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Executive Summary

Atmospheric carbon dioxide receives a lot of negative press for its role in global climate change.
However, it offers significant benefits in vehicular thermal management. This study compares CO,
with R134a, the most common organic refrigerant, and discusses the applicability of CO, to electric
vehicle-specific applications.

The key of benefits of CO, are low global warming potential, low ambient temperature refrigerant
properties, improved heat transfer and pressure drop over organic refrigerants, no requirement for
refrigerant recovery, and small component sizes.

The primary challenges of CO, are high operating pressures, unique control strategies necessitated
by pressure-enthalpy characteristics, system benefit requiring a suction-line heat exchanger, and lack
of balance-of-system components (e.g. compressors) for the automotive industry. For electric
vehicles (EVs), AC performance and rapid charging are also challenges to mass commercialization.
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Inquiry Question

Is carbon dioxide (R744) a viable refrigerant
option for electric vehicles at a range of
climates? Chemical = manufacturers are
frequently unveiling new refrigerant blends that
address the global warming potential (GWP)
while providing sufficient cooling capacity.

For EVs, green technology appeals to their
target consumer. While organic refrigerant
manufacturers strive to reduce the GWP to 1,
carbon dioxide sets the scale. But while the
thermophysical properties of CO, are favorable
for efficient heat transfer, its low critical
temperature dictates that it must reject heat as
a supercritical fluid and operate at high
pressures to optimize system performance.
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Key Results

1) Thermophysical properties — CO, has lower viscosity and higher vapor density and density ratio
than R134a

2) Refrigeration cycle — temperature is decoupled from pressure above the vapor dome for CO,,

changing system control and optimization strategy

3) Ambient temperature performance - relative rate of cooling capacity and coefficient of

performance (COP) decrease is smaller than R134a when varying saturation pressure and

high-side pressure
4) EV-specific - while advantaged for low-ambient operation, CO, faces challenges in system

component development (e.g. compressors and expansion devices) and competitive technology

(e.g. electric heaters).
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Thermophysical Properties

Volumetric Refrigeration Capacity (q )!

The product of vapor density and latent heat
of vaporization provides the energy per unit
volume.

CO, has a higher volumetric refrigeration
capacity than many traditional refrigerants,
which provides higher heat transfer and
lower pressure drop as a result.
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Thermophysical Properties

Density Ratio!

100

When defined as the ratio of liquid density _ "‘1 L \\'R. “u T
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critical pain point for evaporators to
maximize cooling capacity.

p; = liquid density
p, = gas density
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Thermophysical Properties
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Transcritical Refrigeration Cycle

P-fidiagram for Carbon Dioxide Refigerant [R744]
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Transcritical Refrigeration Cycle

Higher ambient temperature and/or excessive pressure drop in the gas cooler decreases cooling capacity
at fixed high-side pressure. This trend is due to the S-shape of isotherms above the vapor dome.

P-hdiagram for Carbon Dioxide Flehgﬁmt EH?44I
JErtropylkikgkjto 11 12 1.3 |4 | 1.9
MPa T

20 : : A T\ 100C 3\ 120 c‘uqu C}160°C\ 180
s : : s0°C sa < -.ru ¢ au c su c \\\\ c\
H v« 40°C : .
1SMPa fooeiefensn N T __E&UC‘ \ 3 \\ \\ \\ |
13MPe P | 20c, T, mbient INCreases from 30-40°C
: | Phigy=9 MPa
OMPa |30 : A | . ‘I"'" - A : y \
ﬂ ThIPE berssselosserbdios ki B oo oidesoioand i
£ i ; : ; : " . : :
L7 PR | O | 5 1 sony 5. o s
St i
1Y (-7 SYTTTTY A o i :. frassng
3.5MPs . '!‘__ TL_“ :
v o I 4 g.: II.‘.',.‘.‘.‘.; I Qgyap decreases
; : ™ r from 165-85 kl/kg
2.5MPa G (SN (S W T SR W ¥ Wl 1t
10‘?6 20% 30% 40?6 50?6 B0 70% EEI% ilJ‘K \\ \ \\ \ \ \\ l_[_“.r Il kl__!
2MPa i i / 1 F
150 200 250 300 35ﬂ 450 500 550 ﬁllll

Enthalpy k! I:g]

PRESCOUTER +1.872.222.9225 « info@prescouter.com @



Ambient Temperature Performance’

The biggest advantage of CO, might be its performance at low ambient temperatures. The “S"-shape of the
isotherms above the vapor dome impacts the CO, evaporator inlet enthalpy. This behavior shifts system

optimization control from saturation temperature to high-side pressure.
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Air Conditioning Mode'

While CO, shows clear advantages in heating mode, air conditioning mode presents its own set of
challenges. Carbon dioxide exhibits poor cooling performance at high ambient conditions, as shown by its
shallower slope in the middle plot on slide 11 (and below). The graph shows that CO, has a general loss of
performance when compared with organic refrigerants at higher ambient temperatures.

