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Research to improve decision-making and accelerate 
rapid, affordable, and effective transitions to net-zero 
carbon energy systems
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1. Improve 
macro-energy systems 

models & methods

3. Guide net-zero energy 
systems transitions

2. Evaluate & optimize 
low-carbon technologies

Research areas

Slide | 3



Clean electricity: the linchpin for decarbonization
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Data Sources: Wind & solar costs from Lazard (2023), 2023 Levelized Cost of Energy+. 
Battery pack costs from Bloomberg New Energy Finance (2023),  Battery Price Survey.

THE GOOD NEWS: WIND, SOLAR, BATTERY COSTS PLUMMET…Wind, solar, and battery costs have plummeted…

Li-ion packs $/KWh: -92%

Utility Solar PV $/MWh: -77%

Total cost declines, 2010-2025

Onshore Wind $/MWh -51%
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Data Source: Wind & solar costs from Lazard (2021), Lazard’s Levelized Cost of Energy Analysis – Version 15.0. 

THE GOOD NEWS: WIND, SOLAR, BATTERY COSTS PLUMMET……and are now the cheapest sources of electricity 
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So we’re done, right?
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“It can be more 
expensive to add cheap 
solar than to add 
expensive geothermal”

-David Olsen, 
Member of CAISO Board of Governors, 
former President & CEO of Patagonia (2020)

https://www.utilitydive.com/news/geothermals-surprise-cheap-renewables-could-keep-states-from-achieving-cl/569807/ Slide | 8
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The MIT Utility of the Future Study
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The MIT Utility of the Future Study
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The MIT Utility of the Future Study

0

0.5

1

1.5

2

2.5

3

3.5

0 0.5 1 1.5 2 2.5 3

$/
M

W
h

Megawatts

More wind & solar: declining energy value
Demand Supply

Renewables

Slide | 13



Wind & solar: declining capacity substitution value
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A Race Between Declining Cost & Value
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What about energy storage?



The MIT Utility of the Future Study
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The MIT Utility of the Future Study
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The MIT Utility of the Future Study

A race between declining cost and declining value
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2024 Li-ion storage cost range:

$190-400/kWh (Lazard, 2024)

Results from de Sisternes, Jenkins & Botterud (2016), “The value of energy storage in decarbonizing the electricity 
sector,” Applied Energy 175: 368-379. https://doi.org/10.1016/j.apenergy.2016.05.014  

See also: Mallapragada, Sepulveda & Jenkins (2020), “Long-run system value of battery energy storage in future grids 
with increasing wind and solar generation,” Applied Energy 275(1). https://doi.org/10.1016/j.apenergy.2020.115390 
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A balanced diet is key
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Originally published in: Sepulveda, Jenkins et al. (2018), “The role of firm low-carbon electricity resources in deep decarbonization of power generation, 
Joule 2(11). https://doi.org/10.1016/j.joule.2018.08.006  
See also: Baik et al. (2021), “What is different about different net-zero carbon electricity systems,” Energy & Climate Change 2: 
https://doi.org/10.1016/j.egycc.2021.100046 

A balanced clean electricity diet
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Run-of-river hydro

Solar thermal 
with storage

Solar thermal

Geothermal
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Power density offers advantages
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3x 
current 
nuclear 

fleet



Evaluating the 
‘design space’ for 

long-duration energy 
storage

Sepulveda, Jenkins et al. (2021) 
Nature Energy 6(5)

Jenkins & Sepulveda (2021) 
Joule 5(9)

Evaluating and optimizing 
natural gas plants with CCS 

for operating flexibility: 
ARPA-E FLECCS
Cheng et al. (2022) 

I.J. Greenhouse Gas Control 118
Cheng et al. (2025)
arXiv working paper

Cost targets for 
commercial fusion 

power plants
with Egemen Kolemen

Schwartz et al. (2023)
Joule 7(4)

Schwartz et al. (2026)
Journal of Fusion Energy 45(1)

Evaluation of 
enhanced geothermal 

systems with in-reservoir 
energy storage 
 Ricks et al. (2022)
Applied Energy 313
Ricks et al. (2024)

Nature Energy
DOE (2024) Commercial Liftoff

Ricks & Jenkins (2025), Joule 9(7)

Defining and exploring a new asset class



Where does fusion fit?
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Producing “unlimited” 
clean energy doesn’t cut it!

Unlimited affordable 
clean energy 
is required



100% hydrogen 
turbines

Small modular 
nuclear reactors 

Low-cost, 
long-duration 
energy 
storage

Gas with carbon capture

The competition: from science fiction to reality

Advanced 
geothermal 
(enhanced & 
closed loop)
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Fusion must compete on cost
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See: 
Schwartz et al. (2023)

Joule 7(4)

https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf


Cost targets depend on competing resources, 
variable costs of fusion plant
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See: 
Schwartz et al. (2023)

Joule 7(4)

https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf


Will fusion be baseload? Not necessarily
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See: 
Schwartz et al. (2023)

Joule 7(4)

https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf


Should fusion integrate thermal storage?
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https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf
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Where do we really need fusion?
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See: 
Schwartz et al. (2023)

Joule 7(4)

https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2023/12/Schwartz-et-al.-2023-Value-of-fusion.pdf


Rethinking maintenance strategies
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See: Schwartz et al. (2026) 
Journal of Fusion Energy

“…replacing fractions of a 
component in shorter 
maintenance blocks spread 
over multiple years is better 
than replacing it all at once 
during a longer outage, even 
though the overall availability 
of the plant is lower in the 
former scenario.”

https://zero.lab.princeton.edu/wp-content/uploads/2026/02/Schwartz-et-al.-2026-Valuing-Maintenance-Strategies-for-Fusion-Plants-as-Part-of-a-Future-Electricity-Grid.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2026/02/Schwartz-et-al.-2026-Valuing-Maintenance-Strategies-for-Fusion-Plants-as-Part-of-a-Future-Electricity-Grid.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2026/02/Schwartz-et-al.-2026-Valuing-Maintenance-Strategies-for-Fusion-Plants-as-Part-of-a-Future-Electricity-Grid.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2026/02/Schwartz-et-al.-2026-Valuing-Maintenance-Strategies-for-Fusion-Plants-as-Part-of-a-Future-Electricity-Grid.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2026/02/Schwartz-et-al.-2026-Valuing-Maintenance-Strategies-for-Fusion-Plants-as-Part-of-a-Future-Electricity-Grid.pdf
https://zero.lab.princeton.edu/wp-content/uploads/2026/02/Schwartz-et-al.-2026-Valuing-Maintenance-Strategies-for-Fusion-Plants-as-Part-of-a-Future-Electricity-Grid.pdf
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The electricity decarbonization playbook:
1. Build wind & solar at record pace

2. Expand the grid & storage

3. Retire coal

4. Preserve existing nuclear

5. Maintain natural gas capacity (on net)

These steps can deliver 80-90% cut in CO2 
emissions by 2035 with bulk electricity supply 
costs comparable to or lower than today’s
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Just two more steps to 100% clean electricity
1. Build wind & solar at record pace

2. Expand the grid & storage

3. Retire coal

4. Preserve existing nuclear

5. Maintain natural gas capacity (on net)

6. Demonstrate clean firm resources in mid-to-late 2020s

7. Transition to clean firm resources in 2030s and 2040s 

8. Fusion goes here?
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