin to do 
so (after Milwaukee). Given Wisconsin’s climate, the 
fleet will use B5 in the winter months, and revert to 
conventional diesel when the temperature ap-
proaches 0°F.223

Renewable Diesel

Practicality: Renewable Diesel is a drop-in replace-
ment for petroleum diesel made primarily from an-
imal fat and other agricultural waste streams. De-
spite its potential to displace petroleum in refuse 
trucks, domestic supply remains limited. A signifi-
cant portion of the renewable diesel used in the US 
is now imported, and domestic production remains 
regionally concentrated. Of 57 samples of RD refer-
enced in the California Air Resources Board’s Path-
way Certified Carbon Intensities, 19 were imported, 
coming from Singapore (the majority), Finland, and 
Canada. Of the 38 samples produced domestically, 
22 were from Louisiana, 10 were from California, and 
the remainder came from Kansas, Mississippi, North 
Dakota, Washington, and Wyoming.224 

Neste, the world’s largest producer of renewable 
diesel, produces a maximum of 21.3 million bar-
rels per year (~895 million gallons) from facilities 
in Finland, The Netherlands and Singapore.225 
 One market analysis sees US domestic RD produc-
tion increasing from ~353 million gallons in 2018 to ~1 
billion in 2020 and over 2.2 billion gallons in 2022.226 
By comparison, on-road diesel fuel consumption in 
the US in 2018 totaled more than 40 billion gallons.227

Cost: There is no additional vehicle capital cost in-
volved in using RD, as it is a drop-in substitute for 
conventional diesel fuel. However, RD is typically 
more expensive to produce and the price of the fuel 
has varied widely. Its use to date has been largely 
limited to California. Under the state’s Low Carbon 
Fuel Standard, support for production of renewable 
diesel means that it has been able to sell at a cost 
competitive to conventional diesel.228

In 2016, renewable diesel in Oregon sold for about the 
same as a B20 blend, a premium of $0.15 per gallon 
over standard diesel.229 The Eugene Water and Elec-
tric Board in Oregon saw the price differential that 
it paid for RD spike to over $1/gallon in 2018 before 
falling to $0.19 in 2019, with the reduction attribut-
ed to the launch of Oregon’s Clean Fuel Standard.230 
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However, for its 2017 trial of renewable diesel, the 
City of Knoxville, Tennessee was paying $2.80/gallon 
for RD, compared to $1.53 for conventional diesel – a 
45% increase.231 For New York’s pilot of RD, the City 
was paying a premium of $1.50 per gallon over con-
ventional diesel – again, about a 45% mark up.232

Case Studies:

Turlock, California: In 2018, Turlock Scavenger be-
gan switching its fleet of refuse trucks to renewable 
diesel. This waste collection and recycling company 
in central California serves the city of Turlock and 
Stanislaus County. The switch “was easy,” according 
to the company’s maintenance shop supervisor, and 
has brought improvements in engine performance, 
as well as fewer routine maintenance costs from a 
reduced need for after-filter replacement.233

Oakland, California: The City of Oakland was an early 
adopter of renewable diesel, switching over all 366 
of its diesel vehicles, including refuse trucks, in 
2015. Other than limited availability in some areas, 
the Oakland fleet manager maintained that the tran-
sition had “not a single downside.” The Oakland fleet 
uses about 250,000 gallons of RD per year.234

Battery Electric

The executive director of the California Transit As-
sociation has called electrification of heavy-duty 
vehicles – in reference to transit buses – a “complex 

and expensive proposition,” given higher vehicle 
costs, infrastructure requirements, and the high 
and variable costs of power around the state.235

Practicality: Battery electric refuse truck options 
have been extremely limited and have received 
mixed reviews. Motiv Power Systems rollouts in Chi-
cago and Los Angeles were plagued by troubles or 
delayed, while a successful test by Chinese produc-
er BYD in Los Angeles was for a single, smaller Class 
6 vehicle (see case studies below). A Class 8 BEV 
refuse truck delivered to Seattle waste contractor 
Recology in 2019 has performed well on light duty 
applications. Several additional BEV refuse truck 
demonstrations are in the early stages now (see 
case studies).

