P =
QrpPG-@
CHANGING WHAT’S POSSIBLE

A BRAND NEW CLASS OF LIGHT-DUTY VEHICLE ENGINES

Updated: November 30, 2017

TITLE: Gasoline Compression Ignition Light Duty Multicylinder Opposed Piston Engine Demonstration
PROGRAM: OPEN 2015

AWARD: $9,002,985

TEAM: Achates Power, Inc.(Lead); Argonne National Laboratory; Delphi Powertrain

TERM: April 2016 — November 2018

PRINCIPAL INVESTIGATOR (Pl): Fabien Redon

MOTIVATION

Approximately 29% of U.S. energy consumption is used for transportation, with 58% of that consumed in light-du-
ty vehicles (cars, light trucks, and motorcycles).” In 2017, 91% of U.S. transportation energy came from petro-
leum, nearly half from foreign sources.? Moreover, average light-duty vehicle fuel economy has plateaued over
the last 30 years.? Improved engine technologies and powertrain systems can enable more efficient and cleaner
vehicles, which can substantially reduce U.S. oil imports, increase the energy efficiency of transportation, and
mitigate greenhouse gas (GHG) emissions. Although vehicle original equipment manufacturers (OEMs) are in-
vestigating various technologies to improve efficiency, increased costs present challenges. Blending innovations
to both the hardware architecture and combustion strategies has the potential to increase efficiency and reduce
emissions, while satisfying the cost and performance expectations.

TECHNICAL OPPORTUNITY

A high-performing engine embodies two well-coordinated design aspects: hardware architecture and combustion
strategy. The incumbent technology for light-duty vehicles is the four-stroke spark-ignition engine. A paradigm
shift away from the spark ignition strategy towards completely changing the four-stroke architecture could yield
transformational gains. On the combustion side, gasoline compression ignition (GCI) has garnered significant
attention from OEMs and automotive Tier-1 suppliers in the last few years.* GCI exploits the high-efficiency ben-
efits of a compression ignition engine,® a characteristic of diesel engines, while utilizing gasoline or gasoline-like
fuels to reduce emissions. However, significant challenges remain to unleash the full benefits of GCI, such as
low load and low temperature combustion stability and high load combustion noise and high cylinder pressure.

On the hardware side, the opposed-piston (OP) engine design offers significant efficiency benefits over the four-
stroke architecture by reducing heat transfer and eliminating the valve train. Intake ports and exhaust ports are
opened by piston location, enabling effective uniflow air scavenging necessary for efficient two-stroke engine
operation and replacing the complex poppet valves and valve trains of traditional engines. The OP engine’s low-
er heat loss and decoupling of piston motion from air induction provides thermally favorable ignition conditions
for GCI, minimizing low load combustion variability, while the two-stroke operation reduces the high load com-
bustion noise and cylinder pressure challenges. The flexibility in controlling the combustion conditions and fuel

1 https://www.afdc.energy.gov/data/10566

2 U.S. Energy Information Administration, Monthly Energy Review, Tables 2.5 and 3.8c, April 2017.

3 https://www.afdc.energy.gov/data/10305

4 http://articles.sae.org/12823/

5 Compression ignition engines compress air to a much greater degree than spark ignition engines. The higher compression ratio leads
to higher efficiency from the engine and improved fuel economy.
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injection strategy through multiple injectors per cylinder solves some of the hurdles that the four-stroke engine
has in delivering GCIl. Compression ignition OP engines are inherently more efficient than conventional gasoline
spark-ignited four-stroke engines, with potential for up to 50% higher thermal efficiency, while providing compa-
rable power and torque. They also show the potential to meet future tailpipe emissions standards.

INNOVATION DEMONSTRATION

Achates Power, Inc., Argonne National Laboratory (ANL), and Del-
phi Powertrain united to integrate a nascent GCI combustion strate-
gy with the OP engine architecture to demonstrate a high efficiency,
cleansheet-design gasoline engine. The team’s OP-GCI engine is
the only spark-free opposed-piston gasoline engine in the industry.
The newly designed three-cylinder is a 2.7-liter OP engine with a 270 !
horsepower rating. Researchers at ANL and Achates Power conduct-
ed three-dimensional computational fluid dynamic (CFD) simulations
and one-dimensional simulations to arrive at an optimum design. Del-
phi led the development of the gasoline fuel injection system and de-
signed the fuel injectors to provide the appropriate fuel spray charac-
teristics to enable clean and efficient combustion. The engine design
has the potential to meet the 36.5% brake thermal efficiency target
over a standard drive cycle and a peak brake thermal efficiency of
greater than 45%.°

Early experiments performed in a single-cylinder research engine at
ANL at low- and medium-loads indicate thermal efficiencies between
45-50% for the OP-GCI technology. The project team has performed extensive cost analysis that projects the
OP-GCI technology will cost less than current technology trajectories for the year 2025 and beyond, when OP-
GClI engines could significantly penetrate the light-duty and heavy-duty engine markets.

IMPACT PATHWAY

The OP-GCI engine has generated interest from defense, automotive, marine, and oil and gas industries. Among
its follow-on investors, the Oil and Gas Climate Initiative (OGCI), a CEO-led initiative of 10 oil and gas compa-
nies, has funded Achates Power to accelerate development and commercialization.” Achates Power is working
with a leading automotive engineering service provider to build a light-duty pickup truck demonstrator vehicle, a
version of which showcased at the North American International Auto Show in January 2018.

LONG-TERM IMPACTS

The OP-GCI technology shows a 30%-50% efficiency improvement over current gasoline engines without in-
creasing cost relative to conventional engines. Such improvements will result in significant energy savings and
emissions reductions. When integrated with current vehicle hybridization technologies, the OP-GCI powertrain
could be the most efficient, liquid-fuel driven powertrain. The suite of technologies developed in this project
could also have far-ranging impact beyond the transportation industry, such as in power generation, oil and
gas, and marine industries.

INTELLECTUAL PROPERTY AND PUBLICATIONS

As of November 2017, the Achates Power project has generated eight invention disclosures to ARPA-E.

Figure 1: three-cylinder OP-GCI engine.

6 The fourth generation Toyota Prius 1.8-liter engine achieves a peak brake thermal efficiency of 40% (http://toyotanews.pressroom.
toyota.com/releases/2016+toyota+prius+technology.htm), which is notionally considered as the yardstick for light-duty engines.
7 https://www.prnewswire.com/news-releases/achates-power-announces-new-investor--ogci-climate-investments-300543840.html



