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U.S. electric power sector electricity generation (2010-2022) /.w
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U.S. primary energy consumption by energy source, 2023

total = 93.59 quadrillion total = 8.24 quadrillion British thermal units
British thermal units

1% - geothermal

11% - solar
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petroleum ° coal (8% - wind
38(%) 9% o - WINn
bl 5% - biomass waste ]
renewabnie
energy 9%
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60%
natural
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36% 23% - wood

Data source: U.S. Energy Information Administration, Monthly Energy Review, Table 1.3 and 10.1,
/_-w April 2024, preliminary data
€la’ Note: Sum of components may not equal 100% because of independent rounding.



Table 10.1 Renewable Energy Production and Consumption by Source

Trillion Btu
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Data source: U.S. Energy Information Administration

Source: U.S. Energy Information Administration/Monthly Energy Review, March 2025



Total energy supply by source, World, 2022

Coal Oil Natural gas Biofuels and waste
27.6% 30.2% 23.1% 8.8%

@ Coal © Oil © Natural gas

@ Nuclear @ Hydro © Wind, solar, etc.

@ Biofuels and waste

Source: International Energy Agency. Licence: CC BY 4.0
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2018 shares of renewables in regional total energy supply
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The Climate Change Problem

e Electricity generation is the main source of carbon
emissions (25% of carbon emissions globally),
followed by deforestation & land use (24%), industry
(21%) and transportation (14%)

* |PCC estimates concentrations of 450 ppm or less are
needed to keep temperature increase below 2°C

 Meeting currently proposed carbon targets requires
large emission reductions

SYRACUSE UNIVERSITY
David Popp — Maxwell SChOOl

of Citizenship and Public



Characteristics of four illustrative model pathways

Different mitigation strategies can achiewve the net emissions reductions that would be required to follow a
pathway that limits global warming to 1.5°C with no orlimited overshoot. All pathways use Carbon Dioxide
Removal (CDR), but the amount varies across pathways, as do the relative contributions of Bioenergy with
Carbon Capture and Storage (BECCS) and removals in the Agriculture, Forestry and Other Land Use (AFOLU)
sector. This has implications foremissions and seve ral other pathway characteristics.

Breakdown of contributions to global net COz emissionsin four illustrative model pathw ays
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Energy Transitions

* Energy transitions have occurred throughout history

— Traditional biomass (wood, peat, and dung) was the main
source of energy in the pre-industrial age

* Wood became scarce in England during the 1500s and 1600s as
the country grew
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Energy Transitions

* Energy transitions have occurred throughout history

— Traditional biomass (wood, peat, and dung) was the main
source of energy in the pre-industrial age
* Wood became scarce in England during the 1500s and 1600s as
the country grew
— Use of coal emerged with steam engines. Coal surpassed
biomass as the main source of energy in the early 1900s
* Coal has three times the energy density of dry wood
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Energy Transitions

* Energy transitions have occurred throughout history

— Traditional biomass (wood, peat, and dung) was the main
source of energy in the pre-industrial age

* Wood became scarce in England during the 1500s and 1600s as
the country grew

— Use of coal emerged with steam engines. Coal surpassed
biomass as the main source of energy in the early 1900s
* Coal has three times the energy density of dry wood

— Oil emerges next
* Liquid fuel useful for transportation. It is very energy dense.
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Global energy consumpiion, by source, % of total
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Source: “Not-so-slow burn,” The Economist, May 23, 2020, 49-50.
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Energy Transitions

* Energy transitions have occurred throughout history

— Traditional biomass (wood, peat, and dung) was the main
source of energy in the pre-industrial age

* Wood became scarce in England during the 1500s and 1600s as
the country grew

— Use of coal emerged with steam engines. Coal surpassed
biomass as the main source of energy in the early 1900s
e Coal has three times the energy density of dry wood

— Oil emerges next
* Liquid fuel useful for transportation. It is very energy dense.