Battery electric vehicles must contend with a sin-
gular factor that does not affect other fuels in such 
a significant way: the size and weight of the energy 
source. The batteries used by heavy-duty BEVs are 
large and heavy, and become larger and heavier the 
more power the vehicle requires. This creates a sort 
of self-negating cycle: the more power required, the 
heavier the battery pack, requiring more power to 
compensate, which adds more weight to the bat-
tery pack, etc. This can lead to a crucial “trade-off 
between battery weight and payload” that may re-
sult in the need for additional vehicles to complete 
routes traditionally serviced by a single truck.236 

Cost: Electric vehicles are considerably more ex-
pensive than their diesel counterparts. Argonne’s 
AFLEET tool puts the cost of a BEV refuse truck 
66% higher than that of diesel model-- $500,000 as 
opposed to $300,000.237

A municipal fleet using electric refuse trucks would 
also need to install appropriate charging infrastruc-
ture. The kind of direct current (DC) fast-charge point 
appropriate for a Class 8 refuse truck can run an es-
timated $25,000 or more per charging station.238 
The additional on-site electricity requirements are 
significant, and may require additional generating 
capacity; one study found that a “representative util-
ity, depending on charging patterns, will  need to in-
vest between $1,700 and $5,800 in grid upgrades per 
electric vehicle through 2030”, going on to note that 
most of this cost would be passed on to the utility’s 
customer base.239

A portion of Turlock Scavenger's diesel refuse fleet, which 
has been using Renewable Diesel since 2015.
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While the cost of charging electric vehicles is de-
pendent on the price of grid electricity, it remains 
low overall, once the necessary infrastructure has 
been developed. For instance, a BYD Class 8 refuse 
truck of the type delivered to Seattle in 2019 has a 
maximum battery capacity of 435 kWh, and a range 
of about 145 miles.240 If the batteries are drawn down 
by 80% between charges, each recharge is roughly 
350 kWh. If the vehicle is recharged at night by an 
entity paying a commercial rate for electricity, such 
a charge would cost approximately $22.61 in Seat-
tle as of September 2021.241 Based on the 145-mile 
range, the fueling cost is about $0.156 (15.6 cents) 
per mile. 

Case Studies:

Motiv Power Systems, Chicago. In 2014, Motiv Pow-
er Systems delivered an electric refuse truck to the 
City of Chicago. The truck had a Crane Carrier chas-
sis with a 200 kWh-capacity Motiv powertrain and a 
Loadmaster 20 rear-loader body.242

According to the manager of fleet services, the 
truck’s trial was trouble-plagued from the start. Ini-
tially attributed to cold weather, problems continued 
into summer. Issues with the hydraulics, battery and 
brakes ultimately led to it being pulled off the road. 
The truck did about 20 days total service over two 
years, and now sits unused in a maintenance depot; 
the city is seeking a financial remedy from Motiv. The 
experience has soured the entire conversation about 
electric heavy-duty vehicles in Chicago. The 526 
trucks in the refuse fleet are almost exclusively die-
sel, with a small CNG contingent of seven vehicles.243 

Motiv Power Systems, Los Angeles Sanitation De-
partment (LASAN): In a press release on October 9, 
2017, Motiv Power Systems announced the pending 
delivery to LASAN of two Class 8 (heavy-duty) refuse 
trucks based on its electric powertrain and a Crane 
chassis. In September 2018, a LASAN official told 
Energy Vision that the trucks had not yet been de-
livered and that the project was experiencing “some 
delay.”244

In May 2020, a Motiv representative told Energy 
Vision that that the company had ultimately can-
celed the LASAN deal when a partner providing 
refuse-truck-specific parts went out of business. 
After re-evaluating the market’s potential and the 

challenges specific to refuse trucks, the company 
has moved away from the sector and shifted its fo-
cus to vehicles in Classes 4-6.245

BYD, LASAN: In January 2017, LASAN started a 
four-month trial of a Class 6 (medium-duty) bat-
tery-electric refuse truck developed by BYD and 
refuse-industry equipment manufacturer Wayne 
Engineering. (It is estimated that Class 6 trucks 
represent about one third of the roughly 180,000 
refuse trucks in service daily in the US.)246 The 
demonstration vehicle drove an average of 99 miles 
per day and clocked 5,200 miles “with no major 
mechanical or performance issues."247,248 A LASAN 
official confirmed by email that “the test was suc-
cessful,” and referred further inquiries to BYD.249 
It is unclear whether LASAN intends to purchase 
more BEV trucks.

