How are the climate and the
economy linked?
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Today’s class

1. Questions?
2. Attendance
3. Today’s lecture:

> Linking the economy and the climate

4. For nextclass...
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Relationship between GHG emissions and

economic output

» Stylized circular flow:

> growth = emissions = warming =
damages — policy = growth.

e Does climate change affect
economic output directly?

e Do climate policies necessarily
slow growth? Relative to what?

Economic growth leads to
CO2 emissions (driving,
heating and cooling,
air travel,...)

IIII>

Climate-change policies
reduce emisisons (cap-and-
trade, carbon taxes,
regulations,...)

Rising CO2 concentrations
and other forces lead to
climate change
(temperature, precipitation,
sea-level rise,...)

!
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Climate change imposes
ecological and economic
impacts (lower corn yeilds,
coastal flooding, ocean
acidification,...)

Figure 1. The circular flow of global warming science, impacts, and policy.

Source: Nordhaus (2013)
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Richer countries emit more CO2 per person

Consumption-based CO, emissions per capita vs. GDP per capita 2023

Consumption-based emissions are measured in tonnes per person. They are territorial emissions minus

emissions embedded in exports, plus emissions embedded in imports. GDP per capita is adjusted for inflation

and differences in living costs between countries.

Consumption-based emissions per capita (tonnes per person)
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...but, economic growth has decoupled from
emissions in wealthy countries

Change in per capita CO, emissions and GDP united States

Consumption-based emissions include those from fossil fuels and industry. Land-use change emissions are not
included. GDP per capita is adjusted for inflation and differences in living costs between countries.
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Data source: Eurostat, OECD, IMF, and World Bank (2026); Global Carbon Budget (2025); Population based on various sources (2024)
Note: GDP per capita is expressed in international-$ at 2021 prices.
OurWorldinData.org/co2-and-greenhouse-gas-emissions | CC BY
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and-gdp-per-capita?time=1750..2025&country=~USA of Technology



https://ourworldindata.org/grapher/co2-emissions-and-gdp-per-capita?time=1750..2025&country=~USA
https://ourworldindata.org/grapher/co2-emissions-and-gdp-per-capita?time=1750..2025&country=~USA
https://ourworldindata.org/grapher/co2-emissions-and-gdp-per-capita?time=1750..2025&country=~USA
https://ourworldindata.org/grapher/co2-emissions-and-gdp-per-capita?time=1750..2025&country=~USA
https://ourworldindata.org/grapher/co2-emissions-and-gdp-per-capita?time=1750..2025&country=~USA
https://ourworldindata.org/grapher/co2-emissions-and-gdp-per-capita?time=1750..2025&country=~USA
https://ourworldindata.org/grapher/co2-emissions-and-gdp-per-capita?time=1750..2025&country=~USA
https://ourworldindata.org/grapher/co2-emissions-and-gdp-per-capita?time=1750..2025&country=~USA
https://ourworldindata.org/grapher/co2-emissions-and-gdp-per-capita?time=1750..2025&country=~USA
https://ourworldindata.org/grapher/co2-emissions-and-gdp-per-capita?time=1750..2025&country=~USA
https://ourworldindata.org/grapher/co2-emissions-and-gdp-per-capita?time=1750..2025&country=~USA

What sectors emit the
most GHGs globally?
...In the US?



Sources of GHG emissions...

U.S. Carbon Dioxide

Emissions, by Economic
Sector

Residential & Commercial
12% Other

7%

Note: Total Emissions in 2022 are 6,343 Million Metric

Tons of CO2 equivalent. Percentages may not add up to

100% due to independent rounding. Greenhouse gas

Greenhouse gas emissions by sector world, 1990 to 2023

Greenhouse gas emissions are measured in tonnes of carbon dioxide-equivalents over a 100-year timescale.
Land-use change emissions are not included.
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Data source: Climate Watch (2026) OurWorldinData.org/co2-and-greenhouse-gas-emissions | CC BY
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What percentage
of electricity is
generated from
renewable
sources (hydro,
wind, solar, etc.)
globally?

...in the US?

Cr
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Share of electricity generation from renewables 1900 to 2025

Measured as a percentage of total electricity generation.
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Fuel sources for electricity generation in US

Share of electricity generation in the United States
Percentage share
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Data: US Electricity Data Explorer, ember-energy.org E M B E R
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Fuel sources for electricity generation in GA

Share of electricity generation in Georgia
Percentage share
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Fossil fuels have different carbon contents

« Natural gas emits about 57%
of the CO2 that coal does
per Btu.

::

o Cheap gas displaced coal in
US generation after ~2008,
largely due to hydraulic
fracturing, which cut CO2
emissions without any
climate policy.
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Will we ever stop using fossil fuels?
Covert, Greenstone, & Knittel (2016)

. Will the world use less fossil fuel in 2050 than today?

. Supply theory
> Will we run out of cheap fossil fuels?

. Demand theory
> Do cheaper alternatives displace fossil fuels?

