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BY SAM BELL

This in-depth look at CO2 emissions and its effects 
includes a mass estimator for various engine 
speeds and loads, plus a brief look at life-cycle 
costs. Customer education is part of our job.

BY SAM BELL

WHAT TO KNOW ABOUT 
CO2 EMISSIONS 

ence brethren share is that the CO2

itself works even better than the glass 
in a greenhouse because it traps heat 
energy from the infrared portion of 
the sun’s spectrum instead of letting 
it re-radiate back into the night sky 
(see the NASA images on page 30).

Farmers have long made use of this 
reflective property of CO2 by hous-
ing caged chickens or rabbits in their 
greenhouses at night. All animals ex-
hale carbon dioxide. The chickens’ 
or rabbits’ exhalations of CO2 help 
to keep the greenhouse warmer all 
night by preventing the heat from es-
caping through the glass. This is why 
energy-effi cient, low-emissivity, dou-
ble-pane windows are built with a lay-
er of trapped gas between the panes. 
The gas is reflective in the infrared 
portion of the spectrum. More mod-
ern farmers often resort to the use of 
compressed CO2 cylinders left barely 
open to achieve the same result.

In general, passenger cars and light 
trucks get their best fuel economy just 
after shifting into their highest gear. 
In the case of automatic transmissions, 

al warming, because local conditions 
may cause changes of temperature in 
either direction. In any event, climate 
change is generally accompanied by 
greater extremes of weather.)

In 2013, carbon dioxide (CO2) lev-
els surpassed 400 parts per million (or 
.0400%) for the fi rst time in recorded 
history. If 400 ppm doesn’t sound like 
a lot, you should know it’s about 40% 
higher than in the 1750s, when our 
country was not yet born. If it were 
gasoline vapor, it would be about 10% 
of the concentration of hydrocarbons 
(HC) you’d need to support a combus-
tible mixture in a modern engine, so 
it’s not an insignifi cant concentration.

Climate scientists say this is actual-
ly a big deal, as it represents a level of 
CO2 concentration suffi cient to cause 
widespread greenhouse effects. (The 
greenhouse effect is easily under-
stood: You leave a car parked outside 
with its windows closed on a sun-
ny day. When you get into it several 
hours later, it will be much warm-
er than if you had left the windows 
open.) The concern our climate sci-

The Latin word scien-
tia, the root of our 
word science, means 
knowledge, a knowing, 
expertise, experience 
or what is known. It 

derives from the verb scio, meaning to 
know or understand. Over the years, 
the concept of science has been re-
fi ned to refer specifi cally to knowledge 
that’s obtained through reproducible 
experiments. Ultimately, every good 
diagnostic technician is a practicing 
scientist. Among the many require-
ments for success is following the ev-
idence, rather than simply applying a 
silver bullet “solution” when it might 
not actually fi t the facts.

Our fellow scientists studying our 
planetary atmosphere and its effects 
on climate have been in the news a 
lot in recent years. Chances are you’re 
seeing some of the effects of global 
climate change already in your area; 
the folks in Florida, California, Geor-
gia and the Carolinas certainly have! 
(Note that global climate change is a 
much more accurate term than glob-
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WHAT TO KNOW ABOUT 
CO2 EMISSIONS 

sions levels—from the bottom up or 
from the top down. Let’s start from the 
top by looking at the fuel itself. A gallon 
of gasoline, which weighs about 6.3 
lbs., contains about 5.5 lbs. of carbon, 
some 87% by weight. All of the carbon 
will be converted to CO2. Carbon has 
an atomic weight of 12, and oxygen has 
an atomic weight of 16, so the molecu-
lar weight of CO2 will be 44 (one car-
bon plus two oxygens). This means we 
can multiply the weight of carbon (5.5 
lbs.) by the ratio of the weight of car-
bon dioxide to the weight of the carbon 
alone (12) like this: 5.5 x 44/12 to get a 
whopping 20.16 lbs. (or 9.16kg) of CO2

per gallon of gas.
One ton is 2000 lbs., so dividing this 

by the number of pounds of CO2 per 
gallon yields a fi gure of about 100 gals. 
of gas to produce one ton of CO2. If 
you’re scratching your head wonder-
ing how a gallon of gas at 6.3 lbs. can 
produce 20 lbs. of CO2, you’ll see that 
most of the weight comes from the oxy-
gen in the air used to combust the fuel.