Recology ordered two BYD Class-8 trucks in 2018 for its 
Seattle operations. They appear to be performing well.

BYD, Seattle: Seattle waste-hauling contractor 
Recology took delivery of a BYD Class 8 electric re-
fuse truck in summer 2019, and took delivery of a 
second vehicle in 2020. According to the city’s man-
ager of solid waste contracts, the BYD truck has per-
formed well so far, although that is based on relative-
ly light duty usage. The unit is not running a full shift, 
and is only being used on lighter, shorter and less-
hilly routes; this is not because of any problems, but 
rather Recology’s “comfort level” in using the truck. 
The official also noted that, because of the extra 
space required for the unit’s large batteries, the pay-
load capacity appears to be slightly smaller than for 
comparable diesel or CNG models.
 
The Seattle official acknowledged that the refuse 
collection application is challenging for electric ve-
hicles, and did not foresee a rush to transform the 
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fleet to electric any time soon. Currently, Seattle’s 
contracted fleet is about 50% trucks running on 
RNG (from Waste Management), and about 45% on 
renewable diesel (from Recology). As vehicles are 
retired there may be an opportunity to further elec-
trify, but the official expects a slow transition.250

Mack, New York City: New York City’s Sanitation 
Department (DSNY) ran a Mack electric refuse truck 
through a six-hour road test in the first quarter 
of 2020. The vehicle was returned to Mack on the 
grounds that the two-hour charging window it re-
quired was too long; DSNY refuse trucks are also re-
sponsible for snow-plowing, and during snow events 
they may be out for 12 hours at a time. Mack agreed 
to return the vehicle to DSNY with a larger battery 
for further testing,251,252 and DSNY received the new 
“LR Electric” truck for “rigorous, real world trials” in 
September 2020.253 In June 2021 Mack announced 
that DSNY had ordered seven more of the trucks.254

In 2020, DSNY piloted a Mack LR Electric truck. In 2021, 
the agency ordered seven more BEV refuse trucks.

Mack, Republic Services, North Carolina: In Octo-
ber 2020, Mack also delivered a pre-production LR 
Electric model to private waste hauler Republic Ser-
vices, for testing on a residential route in Hickory, 
North Carolina.255 The results of this demonstration 
have not yet been made public.

Hybrid Electric

Practicality: It is unclear whether the higher costs 
can be justified based on fuel savings and perfor-
mance over the life of a hybrid electric refuse truck. 
Like battery electric models, hybrid electric refuse 
trucks have had problematic rollouts, as highlighted 
in the brief case studies below. 

Cost: Hybrid electric trucks tested by DSNY be-

ginning in 2009 were twice as expensive as a die-
sel truck, at $500,000 compared to $300,000. 
A 30% reduction in fuel costs and federal subsi-
dies were expected to bridge the gap.256 The price 
gap has narrowed since then, and the AFLEET 
2020 tool puts the price of a hybrid electric re-
fuse truck at $350,000, compared to $300,000 
for a diesel model – approximately 14% higher.257 
 
Case Studies:

DSNY: Between 2009 and 2011, DSNY tested eight 
diesel-electric hybrid refuse trucks, five from Mack 
and three from Crane Carrier; the Crane vehicles 
were built around a BAE powertrain. All tested satis-
factorily for general performance, but neither model 
achieved the promised fuel efficiency. Meanwhile, 
diesel prices had fallen from a peak of over $4.50/
gallon,258 weakening the case for the hybrid vehi-
cles. The prototype vehicles were returned after the 
trials, with no orders placed. A 2017 Department of 
Citywide Administrative Services fact sheet indicat-
ed that DSNY had 32 diesel hybrid flatbeds but no 
diesel hybrid refuse trucks.259

