PUAF 741 GLOBAL ENVIRONMENTAL PROBLEMS SPRING 2006

FINAL EXAM SOLUTIONS

1. CFC-12 (CF,Cl,) has a residence time in the atmosphere of 100 years. In 1986,
global emissions of CFC-12 totaled 440,000 metric tons per year, and the
atmospheric concentration of CFC-12 was 400 pptv and increasing at a rate of 4
percent per year. The 1987 Montreal Protocol called for a 50% reduction in global
CFC emissions below the 1986 level by 2000.

A. Estimate the steady-state concentration of CFC-12 if no additional reductions
had been negotiated, and compare this to the 1986 concentration. (5 points)
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Thus, even with a 50% reduction in the 1986 emission rate, the steady-state
concentration would rise 2.5-fold over the 1986 level.

B. Roughly how long would it take to achieve this steady-state concentration? (2 pts)

Because ! =is 100 years, it would take a few hundred years to reach a
steady-state concentration. Using an equation given in the class notes, it
can be shown that the concentration would be 780 pptv in 100 years, 920
pptv in 200 years, and 970 pptv in 300 years, and 990 pptv in 400 years.

C. What evidence was available in 1987 to indicate that a 50% reduction would not
be adequate? Why didn®the 1987 agreement mandate deeper reductions?
(5 points)

In 1987 there was already evidence of a hole in the ozone layer over
Antarctica. It was soon shown that the concentrations of ozone in the hole
were perfectly correlated with concentrations of free chlorine, and the only
source of free chlorine was CFCs. Given that 1986 CFC concentrations had
already produced an ozone hole, and that a 50% reduction would, over
time, lead to concentrations several times higher the 1986 level, it was
readily apparent that a 50% reduction would not be adequate to protect the
ozone layer. In addition, models indicated emissions at this level would
lead to significant decreases in ozone (and increases in skin cancer) at
middle latitudes.



The 1987 agreement did not mandate deeper reductions primarily because
most producer countries were worried about the costs of deeper
reductions. Estimates available at the time showed steeply increasing
marginal costs for reductions much deeper than 50 percent. These
estimates turned out to be exaggerated.

D. Explain the following statement: @FC-12 is nontoxic, nonflammable, inert, and
nonreactive. These characteristics, which make it ideal for a wide variety of
industrial applications, also make it a threat to the stratosphere.O (3 points)

Because CFC-12is inert and nonreactive, it is not react with other
chemicals in the troposphere and is not broken down until it migrates to
the stratosphere, where it is broken down by intense UV radiation and free
chlorine released. Thus, free chlorine is released from the break down of
CFCs at the same range of altitudes where ozone is formed.

2. The predominant biomass crop in the United States is corn, which is grown using
fertilizer. Because the production of fertilizer releases CO; into the atmosphere, such
biomass crops are not truly carbon free. Ammonia (NHj3) for fertilizer is produced
from atmospheric nitrogen (N2) using the Haber process: N, + 3H, 2 2NHs. The
needed hydrogen gas usually is produced by reacting methane with steam: CH, +
2H,0 - CO; + 4H,. The overall reaction for the production of ammonia is therefore:

3CH4 + 6H20 + 4N, & 3CO; + 8NH;

A. If every N atom in the energy crop came from the Haber process, how many
grams of carbon are emitted into the atmosphere from fertilizer production, per
megajoule of biomass energy? Assume dry biomass is about 5 percent nitrogen
by weight. (4 points)
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B. How does your answer to part A compare with the carbon released from burning
natural gas? (4 points)
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C. How many megajoules of natural gas (mostly methane) are required to produce
one megajoule of biomass energy? (4 points)
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D. To what extent can biomass replace fossil fuels? What are the advantages and
disadvantages of using biomass as a fuel? (5 pts)

Biomass could potentially displace a significant fraction of current fossil
fuel use. Biomass can be burned as a solid for process heat or to produce
electricity, or it can be converted into a liquid (e.g., ethanol) or agas (e.g.,
methane, hydrogen). Liquid fuels are especially important for transport,
and alcohols can be used with existing distribution networks and engine
types with relatively minor modifications. Net CO, emissions from biofuels
are generally much smaller than with fossil fuels. Biofuels do, however,
require large amounts of land. To entirely replace current fossil fuels would
require more land than is currently cultivated for food crops. In some
places, such as the United States, substantial excess agricultural land is
available that could be devoted to energy crops, and increases in the yield
of food crops could make more land available. The experience with
agriculture indicates, however, that the overall environmental impact could
be substantialN especially from deforestation and nutrient runoff.