It’s a good idea to check your math 
by reworking the problem from the 
bottom up as well. As a rule of thumb, 
at idle speed conditions hovering 
around stoichiometry, an engine in-
gests a mass of air measured in grams 
per second (g/S) roughly equal to or 
slightly greater than the engine’s dis-
placement measured in liters. So, for 
example, we’d expect a mass airfl ow 
reading of about 3 to 3.6 g/S from a 
3.0L engine at warm idle.

The simplified general formula 
for gasoline is C8H18. If we add oxy-

Internal combustion gasoline en-
gines account for a substantial per-
centage (approximately 30% to 40%) 
of all CO2 releases in the U.S., and for 
a somewhat smaller share (probably 
approximately 20% to 25%) of all re-
leases worldwide. Most conventional 
Otto cycle engines (with equal-length 
suck, squeeze, bang and blow strokes 
like those in most automobiles) run 
in a fairly broad band of air/fuel mix-
tures ranging from a very rich 6:1 on 
a super-cold start to a very lean 18:1. 
Stoichiometry, the most effi cient clean 
burn, occurs when the A/F ratio is 
14.7:1. (All mixture ratios in this ar-
ticle are by weight, but see “Weight, 
What?” below for a different and more 
visually compelling perspective.)

Ironically, our focus as driveabili-
ty technicians is on maximizing CO2

production at the tailpipe, where we 
consider CO2 as the best indicator of 
combustion efficiency. This makes 
sense if you look at the images on page 
30: Mixtures richer than 14.7:1 are 
betrayed by the presence of increased 
concentrations of carbon monoxide, 
an indicator of insuffi cient oxygen in 
the mixture. Meanwhile, leaner mix-
tures are characterized by an increase 
in unburned oxygen and in various 
oxides of nitrogen and hydrocarbons. 
As it happens, we’re right to focus on 
maximizing CO2 production, since 
emissions of CO, HC and NOx are all 
even more environmentally harmful 
than those of CO2.

There are two equally valid ap-
proaches to understanding CO2 emis-

this is usually just after torque convert-
er lockup. Regulated volatile organic 
compound (VOC) emissions per mile 
are highest at lower speeds, with CO 
dominant at very low speeds and NOx 
peaking under lean conditions and on 
hard acceleration. Particulate emissions 
per mile likewise decrease as speeds 
rise. However, engine load, and espe-
cially hard acceleration, can easily out-
weigh this general distribution, at least 
temporarily. Under all normal driving 
conditions, CO2 far outweighs all other 
combustion byproducts. The graph on 
page 32 shows a representative fuel 
consumption map.

You may not have thought about it, 
but you probably also know when all 
vehicles get their worst fuel economy—
at idle, when they travel zero miles no 
matter how much fuel they burn.

Those who want to look at the ev-
idence will see that attempts to deny 
the correlation of climate change data 
to CO2 concentrations fail to account 
for the actual historical data. An excel-
lent graphical review examining many 
other possible proposed explanations 
(everything from volcanoes to solar 
activity) for the observed phenomena 
appears here: https://www.bloomberg.
com/graphics/2015-whats-warming-
the-world/. NASA weighs in here: 
https://climate.nasa.gov/evidence/. In 
fact, there’s a strong scientific con-
sensus that 1. climate change is a real 
phenomenon; 2. it’s caused primarily 
by increased atmospheric concentra-
tions of carbon dioxide, primarily due 
to human activities; and 3. conditions 
have now progressed to the point that 
many alarming consequences can no 
longer be avoided.