Private waste hauler, Bay Area: In November 2016, 
Wrightspeed and California hauler The Ratto Group 
announced that over the following 12 months, Ratto 
would put 15 or more refuse trucks built on Wright-
speed’s extended-range electric technology on 
the road.260 In January 2017, The Ratto Group an-
nounced its sale to local competitor Recology.261 By 
summer 2018, Recology had abandoned the deal on 
the grounds that a pilot vehicle that had been in de-
velopment for Ratto was long overdue.262 (Reflect-
ing these early challenges, in a May 2021 article a 
Wrightspeed executive was quoted as saying that 
the company has recently been keeping a low profile 
while “getting the product ready to go to market”.263) 

An early Wrightspeed hybrid-electric system prototype in 
2016, using a Freightliner Condor truck chassis.
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Hydraulic Hybrid

Practicality: It is unclear to date whether the 
higher costs can be justified based on fuel sav-
ings and performance over the life of a hydrau-
lic hybrid refuse truck. DSNY tested the first 
generation of Bosch Rexroth’s hydraulic hybrid 
drive, which went into production in late 2010.264 
 According to a representative of DSNY’s Bureau of 
Motor Equipment, there were multiple technical is-
sues with the system. By the time these bugs were 
worked out, the price of diesel had fallen and the re-
turn-on-investment for the vehicles (about $100,000 
more than a standard diesel vehicle at the time265) no 
longer worked; DSNY’s main truck supplier gave up 
on the technology shortly thereafter.266

Cost: According to AFLEET 2020, a diesel hydraulic 
hybrid refuse truck costs $340,000 as opposed to 
$300,000 for a diesel model, a premium of roughly 
12%.267 It is worth noting here that DSNY’s Bureau 
of Motor Equipment believes that hydraulic hybrids 
are simply no longer available in refuse models.268 

Case Studies:

Parker Hannafin: As previously noted, the US EPA 
was closely involved in the development of hydrau-
lic hybrids and had a cooperative relationship with 
manufacturer Parker Hannafin, which introduced its 
heavy-duty RunWise Hydraulic Hybrid Drive system 
in 2010.269 According to the HHV technologies con-
tact at EPA’s Office of Transportation and Air Quality, 
while HHVs did gain traction – including in the refuse 
sector – they were hit hard by the aforementioned 
fall in the price of diesel, which was concurrent with 
more abundant and cheaper natural gas supplies.270 
Thus, while Parker Hannafin referred in a 2015 press 
release to more than 200 refuse trucks using 43% 
less fuel with the RunWise system,271 in 2020 a com-
pany representative said in an email that they had 
ceased RunWise production “a few years ago,”272 
although the company still maintains its hydraulic 
products. 

In another sign of the retreat of HHVs, in 2017 a 
Parker Hannifin competitor changed its name from 
Lightning Hybrids to Lightning Systems, and has 
since switched to converting “familiar commer-
cial vehicle platforms” to electric drivetrains.273 
 A background document on the company website 

attributes the move away from hydraulic hybrid sys-
tems to slow “market adoption.”274

Compressed Natural Gas (CNG)

Practicality: From the technology and deploy-
ment perspective, compressed natural gas refuse 
trucks have been a success, with approximate-
ly 8,000 CNG refuse trucks on the roads and half 
of the refuse trucks presently on order being for 
natural gas models. Recently, over 60% of new re-
fuse truck sales have been natural gas models.275 

Cost: According to AFLEET, the incremental cost 
of a CNG refuse truck is about $35,000 more than 
a diesel model: $335,000 as opposed to $300,000. 
However, the lower costs of vehicle maintenance 
and fuel has meant that this higher sales price is 
recovered during the lifespan of the trucks. Still, 
the cost for installation of a dedicated, time-fill 
CNG fueling station runs roughly $700,000, as-
suming 10 dual hose stations dispensing 440  to 
700 diesel gallon equivalents (DGEs)/day. A com-
parable fast-fill station may exceed $1.5 million.276 

According to the US DOE’s Alternative Fuels Data 
Center, in July 2021 the average national retail 
cost of CNG was about 22% less than diesel fuel, 
on an energy equivalent basis.277 But price vola-
tility in the oil markets is always a factor; in spring 
2020, oil prices slid dramatically, with the average 
price of ultra-low-sulfur diesel falling by an aver-
age of 17% nationwide from January to April.278 
As indicated by the hybrid case studies above, such 
price events can adversely impact the adoption of 
alternative technologies. Since then, diesel and gas-
oline prices have risen quickly due to global supply 
shortages.

