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Renewable expansion is key to mitigating climate change

1. Electricity is a major source of GHG emissions (e.g., 25% in the US)

2. Another large source is transportation, which can be electrified soon

3. AI is poised to skyrocket electricity demand from data centers
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Good news: Grid-scale renewables are getting inexpensive

33 
 

Figure 1: Decreasing Cost of Grid-Scale Renewables 
 

 
 

Note: This figure was created by the authors using levelized costs calculations from the US Department of Energy (2010-2022), 
and reflects lifetime project costs including construction, financing, and operations. The circles indicate the US average levelized 
cost in each year without tax credits for onshore wind and solar photovoltaics. The range indicates regional variation. A small 
amount of smoothing has been applied to emphasize the overall pattern rather than idiosyncratic year-to-year fluctuations. All 
values in the paper have been deflated to reflect year 2022 dollars.  

 
 
 

Figure 2: Growing Percentage of US Electricity from Grid-Scale Renewables 

 
Note: This figure was created by the authors using monthly net generation by category from US Department of Energy (2023). 
Wind and solar are grid-scale generation as a percentage of total grid-scale generation from all sources. The seasonality reflects 
that during summer months (June-Aug), wind generation is 10 percent lower than other months whereas solar generation and total 
generation are 18 percent and 6 percent higher, respectively. 
 
 

Source: Davis, Hausman, and Rose (2023)

• What is the future prospect of renewable energy and its implications to
electricity prices and the economy? → Arkolakis and Walsh (2024)
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An innovative, rigorous, and policy-relevant paper

• Use the medium-run equilibrium condition for marginal investment
costs to forecast future wholesale prices in US regions
▶ Advantage: It does not require detailed wholesale market data

• The findings suggest that our future is bright
▶ By 2040, power prices will fall anywhere between 20% and 80%
▶ Driven by market forces, rather than government interventions
▶ Leading to an aggregate real wage gain of 2-3%

• Is this a too-good-to-be-true futuristic scenario?
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What’s happening in Chile could make us feel optimistic
1668 L. E. GONZALES, K. ITO, AND M. REGUANT

FIGURE 2.—Market integration and spatial variation in electricity prices. Note: These heat maps examine
spatial heterogeneity in wholesale electricity prices. We calculate the commune-level average node prices,
weighted by the hourly generation at the node level, and make heat maps for three time periods: (1) before the
interconnection, (2) after the interconnection but before the reinforcement, and (3) after the reinforcement.
We use the percentiles of the node price distribution to define color categories as shown in the legend. We also
show the boundaries of zones defined in Section 5. Zones 1–11 include the following regions (a more detailed
mapping is provided in Figure A.2). Zone 1: Arica y Parinacota, Tarapacá, Antofagasta; Zone 2: Atacama, and
one commune in Antofagasta; Zone 3: parts of Coquimbo; Zone 4: parts of Coquimbo, parts of Valparaíso;
Zone 5: parts of Valparaíso; Zone 6: Santiago, parts of O’Higgins; Zone 7: parts of O’Higgins, Maule, Ñuble;
Zone 8: Biobío; Zone 9: La Araucanía; Zone 10: Los Ríos, parts of Los Lagos; Zone 11: parts of Los Lagos.

A major policy objective of this integration was to connect solar-abundant regions to
electricity demand centers. Atacama is a solar-abundant region with relatively low elec-
tricity demand. Antofagasta is one of the demand centers for its mining industry, and
Santiago is the largest demand center for its commercial, industrial, and residential elec-
tricity demand. There are two ways to interpret Chile’s market integration in the context

Source: Gonzales, Ito, and Reguant (2023)

• Solar expansion & market integration led to nationwide price declines
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What’s happening in Chile could make us feel optimistic
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*FV: Solar fotovoltaico.
*BESS: Baterías. BESS puros + componente BESS de proyectos híbridos.
*FV+BESS: Componente solar de los proyectos. *Sección de Chile con presencia del SEN.ÍNDICE

Source: Generadoras de Chile (August 2024)

• Plants under construction: Solar, Wind, Storage, Solar + Storage
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Comments and Suggestions
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1) The future decline in battery cost might be uncertain

Figure 4: Battery Pack Prices and Projections
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Notes: Data is from Ziegler and Trancik (2021) and Bloomberg New Energy Finance (BNEF). “Trend: Ziegler
Trancik” takes the average decline in this data series and projects it out from 2023 to 2040. “Trend: BNEF”
does the same using the average decline in the BNEF data. “AW 2023” refers to projections in (Arkolakis
and Walsh, 2023).

of storage capacity from lithium-ion batteries currently adds $1100 to the cost of a kW
of solar power. While certainly expensive, this cost has been declining precipitously, by
between 5 and 7 times in just 10 years, as shown in Figure 4. Going back 30 years, the cost
of lithium-ion storage has fallen around 50-fold. This is around as fast as the price of solar
modules have declined, and among the fastest cost declines recorded for any industrial
good in the US. Assuming the trend continues for the next 16 years leads to around $10
kWh. We will choose to be more conservative than these log-linear extrapolations, and
use the numbers from Way et al. (2022), which leads us to around $20 per kWh by 2040,
i.e. $160 for an 8-hour battery per kW. We note, however, that as with the huge decline in
solar panel prices in 2023, battery prices have already diverged below these projections,
falling 14% from 2022 to 2023, and a further 25% to mid 2024.