Can the Problem Be Solved?
The more you learn, the harder it is not 
to feel overwhelmed by the sheer mag-
nitude of the problem. If the climate 
scientists are right, we may already be 
on a runaway train. It’s easy to slip into 
either complacency or despair. After 
all, what difference does one car make? 
Let’s try to answer that question.

  

I said I’d stick to air/fuel ratios 
based on weight throughout 
this article, but I know that 
some of you will want me to 

put this into a more easily under-
stood visual context.

We’ve already seen that most of 
the weight of the CO2 in the exhaust 
stream comes from the weight of 
the oxygen burned. We know that 
air is much, much lighter (less dense) 
than fuel, so what does that 14.7:1 

relationship look like by volume?
The easy answer is that it takes 

about 11,000 gals. of air (slight-
ly more than an average tanker 
truck’s volume) to burn a single 
gallon of gasoline. So, while air is 
pretty light, it’s not too difficult 
to imagine that the oxygen in a 
tanker truck full of it could easily 
weigh enough to wind up as part 
of the 20 lbs. of CO2 that result 
from burning 1 gal. of gas.

WEIGHT, WHAT?
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gen, our reaction begins to look like 
this: C8H18 + O2 ≥ CO2 + H2O. But 
this is not a balanced reaction, so it 
doesn’t tell us what the correct ratio of  
oxygen to fuel should be. Balancing 
the reaction in the correct ratio, so 
that we wind up with the same num-
ber of atoms of each type on both 
sides of the equation, we arrive 
at something like 2C8H18 + 25O2 ≥ 
16CO2 + 18H2O + energy.

We know that oxygen accounts for 
approximately 21% of the weight of 
air, and that in a good-running engine, 
all the oxygen should wind up either 
as the O portion of H2O or as the O2 

portion of the CO2 coming out the 
tailpipe, and it should all be distribut-
ed in accordance with the ratios of our 
reaction. And since this isn’t a high 
school chemistry exam, I’m happy to 
confirm that of the 50 oxygen atoms 
on the left side of our initial reaction, 
32 (16 x O2) wind up in the carbon di-
oxide, while 18 wind up as part of the 
water produced.

Next, we convert the 32/50 to 64% 
and then multiply this by the 21%  
oxygen content of the air entering the 
engine to calculate that 13.44% of the 
weight of air sucked in will become 
the O2 portion of the CO2 coming out 
the tailpipe. We multiply this by the 
number of grams of air measured by 
the MAF sensor (3.3 in this example) 
to calculate .4032 g of O2 destined to 
become part of the CO2. As before, we 
know from the periodic table that oxy-
gen has an atomic weight of 16, while 
carbon has a weight of 12, so CO2 has 
a weight of 44. If the O2 weighs .4032 
g, the CO2 must have an aggregate 

engine in reasonably good running 
order, we might figure it for a MAF 
of about 3 g/S with the a/c on: 3 g/S 
x 27 cars x 30 seconds = 2430 g of air 
per light cycle. If we do our previ-
ous math, we come up with an aggre-
gate of 449 g of CO2 per light cycle x 
{(90 min + 120 min) x 60 sec/min} / 
120 sec/light cycle = 47,100 g of CO2 
per day. This is about 103 lbs. of ex-
cess CO2 production per day. Over 
the planned 180-day project life, this 
amounts to about 18,500 lbs. (9.25 

weight of .4032 x 44/32 = .5544 g, rep-
resenting the weight of CO2 produced 
from the air and fuel the engine in-
haled in one second.