Typical components in a heavy-duty (Class 8) compressed 
natural gas (CNG) truck, including fuel storage.
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Case Studies:
 
The City of Chicago: Chicago’s refuse fleet has sev-
en natural gas refuse trucks. According to the man-
ager of fleet services for Chicago, all are perform-
ing well. In 2018, he described an expansion of the 
CNG portion of the fleet as impractical, as Chicago’s 
CNG refueling infrastructure was limited, dated to 
the 1990s, and had deteriorated at some locations. 
Nonetheless, a possible future outsourcing of the 
city’s CNG fueling was seen as making such an ex-
pansion more realistic.279,280

In a follow-up conversation in 2020, the manager 
of fleet services said that the contemplated out-
sourcing had in fact happened, the City having 
reached an agreement with ready-mix concrete 
supplier and CNG station builder Ozinga. That 
agreement gave the City access to CNG fueling in-
frastructure at one of Ozinga’s depots; with only 
one “reliable” CNG fueling station of its own, this 
effectively doubles the City’s capacity. As a result 
of the arrangement, the manager of fleet services 
foresees buying additional CNG refuse trucks, and 
some CNG street sweepers, in the near future.281 

 
The City of Milwaukee: In 2015, Milwaukee ac-
quired 22 CNG refuse trucks, bringing the city’s 
total up to 45 CNG trucks out of a fleet of 121. At 
approximately $271,000 a piece, each of those 
trucks costs $39,300 more than comparable diesel 
models. Milwaukee’s director of fleet operations 
was quoted at the time as saying that he would 
like to convert the entire fleet, and as of 2020 the 
total number of CNG trucks has risen to 68 opera-
tional vehicles, with 11 additional chassis waiting 

installation of compactors. The trucks are used 
to plow snow in winter, and the two fueling sta-
tions that service them are open to the public.282,283 

The City of Chesapeake, Virginia: Chesapeake 
has gone from 6 CNG refuse trucks in 2012 to 50 in 
2019, and has one fast-fill and one time-fill fueling 
station to service them. It generates revenue by al-
lowing other area CNG fleets to use the station.284 

WastePro: This hauling company, which oper-
ates in 9 states in the southeastern US, had add-
ed over 300 CNG trucks to its fleet and built sev-
en fueling stations for them as of late 2018.285 
 
Waste Management: The country’s largest waste 
hauler has over 8,900 natural gas trucks in its fleet 
of 17,000. Waste Management also operates 145 nat-
ural gas refueling stations, 25 of which are open to 
the public.286

New York City’s Department of Sanitation (DSNY): 
DSNY is the largest municipal refuse fleet in the 
country with a long history of piloting new tech-
nology. As of early 2021, DSNY had 39 CNG refuse 
trucks.287 These vehicles all work well, including 
in their secondary – but critical – responsibility of 
plowing snow. However, DSNY has closed its one 
CNG-dispensing garage, citing its age, opting in-
stead to rely on public-access refueling stations, 
which may limit the ultimate size of the CNG fleet.288 
An analysis by Energy Vision concluded that existing 
public access stations could provide fuel for several 
hundred additional natural gas refuse trucks.
 
Renewable Natural Gas (RNG)

Practicality: RNG is nearly identical chemically to 
fossil CNG, and therefore can be used in any vehicle 
equipped with a natural gas engine. Its primary ad-
vantage is that the fuel is produced from the organic 
portion of the waste these trucks handle daily, pro-
viding a unique opportunity to implement a circular 
economic solution.

Cost: RNG from any source (landfills, wastewater, 
agricultural residues, food waste) is generally more 
expensive to produce than low-cost fossil natural 
gas. However, existing federal and state programs, 
namely the Renewable Fuel Standard and Califor-
nia’s Low Carbon Fuel Standard, incentivize the pro-

One of approximately 68 operation CNG collection trucks 
in the City of Milwaukee's municipal fleet. The vehicles 

have performed well, including to plow snow in the winter.
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duction and use of low-carbon biofuels to such an 
extent that RNG is available at parity, or even at a 
discount, to fossil natural gas.