— Natural gas is cleaner, but requires special infrastructure
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Energy Transitions

* Energy transitions have occurred throughout history
— Traditional biomass (wood, peat, and dung) was the main source
of energy in the pre-industrial age

* Wood became scarce in England during the 1500s and 1600s as the
country grew

— Use of coal emerged with steam engines. Coal surpassed
biomass as the main source of energy in the early 1900s
e Coal has three times the energy density of dry wood
— Oil emerges next
* Liquid fuel useful for transportation. It is very energy dense.
— Natural gas is cleaner, but requires special infrastructure
— Electrification

* Also emerged during the 20th century
* Not a fuel, but a new way of delivering energy

SYRACUSE UNIVERSITY
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Energy Transitions

* Previous energy transitions move towards fuels that
are more energy dense and convenient to use.
Moving to renewables adds new challenges.

— Solar energy is diffuse. It needs to be concentrated to
provide energy.
* This is where technology comes in
* Wind and solar energy sources concentrate power

— Renewable energy must be delivered to where it is needed
* Increased electrification is key to the renewable energy transition

SYRACUSE UNIVERSITY
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Potential Energy Sources
 Wind

— Wind is now competitive in favorable locations
— Capacity has grown quickly

Cumulative installed wind power capacity worldwide from 2001 to 2023 (in
gigawatts)
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Potential Energy Sources
 Wind

— Onshore wind is now competitive in favorable locations
— Capacity has grown quickly
— Issues for expansion

* Are there enough acceptable sites?

— Good sites have sufficient wind or solar resources, are near
where energy demanded (to avoid transmission losses) and
are not ruled out politically.

* New transmission lines may be needed in some areas, because
most productive sites aren’t near population centers

SYRACUSE UNIVERSITY
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Potential Energy Sources

Annual Average Wind Speed
100 m above surface level
of North America

W % from the
USA==—*: 2 : Wind Toolkit

(Alaska)

Wind Speed
(meters/second)
=10

901099
80t0 89
701079
601069
50t059
Bl 40t049
B 30t039

B <30

United States

About the Data

Wind resource data were supplied by the National Renwable
Energy Laboratory’s Wind Toolkit, originally developed by
Vaisala ( ). These data are indicative of the
annual average wind speed for the year 2012. Offshore
resource is shown to 50 nautical miles.

For additional information about the Wind Toolkit, visit:

The Bahamas
./ For any other questions please contact NREL's Geospatial Data
Science team at
S e
T X Puerto Rico
~ i 3 it Dominican
Behze bossilca " Republic
¢ g ) Honduras P
i
#" “@3’ . -
7 4
uatentd a oty Nlcaragua

El Salvador

nama 4 ,:f o Y R
Costa Rlcak 7 1 N :
\ ) AL RENEWABLE ENERGY LABORATORY




Potential Energy Sources
 Wind

— Onshore wind is now competitive in favorable locations
— Capacity has grown quickly
— Issues for expansion

* Are there enough acceptable sites?

— Good sites have sufficient wind or solar resources, are near
where energy demanded (to avoid transmission losses) and are
not ruled out politically.

* New transmission lines may be needed in some areas, because most
productive sites aren’t near population centers

* Continued cost reductions for offshore wind
— Costs of installation are higher offshore
— Becoming competitive in prime locations (e.g. U.K.)
* Understanding extreme wind conditions, including lower wind speeds
* Integrating wind turbines to the electric grid
* Intermittent nature

SYRACUSE UNIVERSITY
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Potential Energy Sources

e Solar

— There are two types of solar:
» Solar photovoltaic (PV)




Potential Energy Sources

e Solar

— Solar traditionally has been the most expensive of
currently used renewable sources, but PV costs have fallen
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Potential Energy Sources

e Solar

— Solar traditionally has been the most expensive of
currently used renewable sources, but PV costs have fallen

* Primarily due to lower module costs
— Solar thermal costs still high, and fewer suitable sites
— Storage of solar energy remains a technical challenge

— As with wind, are there enough acceptable sites?