If our previous math was right, we 
could divide this weight into the pre-
viously calculated 9.16kg (20.16 lbs.) 
and come up with an idea of how many 
seconds it would take for our idling 
vehicle to burn a gallon of fuel. This 
turns out to be 16,522 seconds, or 
about 275 minutes or 4.5 hours. This is 
a length of time that certainly is easily 
believable based on our experience. Of 
course, in the real world, the numbers 
might vary considerably in response 
to additional loads and other factors, 
particularly ambient temperatures, a/c 
usage, etc., but the general order of 
magnitude should be about what we’ve 
calculated. (It’s noteworthy that burn-
ing a single gallon of gas produces a bit 
more than a gallon of water, along with 
the 20 lbs. of carbon dioxide!)

That’s just one vehicle. Consider 
the effect of many vehicles. A con-
tractor error during a recent road 
resurfacing project in my city last 
summer led to a temporary situation 
in which a particularly heavily trav-
eled intersection was inadvertently 
burdened with a 30-second four-way 
stop. In my role as a member of the 
city’s Traffic Advisory Committee, I 
decided to gather some data. On av-
erage, during the 90 minutes of morn-
ing rush hour and the 120 minutes of 
evening rush hour, there were a total 
of 27 cars stopped by the 30-second 
four-way red every 120 seconds.

Crunch the numbers: If the aver-
age car at that intersection had a 2.5L 

In a greenhouse, heat from the infrared por-
tion of the sun’s spectrum enters through 
the glass and heats the air trapped inside. 
At night, it will re-radiate back out, unless 
there are sufficient CO2 or other greenhouse 
gases to reflect the heat back in.
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A carbon footprint is a measure of the total 
amount of carbon dioxide emissions that’s di-
rectly and indirectly caused by an activity or is 
accumulated over the life stages of a product.

The term carbon footprint refers not only to direct 
carbon dioxide emissions, but also to something called 
carbon emission equivalents. These may take many dif-
ferent forms, ranging from chemicals (such as methane, 

for example) with similar greenhouse warming poten-
tial to waste products whose production embodies a 
certain amount of carbon dioxide, waste heat or other 
forms of matter or energy. It has become customary to 
convert any and all of these to carbon equivalents to 
make comparative judgments easier and more uniform. 
The idea of such equivalents underlies many proposed 
schemes for carbon-credit markets.

CARBON FOOTPRINT
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rectly responsible for 
emitting approximately 
5.26 tons (4.8 metric 
tons; one metric ton = 
2200 lbs.) of CO2 per 
year over the course 
of 11,500 miles (at 22 
mpg) according to the 
EPA. Other sources 
peg the CO2 footprint 
somewhat higher.

As previously men-
tioned, an air/fuel ratio 
of 14.7:1 is the stoi-
chiometric ideal for 
gasoline engines. This 
is generally the target 
ratio of a fully warmed-
up engine at idle or un-
der light-throttle cruise 
conditions. Diesels 
run most efficiently at 
an A/F ratio of 14.5:1, 
while liquid natural 
gas (LNG) engines see 
maximum efficiency at 
17.2:1. Propane burns 
best at 15.5:1, and eth-
anol wants 9:1. Each of 
these numbers derives 
from the specific mo-
lecular composition of 
the fuel in question and 
is calculated much as 

we did earlier when looking at the for-
mulas of gasoline and its byproducts.

Our stoichiometric air/fuel ratio of 
14.7:1 results in maximum fuel effi-
ciency. But many real-world operating 
situations call for substantially differ-
ent scenarios. Moderate acceleration 
in light traffic may involve an A/F ratio 
of 13.8:1, while harder acceleration 
typically makes use of ratios around 
12:1, about 22% richer than ideal, to 
produce sufficient torque and pow-
er. The rich limit before flooding oc-
curs around 6:1 on most engines, with 
black smoke and poor performance 
persisting to around 8.5:1 or even 9:1. 
Some lean-burn engines are designed 
to provide maximum fuel economy 
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tons) of excess CO2 emissions if we 
discount all non-rush hour traffic to 
zero. But this was one of three such 
affected intersections, so now we’re up 
to about 55,600 lbs., or approximately 
27.8 tons. This in a small city of 40,000 
inhabitants. If everyone nationwide 
experienced a proportionate situation, 
we’d be talking about approximately 
227,000 tons of excess CO2 emissions, 
a not inconsiderable drop in the buck-
et, even in a country whose total traffic 
emissions of CO2 amount to some 1.9 
billion tons per year. (This includes 
not only cars and trucks, but also 
planes, trains and boats. Planes are the 
least fuel efficient; trains the most.) 
The average U.S. passenger car is di-