Case Studies:

Waste Management: Waste Management now oper-
ates more than half of its collection fleet – the larg-
est in the US – on natural gas. Over a third of these 
natural gas trucks (3,500 out of 8,900) run on RNG 
fuel made from landfill gas.289 The company also 
sells RNG produced at several of its own landfills to 
the market. All of its trucks in California, Oregon and 
Washington are RNG-fueled. Since much of the fuel 
for the Waste Management trucks is produced at the 
company’s own landfills, the garbage collected dai-
ly in these vehicles is transformed into the fuel that 
powers them.290

Republic Services: Republic, the second-largest 
private hauler operating throughout the United 
States, uses exclusively RNG in its fleet of natural 
gas vehicles (~3,100 trucks) across 21 states, buy-
ing gas that is often produced at its own landfills.291 
Republic began collaborating with Aria Energy, one 
of the country’s largest developers of RNG from 
landfill gas, and BP, to develop projects. BP is mar-
keting the gas, most of it to Clean Energy Fuels for 
use across its 500+ natural gas fueling stations.292

CR&R: Refuse hauler CR&R in Perris, California, 
converts the food waste that it collects for the city 
into RNG at a dedicated anaerobic digestion fa-
cility, and uses it to fuel some of its 900 trucks.293 
The company has plans to convert the entire fleet to 
natural gas and fuel all of its trucks on RNG. These 
trucks provide waste collection services to the City 
of Perris, California as well as to 40 other communi-

ties in the L.A. Basin in southern California. 

Long Beach, California: Long Beach current-
ly fuels 77 vehicles, including 35 refuse trucks,294 
 with RNG, and has said that it intends to convert all 98 
of its refuse trucks and street sweepers to use RNG.295 

 City of Toronto, Canada: The City of Toronto (City) 
collects source-separated organic waste from resi-
dents and businesses and takes it to two municipally 
owned Organics Processing Facilities (OPF), (with 
anaerobic digestion). The City initiated a project 
commissioned in the fall of 2021 with Enbridge Gas 
Inc., whereby the biogas produced at its Dufferin 
OPF is upgraded to RNG and used to decarbonize its 
natural gas supply. Incorporating RNG into the mix 
will allow the City to create a low-carbon fuel blend 
that will not only be used to fuel City vehicles but 
also heat City facilities. 

By creating a low-carbon RNG/NG fuel blend, a por-
tion of Toronto’s waste collection fleet, which now 
includes 145 natural gas refuse trucks out of 186, 
allows the City to lower the overall emissions of the 
solid waste collection fleet, Class 7 and 8 vehicles. 

Toronto’s ambitious climate action strategy, which 
includes converting its diesel waste collection fleet 
to RNG/NG, also includes short and long-term ac-
tions to meet the City’s greenhouse gas reduction 
targets of 65 percent by 2030, and net zero by 2050, 
or sooner. Mayor John Tory recently announced 
plans to expand the City’s digestion and RNG pro-
duction capacity based on the success of the Green 
Bin organics recycling program.296

The City of Toronto collects ~170,000 metric tons of "green 
bin" organics annually, which are processed in two munici-
pally owned anaerobic digestion facilities. A portion of the 

RNG produced at these facilities will soon power natural 
gas vehicles that collect this material.

A Waste Management RNG truck in West Seattle.
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Lifecycle Emissions 
Compared to Diesel

“Tailpipe” Emissions
Compared to Diesel

Technology
Level of Use 

in Refuse 
Trucks

Greenhouse Gas  
Reduction 

Nitrogen 
Oxides 

Reduction  

Particulate 
(PM 2.5)  

Reduction  

Special
Requirements Cost

ULSD Commercial
Standard N/A N/A N/A None Vehicles: ~$300,000

Fuel cost: ~$2.60/gallon

Biodiesel 
(B20)

Commercial 
Standard

~12.5% for B20
 

~61% for B100

Same as 
diesel 40% None

Vehicles: ~$300,000; 
Fuel cost: similar to diesel for 
5% blend, more expensive for 
20% or higher blends

Renewable 
Diesel 2,000 ~72% Same as 

diesel 40% None
Vehicles: ~$300,000
Fuel cost: 1.5-3x the price of 
diesel

Battery 
Electric

Pilot phase
Less than 50

Varies by grid:
~37% upper Midwest 

~57%  US Average 
~76% Northeast

100% NOx 
reduction

100% 
(~50% includ-
ing brake and 

tire wear)