3. World air travel is growing steadily. In 2005, civilian passenger aircraft flew 20 billion
nautical miles (nmi), compared to only 5 billion nmi in 1980. (1 nmi = 1850 meters)

A. What was the average rate of growth of air travel from 1980 to 2005? (3 points)
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B. If aircraft mileage continues to grow at this rate, how many miles will aircraft fly in
20507 (3 points)
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C. In 2005, the average plane carried 200 passengers and consumed 8.7 kilograms
of fuel per nautical mile flown; the average U.S. car carried one passenger and
traveled 20 miles per gallon of gasoline consumed. Compare the fuel efficiency
of air and car travel, per passenger-mile traveled. (The density of jet fuel and
gasoline are about 0.8 kg/L.) (5 points)
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compared to 20 passenger-miles/gal for automobiles. Alternatively, 0.0125
gal/pass-mi for planes and 0.05 gal/pass-mi for cars.



In metric units:

9
#ami 08/‘-3,#1 850 km 08/‘-(;,#0 8kg 0/#2(100 passengers)% 100 pass (km

. | $
187kg$! nmi $! L $ 1 2 2 L

l gal 3! mi $!3.785L$ L, L
# &t &if &=0118-—" 12
20 miog1.609kmog gal o4 km 100 passenger (km

Alternatively, 34 pass-km/L for planes and 8.5 pass-km/L for cars.

. Jet aircraft emit about 13 grams of NO- per kilogram of fuel consumed. Assuming
that there are no changes in fuel consumption or NO, emissions per mile, how
many million metric tons of NO, would be emitted by passenger aircraft in 2050?
(4 points)
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. Unlike other sources of acid precursors, aircraft emissions of NO, are spread
fairly uniformly around the northern hemisphere. What would be the pH of rainfall
in the northern hemisphere in 2050, far from other sources of acid precursors?
Assume that 90% of the NO, emissions calculated in part D occur in the northern
hemisphere, that 100% of the NO, is converted to nitric acid (HNO3) and
deposited in rainfall averaging 1 meter per year, and that there are no other
sources of acid in the rain. (5 points)
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4.

F. How does your answer compare to the pH of pristine rainfall? (2 points)

The pH of rainfall in equilibrium with atmospheric CO; is about 5.5. Thus,
NO, from increased jet plane travel is not likely to be a major source of acid
deposition in 50 years. Expected improvements in engine design will
decrease total emissions by a factor of two or so.

In 1993, Harvard biologist E.O. Wilson estimated that Earth is currently losing
something on the order of 30,000 species per year. Describe how such estimates
are produced, and illustrate this with a rough calculation of your own. (6 points)

Such estimates are derived from Ogecies-area relationshipsO(SAR). For a
given type or class of species, it is observed that the number of species S
found within an area of size A can be described by an equation of the form S =
cA?, where ¢ and z are constants. Thus, a 1 percent decrease in area is
associated with a z percent decrease in the number of species. The exponent z
varies from 0.1 to 0.4, depending on the type of species and the type of areas
being compared; a typical value is 0.25.

Tropical forests are the most diverse of all ecosystems; it is believed that they
contain 50-70% of all species. If we assume 10 million species are endemic to
the tropical forest; that tropical forest habitat is decreasing at a rate of 1
percent per year due to deforestation; and that z ~ 0.25, then 0.25% of the 10
million species are lost per year, or 25,000 per year.

Short answers (2 points each)

A. The impact of acid deposition of aquatic ecosystems depends primarily on what
factor (besides the pH of rainfall)?

The buffering capacity of soils and the alkalinity or acid-neutralizing
capacity of lakes and steams.

B. The population of Russia, currently about 140 million, is declining at a rate of
about 1 percent per year. If this continues, how long will it take the population to
decline to 70 million?

About 70 years.

C. If per-capita GDP is growing at a rate of 5 percent per year in Russia, and carbon
intensity (tons of carbon per dollar of GDP) is declining at a rate of 1 percent per
year, what is the growth rate of Russian carbon emissions?

(tcly) = (people)($/person-y)(tc/person), sor =Bl + 5 Bl = 3%y



. Heat can be converted to electricity using a variety of mechanical means. Why is
the temperature of the heat source important?

The efficiency of conversion is limited by the temperature difference
between the source and sink; higher temperature sources allow more
efficient conversion.

. Give two examples of phenomena that can be described using a logistic
equation.

Total number of cases in an epidemic; depletion of a finite resource; the
growth of a population in an environment with a fixed carrying capacity;
the growth of an individual (e.g., a tree); diffusion of innovations or market
penetration of a technology; any situation in which the growth rate of a
guantity is inversely related to the size of the quantity.

. If consumption of a resource is growing exponentially at a fixed growth rate r, the
amount consumed in the next doubling time is equal toE

Ea Il previous consumption.
. Describe what is meant by @adiative forcing.O

The change in the energy balance of the Earth as the result of an
instantaneous change in the climate system (e.g., solar flux, CO,
concentrations, surface cover, etc.)