and acceptable performance with mix-
tures as lean as 22:1 or even as much 
as 27:1 under ideal light-throttle cruise 
conditions. Many such engine designs 
feature a separate prechamber design 
wherein a slightly rich mixture is ig-
nited in order to propagate a suffi-
ciently large and robust flame front 
to ensure combustion in an ultra-lean 
main chamber atop the piston. Some 
GDI engines are capable of mixtures 
as lean as nearly 40:1 under certain 
very limited conditions.

Exhaust after-treatments include 
thermal reaction chambers and cata-
lytic converters. Thermal reactors are 
designed to allow high-NOx exhaust 
gases to cool somewhat before en-
tering the converter, which increases 
converter life. A typical three-way cat-
alytic converter starts with a reduction 
bed in which oxygen is stripped off 
the NOx in the exhaust, yielding ni-
trogen (N) plus oxygen. This oxygen, 
plus any residual unburned oxygen in 
the exhaust and any stored oxygen in 
the converter, is then used to burn any 
unburned fuel (HC) in the exhaust 
in the converter’s second bed. Any 
remaining oxygen is then used in the 
third bed to complete the combustion 
of any carbon monoxide into CO2. (In 
practice, the three beds may be phys-
ically integrated and usually present a 
largely uniform appearance.)

Common Engine Designs
There are a number of different en-
gine designs currently in use. Each 
engine architecture has a somewhat 
different effect on fuel efficiency and 
exhaust gas composition.

Otto cycle engines are the most fa-
miliar to most technicians. They fea-
ture four strokes of equal length. As 
you know, most modern Otto cycle en-
gines are now equipped with some sort 
of variable valve timing system used to 
optimize performance and fuel econo-
my and reduce NOx production.

Atkinson cycle motors are most 
widely represented in Toyota/Lexus 

This complex-looking graph shows fuel consumption per 
kilowatt-hour (kWh) at various engine speeds and loads. 
The red circle at about 1600 rpm (bottom scale) shows that 
220 grams (g) of fuel (black contour line) will be consumed 
to produce 1kWH of energy at an internal engine pressure 
of 6 bar (88 psi, as shown on the left vertical scale), pro-
ducing 20 hp, as shown on the right vertical scale in blue. 
The yellow dot corresponds to the same 6 bar load, but at 
3000 rpm, the engine now burns 250 g of fuel to produce 
the same 1kWh of energy and produces 40 hp. Holding 
a steady 3000 rpm and increasing the load to about 9.5 
bar (green dot) reduces fuel consumption back to 220 g/
kWH with horsepower increasing to 60 (thick black line). 
Load or internal engine pressure varies with transmission 
gear changes, throttle opening, ignition and valve timing, 
changes in compression, and/or induction system changes 
such as turbochargers and waste-gates, for example.
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hybrids like the Prius. 
The Atkinson engine 
features five strokes. 
The fifth cycle is 
achieved by holding 
both the intake and 
exhaust valves open 
after the end of the 
normal intake stroke, 
then closing them 
both when the piston 
is already substan-
tially far along on its 
compression stroke. 
The resulting in-
equality between the 
effective compression 
and power stroke 
lengths results in greater thermal effi-
ciency. Besides better fuel economy, 
this translates into reduced NOx pro-
duction as well.