* However, because high pressure areas have fewer clouds and less
wind, solar is most abundant in places where wind energy is
scarce

* Many of the best locations for concentrated solar are in
developing countries
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Potential Energy Sources

-130° S 25* -120" J -110" -105° -100° o5° -50° -By° 80" 5
T T 1 T 7 T
National SolarRadiation Database Physical'Solar Model
Washington i | | |
a5 ?5,}.4\
| Montana North/Dakota
a0°
| =
w
©
cn <
3 Missouri ) -
o 35
i
&
&
= ~
o ~
© ¥
e
=3 ~ Arkansas-
o
o
T \
o
w| % About the Data KWh/m?/Day
This map provides =575 307
annual average daily 550t05.75
total solar resource 5.25t05.50
180° 70 160° using 1998-2016 data 500t05.25
= = (PSM v3) covering 47510500
'9(@ F 0.038-degree latitude 450to4.75
5 %\1 by 0.038-degree paatoas0
63 longitude (nominally } ’4000 .
5 4 km x4 km). == =
s For more information, visit:
Ao Z160° -158° 158" 154 https://nsrdb.nrel. gov
P | e \ Email us at: nsrdb@nrel.gov
4 \ -, Hawaii - " | 25
Q &, ’;W = . of (MEexico
) .| {1, L4 ) | akd B=3
Rkuf_{qfflia.s-,;.o 55 22 | e Ocean’y - G -
S | \“’D‘j = X =%
| 0 200 400 Mies L0 50,108 Miles 18° 300 Miles NATIONAL RENEWABLE ENERGY LABORATORY
T {5 (i T g i T T . e e e Billy J. Roberts, February 22, 2018
1200 15° 110° 105° 100° a5” 50° 85" 80° 75




Potential Energy Sources

e Solar

— Solar traditionally has been the most expensive of
currently used renewable sources, but PV costs have fallen

* Primarily due to lower module costs
— Solar thermal costs still high, and fewer suitable sites

— Storage of solar energy remains a technical challenge

— As with wind, are there enough acceptable sites?

* However, because high pressure areas have fewer clouds and less
wind, solar is most abundant in places where wind energy is scarce

* Many of the best locations for concentrated solar are in
developing countries

— Discuss: what made solar energy R&D successful?
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Challenges to a Renewable Energy Transition

* Transportation

— Electric motors are more efficient and simpler
mechanically

— But gasoline or diesel fuel contains 40X as much energy as
current batteries

* Usable for vehicles carrying light loads and that can charge often
(e.g. passenger cars)

* Not yet viable for long-haul trucking, aviation, or maritime
shipping
— Consumers may not see EV as perfect substitutes for
gasoline-powered vehicles
e Charging infrastructure needed

— Prices of raw materials needed for batteries growing
SYRACUSE UNIVERSITY

David Popp PN Maxwell School
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Challenges to a Renewable Energy Transition

* Industry
— Not all processes can be electrified

— Achieving very high heat for industrial processes such as
steel, cement, and glass production is difficult without
burning fuel

SYRACUSE UNIVERSITY
David Popp - Maxwell SChOOl



Challenges to a Renewable Energy Transition

* Electricity

— Increased electrification is key to the renewable energy
transition

— But solar and wind are intermittent

— To understand the potential of renewable energy for
electricity generation, it is important to understand how
the electric grid works

SYRACUSE UNIVERSITY
David Popp ﬁ Maxwell School
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The Role of the Electricity Grid

* To understand the potential of renewable energy for

electricity generation, it is important to understand
how the electric grid works

— Electricity cannot be stored. What goes on the grid must
match what comes off

— Because of this, wholesale prices can vary by a factor of 10
or more within a given day

— Balancing authorities ensure electricity demand and

supply are balanced (e.g. New York Independent System
Operator (NYISO))

e Calculate who can provide the power needed at lower cost
* Have plants adjust every five minutes to keep the system balanced

* Use weather forecasts to try to project production from wind and
solar

SYRACUSE UNIVERSITY
David Popp PN Maxwell School
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The Role of the Electricity Grid

* Two types of generation sources:

— Dispatchable: operator has temporal control over. Can
decide when to shut off or turn on.