. What change in mean global temperature is expected from a doubling of CO,?
1.5t0 4.5 %; best estimate 2.5 %

The atmospheric CO; concentration has increased from 275 to 375 ppmv. How
do we know that most of the added carbon is from the burning of fossil fuels?

The CO; released from fossil-fuel burning contains no carbon-14; the C-14
concentration in the atmosphere has decreased in proportion to the fossil-
fuel CO, added to the atmosphere.

. A carbon tax will have the greatest impact of the price of what type of fossil fuel?
the smallest impact?

A carbon tax will have the greatest impact on coal, and the smallest impact
on natural gas.



6.

Short answers (4 points each)

A.

Identify and describe four factors thought to be responsible for declining fertility

rates.

Increased income, income of women; increased cost of raising children;
child labor less valuable; social security for elderly

improved health care, decline in infant/childhood mortality

improved status and education of women, increased age of marriage)

availability of birth control

Name three greenhouse gases and identify their principle natural and
anthropogenic sources.

GHG Natural Sources Anthropogenic Sources
CO; Biological decay Fossil-fuels, deforestation
CH,4 Biological decay (wetlands, Ruminants, rice cultivation,
termites, ocean), methane landfills, sewage, natural gas
hydrates leakage, biomass burning
N2O Biological decay Agricultural soils (fertilizer),
(denitrification) biomass burning, cattle and
feedlots, power plants,
vehicles, chemical production
CFCs None Refrigerants, aerosols, etc.
H.O Evaporation (mostly No significant impact
troposphere) (troposphere), jet aircraft
(stratosphere)
O3 Solar UV on oxygen (mostly in | Reactions of NOx with
stratosphere) hydrocarbons (troposphere);
loss from reactions with ClI
(stratosphere)
aerosols | Dust, sea spray, volcanic Sulfate and soot from fossil-
eruptions fuel burning




C. The effects of various greenhouse gases can be aggregated using @lobal
warming potentialsOor @quivalent carbon dioxide concentrations.OUnder what
circumstances is it appropriate to use each of these?

GWP: use when aggregating emissions (e.g., when there are agreed limits
on annual emissions)

Equivalent CO,: use when aggregating concentrations (e.g., when there is
an agreement to stabilize concentrations)

D. Describe two climate-change feedback loops, one that involves a greenhouse
gas and one that does not. In each case, describe the linkages in the loop and
state whether the entire feedback is positive or negative.

Involving a GHG:

¥ Water vapor feedback (positive): higher surface temperatures "
increased evaporation" higher atmospheric water vapor
concentrations " increased temperatures

¥ Clouds (positive): higher surface temperatures " increased evaporation
" higher atmospheric water vapor concentrations * more high clouds
increased greenhouse effect" increased temperatures

¥ Oceans (positive): higher surface temperatures * decreased CO;
concentrations in ocean water " increased atmospheric CO,
concentrations " increased temperatures

¥ Biosphere (positive): higher surface temperatures * increased
biological decay, death of forests " increased CH,4, CO, concentrations
" increased temperatures

¥ Biosphere (negative): higher CO2 concentrations, warmer/wetter climate
" increased biological growth and carbon storage" decreased
atmospheric CO2 concentrations " decreased temperatures

Not involving a GHG:

¥ Clouds (negative): higher surface temperatures " increased
evaporation " higher atmospheric water vapor concentrations ™ more
low clouds " increased albedo " decreased temperatures

¥ Ice/snow (positive): higher surface temperatures " increased
evaporation " increased snow cover" increased albedo" decreased
temperatures



¥ Ice/snow (negative): higher surface temperatures " decreased snowl/ice
cover" decreased albedo " increased temperature

E. Describe variations in the pattern of global temperature change that would be
expected if these changes were a result of increased greenhouse gas
concentrations (land v. ocean, poles v. equator, etc.).

Temperature change greater over land than ocean: the much smaller heat
capacity of land means that it will respond to changes in the energy
balance much more quickly than oceans, which take much longer to come
into equilibrium.

Temperature change greater at poles than equator: water-vapor
concentrations much lower at poles than equator, but CO; is well mixed; a
given increase in CO; therefore produces a larger relative change in forcing
at high latitudes compared to low latitudes

Temperature change greater in winter than summer: water-vapor
concentrations are higher during summer than winter; CO, concentrations
are more uniform with season (but higher during winter than summer); a
given increase in CO; therefore produces a larger relative change in forcing
during the winter compared to the summer

Temperature change greater during night than day: enhanced greenhouse
effect due to increased CO; (and other GHGSs) operates day and night; the
effect of aerosolsN negative forcing due to increased reflection of
sunlightN operates only during the day; thus, the temperature increase
during night (due to GHGS) is greater than the temperature change during
the day (due to GHG + aerosols)