Balance of system (BOS) costs are the additional electrical components, such as transform-
ers, module racks and inverters, that are needed to complete the installation and connect it
to the grid. In historical forecasts of solar price declines, these costs were seen as a crucial
bottleneck hampering continued price falls. In practice however, being mainly manufac-
tured components, they have fallen quickly in price as well. NREL estimates that these
declined by about 60% between 2010 and 2022, or a yearly rate of decline 8.4%. We will
assume this continues out to 2040.

13

Source: Rand et al. at Lawrence Berkeley National Lab (2024)

• A key assumption in the model is the affordability of large-scale battery
▶ Most people in the industry agree that solar module prices keep declining
▶ However, the long-run forecasts of large-scale battery cost is controversial
▶ Recent increases in EV demand will probably increase R&D on batteries
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2) “Interconnection queue” adds delays and uncertainty

Average wait time is now approaching 5 years and getting worse

Notes: (1) In-service date was only available for 6 ISOs (CAISO, ERCOT, ISO-NE, NYISO, PJM, SPP) and 8 non-ISO BAs (Duke, FPL, LADWP, PSCo, SOCO, SEC, SRP, 
TSGT) representing 61% of all operational projects. (2) Duration is calculated as the number of months from the queue entry date to the commercial operations date. 41

The median duration from interconnection request (IR) to commercial operations date 
(COD) continues to rise, approaching 5 years for projects completed in 2022-2023

Interconnection Request (IR) Interconnection Agreement (IA) Commercial Operations (COD)Duration Analyzed:

Source: Rand et al. at Lawrence Berkeley National Lab (2024)

• Interconnection queue problem in the United States
▶ New power plants need to complete a “study” before connecting to grid
▶ Many solar and wind projects are stuck in the queue
▶ Currently, 2600 GW capacity (= 2 × all US power plant fleet) is waiting
▶ This problem adds delays and uncertainty to renewable investments
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3) Curtailment due to limited transmission capacity
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Figure 3: Increasing Curtailment of Renewables 
 

    
Note: This figure was created by the authors using data on renewables curtailment from the California Independent System Operator 
(CAISO, 2023) and the Southwest Power Pool (SPP, 2023). In CAISO, solar curtailment in 2022 was 1,734 gigawatt hours which was 4.4 
percent of total grid-scale solar generation. In SPP, wind curtailment in 2022 was 11,124 gigawatt hours which was 10.3 percent of total 
wind generation. SPP has members in 15 states (Arkansas, Colorado, Iowa, Kansas, Louisiana, Minnesota, Missouri, Montana, Nebraska, 
New Mexico, North Dakota, Oklahoma, South Dakota, Texas and Wyoming). 

 
 

Figure 4: Frequency of Negative Electricity Prices in 2022 

 
Note: This figure was reproduced with permission from Millstein et al (2023). The figure plots the frequency of negative local marginal 
electricity prices during all hours in 2022. The underlying price data in the ReWEP tool was compiled through the commercial product 
“Velocity Suite” based on prices from over 50,000 individual local nodes across the seven major US independent system operators. To 
verify the map, we spot-checked the negative price frequency at hundreds of locations in MISO and SPP (roughly, North Dakota to 
Michigan to Oklahoma) using hourly wholesale market price data. 
 

Source: Davis, Hausman, and Rose (2023)

• Left: Solar and wind curtailment in California

• Right: Wind curtailment in the Southwest Power Pool (SPP)

• Will this be solved by 2040 by batteries and transmission investment?
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4) Valuable to see the implications of wind expansion

• Solar and wind potentials have
very different (almost opposite)
geographical variation in the US

• This implies that the regional &
sectoral macroeconomic impacts
of wind expansion can be
(interestingly) different from
those of solar expansion

Figure 18: Solar and Wind Productivity Across Space

(a) Solar Potential

(b) Wind Potential
Notes: Panel (a) shows a measure of solar power potential, in average daily h produced by a 1 panel. Data
is from the Global Solar Atlas. Panel (b) shows a measure of power output of a wind turbine, in average
power density (watts per square meter), at a turbine height of 150 meters. Data is from the Global Wind
Atlas. Units are US counties.

51
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