Gr Georgia Institute
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A “supply theory” for getting off fossil fuels

511
Price
90 marginal cost] . If fossil fuels become more
8 scarce over time, that will
P reduce their supply (§°0 - §11)
PO . This drives up the equilibrium

price of fossil fuels, and
alternative fuels become more
“cost competitive”

ot QO Quantity
of fossil fuels Gir Seggia nstiue



A “supply theory" for getting off fossil fuels

Price
§%°) marginal cost) Technology shifts supply
out.
gl1 » Fracking made shale oil and gas
cheap to extract.
POO ............................................ . Price fa”S, quantity rises,
P11 .................................................... ScarCity recedeS.

Q%0 Q11 Quantity
of fossil fuels Gr
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A “supply theory" for getting off fossil fuels

e Proven reserves: recoverable at current

prices and technology.

e Reserves have grown for 40 years. Most
countries find more oil and gas each year

than they use.

« Scarcity alone will not end fossil fuels in the

foreseeable future.
> Coal may be the exception.

Figure 2
Proven Reserves of Oil, Natural Gas, and Coal over Time
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Souwrce: BP Statistical Review of World Energy, 2015.
Note: The figure plots annual reserve estimates in absolute terms for oil, natural gas, and coal.
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A “demand theory” for getting off fossil fuels

o Consumers buy electricity, not fuel.

Market for renewable Market for fossil fuel « Renewable and fossil generation are
electricity generation electricity generation substitutes.

Price Price

o Cheaper renewables:

» renewable supply shifts out, price
falls, quantity rises.

e Fossil fuel demand shifts in:

» |ess fossil-fueled electricity, at a
lower price.

Q2 @t Quantity of QF  QF Quantity of

renewable fuels fossil fuels Gi Ceorsia Institute
of Technology



Cost of renewable energy is falling

Levelized Cost of Energy Comparison—Historical LCOE Comparison

e LCOE:
discounted
lifetime cost
per MWh, so
up-front and
operating
costs compare
on one scale.

 Wind and
solar are now
the cheapest
new
generation.

e Gas is close.

e Coal and
nuclear are
not.

Source:
https://www.lazard.com/med
ia/eijngja3/lazards-Icoeplus-
june-2025.pdf

Lazard’s LCOE analysis indicates significant historical cost declines for utility-scale renewable energy generation technologies, which has
begun to level out and even slightly increase in recent years
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In addition to generatmg steam and chllled water, the Holland
Steam Plant (shown in this 1919 photo) also powers the steam

L ) | whistle, which dates to 1896. Originally meant to mimic the in-
Co St_ CO m etl tl Ve n e S S | dustrial whistles of that era, it sounds at five minutes before the
hour on weekdays and less frequently on weekends. It is also
i blown when Georgia Tech’s football team scores a touchdown or

[ ]
a n d fo S S I I fu e I S O n wins a game and at the institute’s annual memorial service.

da Another recent addition was the installation in 2009 of
et e e e R - NOx  a 34 MW, 110,000-1Ib/hr electric boiler. According

£ to Casey Charepoo, associate director of utilities
QSN 355 ynal maintenance, this
N T —jons. was an economic decision. During winter months, low

Building'Constr

;ofits  electric prices can make it cost-effective to operate the
' electric boiler, so Georgia Tech now has the option of
i selecting the lowest priced energy for producing
¥rseboilers  steam. A real-time cost comparison chart with inputs
sec-  for the next 24 hours’ electrical cost is utilized for se-
lection. In practice, however, the electric boiler is

offlce
window

fErenchiBuilding)
N
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S o lectric boilers
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Renewables have a few challenges...

 Intermittency.

> The sun sets and the wind
stops.

e Location.

» The best resources are far
from people.

» Transmission is slow and
costly to build.

» Storage.

> Grid batteries shift midday
solar to the evening peak.
Costs are falling fast.

JUNE 21, 2023

As solar capacity grows, duck curves are getting deeper in California

California's duck curve is getting deeper

CAISO lowest net load day each spring (March—May, 2015-2023), gigawatts eia'
25

20

15

10

OI T T T
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Data source: California Independent System Operatorc? (CAISO)

. As solar penetration increases, lots of generation during the “sunny” parts of day.
. But, risks over generation (supply > demand).

. Leads to curtailing solar and reduces value of adding more renewables.
. “Ramping” (i.e., firing up fossil generators) in the evening is costly.

Gr Georgia Institute
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Why Heat Waves Are Deepening

fOSSi I fu e I S fo I China’s Addiction to Coal

While pledging to reduce carbon emissions, the country is greatly

° ° increasing its use of the fossil fuel to generate electricity.
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o Coal plants (with
lifespans of 40-
50 years) are still
being built.

Permits for coal-fired power plants drop by 83% despite
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Does the “demand theory” work getting cars off of

oil?

. Technology has cut the

cost of alternatives to oil.