— Intermittent: Production varies due to exogenous factors,
such as amount of wind blowing.
* Generation is out of control of the operator

* However, these plants can be shut down easily, so there is an
upper limit on generation

SYRACUSE UNIVERSITY
David Popp PN Maxwell School
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The Role of the Electricity Grid

Even when the owner
has control, some plants
can be switched on and
off more quickly than
others

— Ramping rates: how
quickly plants can change
the level of output

— Flexible sources with rapid
ramping ability include:
* Gas-fired peaker plants

— Low fuel efficiency,
but are flexible

— Also have low start-
up costs

* Hydroelectric

U.S. electric generating capacity by minimum time from cold shut down to full load (2019)

hydro turbines

cycle systems

0% 20% 40% 60% 80% 100% operating

minimum time from . capacity
_— cold shut down 0to 10 10 mins to 1 1 hour to 12 W more than 12 (gigawatts)
ei) to full load ALLINES hour hours hours

Source: EIA Today in Energy, November 19, 2020



The Role of the Electricity Grid

Even when the owner
has control, some plants
can be switched on and
off more quickly than
others

— Ramping rates: how
quickly plants can change
the level of output

— Flexible sources react to
demand

— Other sources (e.g.
nuclear) serve as baseload
power

Electric power sector generation, by source, New York ISO (Jan 2017-Dec 2022)
billion kilowatthours
9

history forecast €l
Indian Point Unit 2 retires _ : _ Indian Point Unit 3 retires

April 30, 2020 't April 30, 2021

0 r T T T T T
2017 2018 2019 2020 2021 2022

Source: EIA Today in Energy, April 30, 2021



The Role of the Electricity Grid

 Even when the owner has control, some plants can
be switched on and off more quickly than others.

— Ramping rates: how quickly plants can change the level of
output.

— There are also differences in often the plant must shut
down for required maintenance.

— System is designed to meet demand extremes. Some
peaker plants may only run a few days a years.

SYRACUSE UNIVERSITY
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The Role of the Electricity Grid

e Generation costs

— Costs are typically measured using levelized cost of
electricity

* Levelized cost is the constant price for power that would equate
the net present value of revenue from the plant’s output with the
net present value of the cost of production.

— Accounts for the fact that many of the initial costs are up-
front capital costs, particularly for renewables.

SYRACUSE UNIVERSITY
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The Role of the Electricity Grid

e Generation costs

— Costs are typically measured using levelized cost of electricity

* Levelized cost is the constant price for power that would equate the
net present value of revenue from the plant’s output with the net
present value of the cost of production.

* Key assumptions that lead to different estimates:
— Inflation rates
— Real interest rates
— How much the generator will be used
— Productivity of the generator

» E.g. how much will it be used and how much electricity will it
produce

» Future generation particularly relevant for renewables, as
may depend on quality of the site

— Future input costs (particularly fuel)

— Future market prices
SYRACUSE UNIVERSITY

David Popp ﬁ Maxwell School
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Global levelized cost of electricity by technology
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Source: “Renewable-Energy Growth Explodes,” The Wall Street Journal, November 27, 2023



The Role of the Electricity Grid

e Generation costs

— Challenges with levelized costs

* Value of electricity varies depending on how much and when
generated

— Consider fixed costs versus variable costs
» Nuclear (baseload) vs. natural gas (peak demand)



The Role of the Electricity Grid

e Generation costs

— Challenges with levelized costs

* Value of electricity varies depending on how much and when
generated

— Consider fixed costs versus variable costs
» Nuclear (baseload) vs. natural gas (peak demand)
* Renewable energy changes this

— Because marginal cost of renewables is O, it is offered to
wholesale markets at very low costs