New vehicle, 
charging 

infrastructure

Vehicles: ~$500,000 (66% 
more than for diesel)
Fuel cost: very inexpensive
Refueling: charging pedes-
tals: $25,000 and up for 1 or 2 
trucks 

Hybrid
Electric 

 Legacy + 
New Tech

~30% in form of 
extended mileage 

per gallon fuel

Same as 
diesel

Same as 
diesel Vehicle Vehicle: ~$350,000

(17% mark up on diesel)

Hybrid 
Hydraulic  Legacy 

~30% in form of 
extended mileage 

per gallon fuel

Same as 
diesel 

Same as 
diesel Vehicle Vehicles: ~$340,000

(12% mark up on diesel)

CNG

Commercial
~18,000; 60% 
of trucks on 
order are for 

CNG/RNG

~6% 90%+ 60%

New vehicle, 
fueling 

infrastructure and 
depot ventilation

Vehicles: ~$335,000 (10.5% 
markup relative to diesel) 
Fuel cost: ~20% less than 
diesel 
Refueling: station is ~$1-2 
million to service 50-100 
trucks (fuels vehicles in 5-10 
minutes). 
Other: depots may need new 
ventilation equipment and/or 
retrofits

RNG 
Commercial

More than 
10,000 in use

~80% landfill gas; 
Net carbon 
negative: 

120-188% food 
waste or animal 

manure processed 
in ADs

 

90%+ 60%

New vehicle, 
fueling 

infrastructure and 
depot ventilation 

Vehicles: ~$335,000 (10.5% 
markup on diesel) 
Fuel cost: ~20-40% less than 
diesel
Refueling: station is ~$1-2 
million to service 50-100 
trucks (fuels vehicles in 5-10 
minutes). 
Other: depots may need new 
ventilation equipment and/or 
retrofits 
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Glossary of Terms/Abbreviations
AFLEET: A database tool developed by Argonne National Laboratory (see below) 
which is used to calculate costs, paybacks and environmental footprints for fleets of 
vehicles. A module of the GREET database (see below). 

Argonne National Laboratory (ANL): Argonne is a multidisciplinary science and en-
gineering research center of the US Department of Energy. It works in concert with 
universities, industry, and other national laboratories on questions and experiments 
too large for any one institution to do by itself. 

Battery Electric Vehicle (BEV): A BEV has no internal combustion engine, instead 
using electricity stored in an on-board battery pack to power an electric motor and 
the vehicle’s control systems.

Biodiesel: A vegetable oil or animal-fat based diesel fuel, generally used in a blend 
with fossil diesel fuel to reduce emissions, less commonly used on its own. 

Biogas: Gaseous fuel, especially methane, produced by the fermentation of organic 
matter.

California Air Resources Board (CARB): CARB is charged with protecting the public 
from the harmful effects of air pollution and developing programs and actions to fight 
climate change. CARB administers California’s Low Carbon Fuel Standard (LCFS), and 
has done extensive work in measuring comparative emissions for different fuels.

Cetane number: A rating of the ignition properties of diesel fuel in terms of combus-
tion speed and required compression. 

Class 6 vehicle: A vehicle weighing between 19,501 and 26,000 pounds; classified as 
“medium-duty.” 

Class 8 vehicle: A vehicle weighing more than 33,000 pounds; classified as “heavy-du-
ty.” 

Criteria pollutants: Common air pollutants for which the US EPA has set National 
Ambient Air Quality Standards. In the context of this report, these include nitrogen 
oxides (NOx); particulate matter that is 2.5 microns in size or less (PM2.5), capable 
of getting deeper into the lungs than larger particulate matter, and so considered by 
the US EPA to pose a greater risk to health;296 and black carbon (BC), a component of 
particulate matter linked to respiratory and cardiovascular disease, cancer and birth 
defects, and which aggravates climate change by decreasing the reflectiveness of 
e.g. snow and ice, so trapping heat in the atmosphere.297 

Diesel gallon equivalent (DGE): A quantity of an alternative fuel that contains the 
same amount of energy as a gallon of diesel fuel, measured in terms of energy con-
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tent (BTUs). 