Figure 1: Volume-weighted average pack and cell price split

real 2021 $/kWh
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Source: BloombergNEF.
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Price of lithium-ion battery cells

Representative estimate of the price of battery cells for lithium-ion batteries, across all major cell chemistries.
Prices are in US dollars per kilowatt-hour, adjusted for inflation.
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Data source: Rupert Way (2026) based on Ziegler and Trancik (2021), BloombergNEF, and Avicenne Energy
Note: This data is expressed in constant 2024 US$ per kilowatt-hour.
OurWorldinData.org/energy | CC BY



Comparing costs
of cars and EVs

Break-even battery price for a
given olil price.

» E.g., how much would EV battery
packs have to be to be competitive
with ICE vehicles at a given oil price?

Oil (WTI):
> ~$80/bbl (Aug 2026).

Higher oil prices raise the break-
even battery price.

EV battery packs averaged
$108/kWh in 2025 (BNEF).

» EVs are close to parity on this metric.

Figure 6
Break-even Oil and Battery Costs

800 ;
| EVs are cheaper than ICEs |
700
DOE estimated current price of
_ 600 - batteries: $325
e Break-even price of oil in 2020:
& 500 $420
S Y
5 \
N 400 :
& Price of 10-kWh Tesla
:.-‘6 Powerwall: $350
S 300 Break-even price of
Y December 2020 WTI oil in 2020: $470
j= oil futures price: $55
200 ;
Break-even cost of
batteries: $64
atteries: § DOE target cost of batteries
100 ; e ¥ in 2020: $125
Break-even price of oil: $115 | ICEs are cheaper than EVs |
0
0 50 100 150 200 250 300 350 400 450

Cost of batteries in 2020 ($/KWh)

@ Equal costs, Electric and Internal Combustion Engine Vehicles (EVs and ICEs)

Notes: This graph plots the relationship between oil prices and battery costs such that the present dis-
counted value of owning and operating an internal combustion engine vehicle equals the present
discounted value of owning and operating an electric vehicle assuming the year is 2020. We assume the
vehicle is driven 15,000 miles per year. We use the average retail price of electricity of 12.2 cents per
kWh to charge the electric vehicle. We estimate the relationship between oil prices and gasoline prices
using monthly data from 1993 to 2015 and assume a log-log relationship. We size the battery such that
the electric vehicle has a range of 250 miles, assuming electricity consumption of 0.3 kWh per mile. The
cost of the electric vehicle is reduced by $1,000 to reflect the lower costs associated with electric motors
relative to the internal combustion engine vehicle. The fuel economy of internal combustion engines is
assumed to grow at an annual rate of 2 percent, consistent with Knittel (2011).
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Electric cars use electricity...

...electricity is (still) predominantly generated by fossil fuels in the US

Table 2. Summary of External Cost Estimates (2021$)

External damages MNational average MNational average
category (per gallon) (per mile)

Comparison with

Range across counties . .
previous estimates

« Charging on fossil power still .
. _ Well above previous estimates
emlts Coz, but EVS are genera”y S;ri::ir;:;omde S $0.07 None due to highgr social cost of
o o carbon (Rennert et al. 2022)
more efficient

Similar to previous estimates,

« The effect depends on the rocalpollution 5079 s0.03 S0.03-$825pergallon  _To Ly al. 2007)
marginal generator: which plant | _ Similar o previous national-
R Congestion $0.27 $0.01 $0.00-50.12 per mile level estimates, but we show
ra m pS Wh en yo u pI ug | n’ Wh ere, substantial variation by county
a n d Wh en o Estimate is from the literature;
. . . Accidents $1.08 $0.05 None cons_istent with most other
 Electrifying vehicles lets future studies
renewable growth count for cum sas5 so16 5283-513.44 per gallon  pigher than most previous
$0.12-$0.56 per mile estimates, with wider range

transport too.

MNotes: Average pollution and congestion damages are weighted by county-level population. GHG damages are uniform
across counties. Accident externalities are assumed to be equal across counties because of a lack of data.

Source: https://media.rff.org/documents/WP 23-09 gRXBRfb.pdf
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Not including the external costs of emitting GHGs
Is effectively the same as giving fossil fuels a
massive subsidy.



“...In the absence of substantial greenhouse
gas policies, the US and the global
economy are unlikely to stop relying on
fossil fuels as the primary source of
energy.”

-Covert, Greenstone, Knittel (2016)



Key takeaways

e Technology cuts both ways:
> cheaper fossil fuels and cheaper renewables.

« Wind and solar are the cheapest new generation, but imperfect substitutes
(intermittency, location, storage).

o Coal-to-gas switching cuts CO2 but does not end fossil fuels.

o New electricity demand (data centers) is reviving nuclear and delaying coal
retirements.

« Pricing externalities, CO2 and otherwise, is required for big reductions in fossil
fuel use.

Gr Georgia Institute
of Technology



For next class

Why is climate change an economic problem?
Read: Keohane & Olmstead, Chs. 2,4 & 5

www.caseyjwichman.com/econ4210#week?2
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