The Role of the Electricity Grid

e Generation costs

— Challenges with levelized costs
* Value depends on when electricity is produced

— If used during periods of peak demand, wholesale prices of
electricity will be higher

U.S. average wholesale electricity prices by generating technology (2019)

dollars per megawatthour .
average across all technologies
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nuclear $25
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Source: EIA Today in Energy, October 9, 2020



The Role of the Electricity Grid

e Generation costs

— Negative wholesale electricity prices

* In some cases, producers find it cheaper to pay the grid to take
their electricity than to shutdown

— To receive subsidy from production tax credit for wind

— To avoid costs of ramping down and ramping up later (e.g.
nuclear)

* Negative prices occurred 6% of the time in 2022



The Role of the Electricity Grid

* Generation costs
— Negative wholesale electricity prices

— Competition from other sources has hurt nuclear power
* Nuclear can place low bids, because most costs are fixed costs

— However, because of these fixed costs, note that nuclear’s
levelized costs are larger

— Competition from natural gas and wind is forcing nuclear
plants to retire early

» Nuclear supporters argue that other carbon-free sources,
such as wind and solar, benefit from subsidies



The Role of the Electricity Grid

* Generation costs
— Negative wholesale electricity prices
— Competition from other sources has hurt nuclear power

— Use of batteries to reduce fluctuations is growing
e (California subsidies batteries to accommodate renewables



How California powered itself in April 2021 ... and in April 2024.

AVERAGE DAILY GEMERATION, BY FUEL TYPE Pealk demand
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notes. - By The New York Times

Source: “Giant Batteries are Transforming the Way the U.S. Uses Electricity,” The New York Times, May 7, 2024



The Role of the Electricity Grid

* Generation costs
— Negative wholesale electricity prices
— Competition from other sources has hurt nuclear power

— Use of batteries to reduce fluctuations is growing
 California subsidies batteries to accommodate renewables
* |n Texas, batteries used to smooth short-term market fluctuations
* But battery storage is limited to just a few hours



The Role of the Electricity Grid

* Inadequate transmission infrastructure is a challenge
for expanding renewable energy

— Wind and solar must be located where resources are
available

— Electrification of other sectors will increase electricity
demand, also requiring new transmission capacity
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The Role of the Electricity Grid

* Inadequate transmission infrastructure is a challenge
for expanding renewable energy
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The Role of the Electricity Grid

* Problems caused by inadequate transmission

— Curtailment: quantity of electricity provided to the grid is
reduced to keep in balance has been increasing

Monthly wind and solar curtailments, California Independent System Operator (Jan 2015-Jul

2023) ~ \
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Source: EIA Today in Energy, October 30, 2023



California's duck curve is getting deeper )
CAISO lowest net load day each spring (March—May, 2015-2023), gigawatts ela
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The Role of the Electricity Grid

* Problems caused by inadequate transmission

— Curtailment: quantity of electricity provided to the grid is
reduced to keep in balance has been increasing

Monthly wind and solar curtailments, California Independent System Operator (Jan 2015—-Jul
2023)
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The Role of the Electricity Grid

* Problems caused by inadequate transmission

— Curtailment: quantity of electricity provided to the grid is
reduced to keep in balance has been increasing

— Negative wholesale electricity prices
* Negative prices occur when other locations have positive prices

* Thus, someone is willing to pay for the power generated, but we
cannot get it to them
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The Role of the Electricity Grid

* Question: Why is expanding transmission difficult?
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The Role of the Electricity Grid

Question: Why is expanding transmission difficult?
— Approval takes time: there is a large backlog

— The US electricity grid is decentralized

— Who pays isn’t clear: new transmission as a public good
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The Role of the Electricity Grid

e Policy question: should households be rewarded for
distributed generation?

— Distributed generation is producing electricity at the
consumer site, such as with solar PV panels

— Electricity generated reduces the consumer’s bill, since
they take less power off the grid

— Should they also be paid for any surplus power that they
contribute to the grid?
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