170 bar
150 bar
* 2130 bar
110 bar
; opt
2
8 90 bar
£
3
=

== Q/Qre; COy
_________ Q/Q:ey HCFC 22
Q/Qye; HFC 134a

u.z’~
0.0 | | O <SS - SO SRR, NP0

-20 -15 =10 =5 O ) 10 15 20

Evaporating temperature [°C]

PRESCOUTER +1.872.222.9225 - info@prescouter.com @



Rapid Charging®

Currently, the size and capacity the vehicular cooling components is dictated by the intensity of charging.
The table below shows the charging times at two power sources (“Level 1", or standard wall outlet
charging, was not included but adds about 2-5 miles of range per hour).

LEVEL 2 CHARGING (240V) DC FAST CHARGING

— Nissan Lear 11 22 milcs por hour — Missan Leat 60 Y5 miles in 20 minutcs
— [ord MNocus Olectric: 22 miles per hour — [ord Nocus Dectriz: ino fast-charging]
= Wolkswmipen e-Golls 2 mile=: e towa = Wnlsempen 2-Gall: A0-A3 mile: in 30
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= Te=la Model 5 #2-40 miles par haur = BMVWVE GO-82 mikes in JU minutes

- o i — Tesla Maods 5 170 miles in 20 minutos
— Chewy Yot 11 miles per hour X =

== Chewy VolL: [ lasl-charging

Fast charging could require around 18-20 kW to simultaneously cool the passenger cabin and the battery.
For that much capacity, CO, systems require a large compressor (not yet commercially available). This
larger capacity drives size and weight, which is also increased by the pressure vessel requirements
needed to contain the elevated CO, system pressures.
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Alternative Heating Methods*

While CO, shows low ambient temperature benefits for heating, it is only useful down to around -10°C (14°
F). However, in many geographic regions the temperature can get as low as -30°C, or lower. The
conventional solution to bridge that gap is a Positive Temperature Coefficient (PTC) heater. This type of
electric resistance heater uses ceramic in place of wire. Though expensive, they are required to meet the
lowest ambient requirements in conjunction with CO, heat pumps. Battery development is ongoing to
make PTC heaters economic enough to obsolete the heat pump.
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Market Momentum Around CO,

Low-ambient performance and favorable global warming potential are the current market pulls for
CO, as a vehicular heating, ventilation and air conditioning (HVAC) refrigerant. Challenges are 1)
that of the three primary modes of operation, heating, AC, and rapid charging, CO, is not favorable
in the latter two, and 2) there are component development and competing technologies that
impend its wide scale implementation.

The market is currently being driven toward heat pumps to improve driving range. So, there is
near-term pull for CO, heat pump systems especially in cold climates. However, product
development around battery technology, PTC heaters, additional waste heat system architectures
and/or directional (targeted) heating are threatening the long-term viability of a CO, system that is
not yet fully commercialized.
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Conclusions and Outlook

The added complexity and weight of a CO, heat pump system must be traded-off against its
benefit. For vehicles that would be driven only in the northern cold climates, it would make sense.
But what about a cross-country trip? EVs are significantly cost-challenged, so for warm climates
with no need to carry the excess heating equipment, consumers are unlikely to want to pay for the
extra componentry. Geographically-specific vehicles within a country decrease the scale
economies of parts not common to all designs.

Further, as organic refrigerants perform better in AC and fast charge modes, CO, is again at a
disadvantage. It also seems unlikely that compressor suppliers will push to develop a
high-pressure-capable product solution for a technology that could be made redundant in the
intermediate term. Compressor development is in a race with PTC development for commercial
viability at volume.

CO, definitely has a place in the near term due to improved low-ambient performance. But the

complexity and cost with implementing it is a legitimate challenge to its use as a wide scale
vehicular refrigerant solution.
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Next Inquiries

What US-based institutions are working on
Related research incorporating carbon dioxide in EV cooling Inquiry 2
systems?

What's the patent landscape for carbon

Patent landscape dioxide-based refrigerant solutions? Inquiry 3
Other eco-friendly Look at adjacent industries for technologies :

: ) ) Inquiry 4
refrigerants related to eco-friendly refrigerants.
Outreach Interview high interest targets anonymously Inquiry 5
Market Analysis Where are there new business or revenue Inquiry 6

streams for us to tap into?
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About PreScouter

PreScouter provides customized research and analysis

PreScouter helps clients gain competitive advantage by providing customized global research.
We act as an extension to your in-house research and business data teams in order to provide
you with a holistic view of trends, technologies, and markets.

Our model leverages a network of 2,000+ advanced degree researchers at tier 1 institutions

across the globe to tap into information from small businesses, national labs, markets,
universities, patents, start-ups, and entrepreneurs.

-------------------------------------------- Clientsrelyonusfor: ——rmmmmmmmmmmmmmmmo oo

Innovation Discovery Privileged Information Customized Insights
PreScouter provides clients with PreScouter interviews PreScouter finds and makes
a constant flow of high-value innovators to uncover sense of technology and market
opportunities and ideas by emerging trends and information in order to help you
keeping you up to date on new non-public information. make informed decisions.
and emerging technologies and
businesses.
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