Drop in (substitute) fuel: A fuel that can be used by an existing vehicle technology 
without changes to vehicle.

DSNY: New York City Department of Sanitation.

FAME: Fatty acid methyl ester, a first-generation biofuel. “Biodiesel” is commonly a 
FAME fuel. 

Feedstock: The material from which a fuel is made. For instance, biodiesel can be 
made from various food crops, including soybean oil or rapeseed oil, or from algae. 
Biogas can be collected from landfills, wastewater or animal manure. The source 
feedstock affects the energy content of a fuel. 

Gasoline gallon equivalent (GGE): A quantity of an alternative fuel that contains the 
same amount of energy as a gallon of gasoline, measured in BTUs.

(ANL) GREET: Greenhouse gases, Regulated Emissions and Energy use in Transpor-
tation. A database tool used to evaluate the emissions of various fuels on a well-to-
pump, pump-to-wheels and well-to-wheels basis (see below). GREET was developed 
by the US Department of Energy’s Argonne National Laboratory, and has been adapt-
ed and expanded by the California Air Resources Board (CARB) to meet the require-
ments of that state’s Low Carbon Fuel Standard. This document references 1) Ar-
gonne’s GREET1 2020, Fuel Cycle Model, and 2) Argonne’s AFLEET tool, which is based 
on GREET and is used to calculate costs, paybacks and environmental footprints for 
fleets of vehicles. 

Hybrid Electric Vehicle (HEV): HEVs have both an internal combustion engine and a 
large battery which are alternated or combined to energize the vehicle drivetrain at 
different stages of acceleration. 

Hydraulic Hybrid Vehicle (HHV): HHVs have both an internal combustion engine and 
a built-in hydraulic system which are alternated or combined to energize the vehicle 
drivetrain at different stages of acceleration.

Hydrotreating: Oil refining process in which hydrogen is used to remove impurities 
such as oxygen, sulfur, nitrogen, or unsaturated hydrocarbons.

Hydrogenation: To combine or treat with hydrogen, especially to add hydrogen to an 
organic (carbon-based) compound, typically in the presence of a catalyst.

Lifecycle emissions: Assessment of the environmental impacts of all stages of a 
product’s life, including raw material extraction, processing, manufacturing, distri-
bution, use, and disposal or recycling. With vehicles, also called well-to-wheels (see 
below). With vehicles, a lifecycle analysis tends to focus on GHG emissions. 
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Pump-to-wheels emissions (PTW): A measure of emissions from combustion of fuel 
by the vehicle. Effectively, tailpipe emissions. A PTW analysis will look at both GHG 
emissions and criteria pollutants such as particulate matter, nitrogen oxides and sul-
fur oxides. 

Regenerative braking: A vehicle braking system in which the kinetic energy of the 
vehicle is captured and 1) converted to electricity to recharge the vehicle’s battery or 
run other vehicle systems, or 2) used to pressurize a fluid for use in hydraulic systems.

Renewable diesel: An “advanced biofuel” made from waste fats and residue. Similar to 
biodiesel, it is derived form a different process, burns more cleanly and can be used 
on its own, without blending with conventional diesel. 

Renewable Natural Gas: Biogas (see above) that has been upgraded to pipeline/vehi-
cle quality by removing CO2, moisture and other impurities. It can be substituted for 
conventional natural gas in a natural gas vehicle. 

Transfer station: A facility at which refuse trucks dump their contents for transfer to 
an ultimate disposal location, such as a landfill. Final transfer may take place via road, 
railroad or waterway.

Ultra-low-sulfur diesel (ULSD): A diesel fuel containing 15ppm of sulfur or less, as 
opposed to 500ppm for once-standard highway diesel. Almost all petroleum-based 
diesel is now of the ULSD type. 

Well-to-pump emissions (WTP): Emissions associated with upstream extraction, 
processing and transportation of a fuel before it gets to the vehicle. 

Well-to-wheel emissions (WTW): All emissions associated with the extraction, pro-
cessing and transportation of a fuel, as well as its combustion in a vehicle. A combina-
tion of well-to-pump and pump-to-wheels, effectively referring to lifecycle emissions. 
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