GDI engines have become much 
more widespread. The use of direct in-
jection means that these engines can 
run under a wider range of mixtures 
than conventionally port-fueled engines.

Diesel powerplants can run at very 
high compression ratios as well as 
across a broad spectrum of mixtures. 
Historically, such engines have been 
accompanied by high levels of soot 
(black carbon) and NOx. Better con-
trol systems and exhaust after-treat-
ments have reduced (but not elimi-
nated) these problems in recent years. 
Diesel fuel has a higher energy density 
than gasoline and can return propor-
tionately greater fuel economy.

Two-stroke engines, such as those 
historically used in this country pri-
marily in lawnmowers and other yard 
equipment, are inherently less effi-
cient and more polluting than most 
other engine designs. These engines 
had previously been targeted for 
phase-out, but some are still in current 
production, especially in the develop-
ing world where they’re widely used 
in scooters and small motorcycles. The 
admixture of oil into the fuel renders 
their untreated exhaust an alarmingly 

potent source of greenhouse gases.
Overall, around 30% of the ener-

gy released in the internal combus-
tion process is lost through heat in the 
engine components. Another 30% is 
lost in the exhaust gases. This leaves 
around 40% of the original energy, 
from which we then subtract friction 
and pumping losses. In most automo-
tive applications, overall engine ef-
ficiency ends up somewhere around 
25% to 30%, even with careful driving.

Life-Cycle Considerations
When looking at CO2 contributions 
of a vehicle, it’s important to consider 
total life-cycle effects. These include, 
for instance, the carbon footprints 
of such activities as mining, refining, 
smelting, metal processing and trans-
porting the materials, as well as those 
associated with that vehicle’s ultimate 
dismantling, recycling or disposal. In 
some instances, the total lifetime car-
bon footprint may be quite surprising. 
For example, in an area where most 
electricity is produced by burning coal 
or even natural gas, the Chevy Volt, 
a plug-in electric car with a gasoline 
engine which functions as a gener-
ator when the battery goes too low, 
may have a total lifetime carbon foot-
print not much different from that of 
a conventional gasoline-powered car 
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of similar size and 
weight. Why? First, 
the carbon footprint 
of a coal-fired electric 
generating plant may 
not even be as good as 
that of a convention-
ally gasoline-powered 
vehicle, and second, 
the carbon footprint 
associated with the 
production of the lith-
ium-ion battery over-
powers any carbon 
savings on the opera-
tional side for many, 
many miles. Does this 
mean I think the Volt 

is a bad idea? Not at all. The very bad 
idea here is a coal-fired powerplant; a 
natural-gas-powered generating plant 
is significantly better, though still not 
great. Of course, in an area where wind 
or solar power are predominant on the 
grid, the total life-cycle analysis chang-
es substantially, and the Volt becomes 
a very good choice.

So there are several takeaways from 
all of this:

•Burning 1 gal. of gas consumes all 
the oxygen in 11,000 gals. of air.

•Burning 1 gal. of gas produces 1 
gal. of water.

•Burning 1 gal. of gas produces 20 
lbs. of CO2.

•The average U.S. passenger car is 
directly responsible for emitting ap-
proximately 5.26 tons of CO2 per year 
over the course of 11,500 mi.

We all enjoy the freedom and conve-
nience of owning and driving personal 
vehicles. I hope this article has caused 
you to consider some of the underlying 
costs of those benefits. They’re costs all 
of us ultimately will share, unless we 
continue to develop vehicles that can 
operate in a manner that’s less harmful 
to our environment.

Richer mixtures (lambda < 1.0) are pictured to the left in this illustration, while leaner 
mixtures (lambda > 1.0) are to the right. Note that carbon monoxide (CO, shown in 
black) is a reliable indicator of a rich condition, while oxygen (O2, green) is a good indi-
cator of a lean condition. Peak efficiency coincides with maximum CO2 (red). 
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This article can be found online 
at www.motormagazine.com.
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