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electricity prices, as well as an increase in the number of very low energy price hours.

1. Introduction

Wind and PV have experienced significant growth over the past
decade, and nearly half of utility-scale capacity additions in 2017 were
from these two technologies (EIA, 2018a). This growth has not occurred
uniformly across states—much of the growth has been in areas with
higher wind or PV resources or in areas with strong policy support. And
as is obvious by their name, variable renewable energy (VRE) tech-
nologies, which we define as wind and PV (both utility-scale and
rooftop), also vary in production through the year, leading to times of
the year with higher penetration levels than other. Fig. 1 shows the
maximum monthly penetration levels of VRE technologies for each
state. Two states (Iowa and Kansas) have experienced greater than 50%
generation from VRE technologies, and 15 states have seen VRE shares
of greater than 20%.

Even higher penetration levels have been observed on an in-
stantaneous basis. Table 1 summarizes the recent instantaneous pene-
tration levels in the restructured markets, which are often larger than a
single state. Penetration levels of over 60% have been seen in CAISO
and SPP, and over 50% in ERCOT. Further deployment of VRE tech-
nologies will lead to even greater penetration levels and change the way
that the grid is operated. This paper considers how increasing levels of
VRE might impact the operation of the electricity system.

2. Scenarios

For this work we use 38 power sector scenarios that are run using
the Regional Energy Deployment System (ReEDS) model (Eurek et al.,
2016) and the distributed generation (dGen) model (Sigrin et al., 2016).
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ReEDS projects the evolution of the bulk power system through 2050
using system-wide least-cost optimization, while dGen is a simulation
model that projects consumer adoption of distributed technologies
through 2050. The scenarios included in this work are summarized in
Table 2. Although more than 38 scenario settings are shown in the
table, the scenarios settings in blue italics are part of the same Mid-case
scenario. The Mid-case scenario serves as the reference or baseline
scenario for the results presented in this work. These scenarios were
selected in order to capture a breadth of trajectories of costs, perfor-
mance, policy, and other drivers. The diversity of scenarios covers a
range of potential futures rather than focusing on a single-scenario
outlook.

Although the models used to develop the Standard Scenarios are
sophisticated, they do not capture every aspect that will impact the
evolution of each scenario. For example, the models do not consider the
buildout of natural gas pipelines, and they take a system-wide planning
approach when making capacity build decisions. Therefore, results
should be interpreted within the context of model limitations. A more-
complete list of model specific caveats is available in the models’ doc-
umentation (see Eurek et al., (Eurek et al., 2016) section 1.4 and Sigrin
et al, (Sigrin et al., 2016) section 2.2).

In addition to the capacity expansion modeling results, the system
built out by ReEDS and dGen in 2050 in the Mid-case scenario was
converted to a PLEXOS input database. PLEXOS is a commercial pro-
duction cost model, which was used in this work to simulate the hourly
operation of the Mid-case in 2050. Additional scenarios and years were
not run in PLEXOS do to the limited resources to be able to perform
such a large amount of modeling.
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Table 1
Maximum observed instantaneous penetration levels for VRE by ISO/RTO.
Organization Energy sources Instantaneous Penetration Total power (GW) Date Source
CAISO Wind & Solar 64.6% 10,739 MW PV (June 29 5/26/2018 2:28PM July 2018 CAISO
12:33PM) CEO report”
5139 MW wind (June 8 9:05PM)
SPP Wind 62.1% 14,500MW 03/31/2018 RTO insider”
MISO Wind N/A 15,600MW 03/31/2018 S&P Global Platts®
ERCOT Wind 54% 17,541MW 10/27/2017, 02/19/2018 ERCOT quick facts July
respectively 2018¢
NYISO Wind 9% 1,571MW January 2016 NYISO®
ISO-NE Wind and distributed PV 19.3% distributed PV 3,098MW April 21, 2018 ISO-NE report and data’
6.6% wind
PIM Wind 9% 6338 MW May 2, 2018 PJM Data Miner®

a

www.caiso.com/Documents/CEOReport-Jul2018.pdf.
> https://www.rtoinsider.com/spp-wind-penetration-record-89917/.

¢ https://www.platts.com/latest-news/electric-power/houston/midcontinent-independent-system-operator-set-21691338.

4 www.ercot.com/content/wem/lists/1 44926/ERCOT _Quick_Facts_72418.pdf.

e

www.nyiso.com/public/webdocs/media_room/publications_presentations/Annual_Reports/Annual Reports/Annual Report_2016_FINAL.pdf.

f http://isonewswire.com/updates/2018/5/3/a-regional-first-new-englanders-used-less-grid-electricity-m.html.
€ http://www.pjm.com/markets-and-operations/etools/data-miner-2.aspx, https://www.iso-ne.com/markets-operations.

3. Results

We first examine the Mid-case scenario to set a benchmark or
baseline for the remaining results. We then consider the full suite of 38
scenarios to understand how the power system operation evolves with
increasing renewable energy penetration.

3.1. The Mid-case scenario

The Mid-case scenario uses the reference case, mid-case, or default
assumptions for scenario inputs (see Table 2). In this way the Mid-case
scenario represents a reference case and provides a useful baseline for
comparing scenarios and evaluating the trends described in the fol-
lowing sections. Importantly, the Mid-case scenario does not necessarily
reflect a most-likely scenario.

Fig. 2 shows the generation and capacity mix through 2050 for the
Mid-case scenario. Total generation grows steadily over time, and that
increased generation is met primarily by a mix of natural gas combined
cycle, PV, and wind generation. Coal and nuclear generation decline
slowly over time as retirements reduce amount of available capacity for
electricity production. In the late 2040s, wind and PV generation in-
crease more rapidly to compensate for the more rapid retirements that
occur during this time period. The generation fraction for renewable
energy, fossil, and nuclear is 31%, 51%, and 16%, respectively, in 2030
and 50%, 42%, and 7% in 2050.

Capacity trends see the same general trends as was noted for gen-
eration. The relative capacity factor of the various technologies is also

apparent as total PV capacity exceeds the capacity of any other tech-
nology type by 2050, but it trails natural gas combined cycle (NG-CC)
and wind in terms of total energy generation due to its lower capacity
factor. Nuclear capacity factors remain constant over time at 90%,
while fleet-wide coal capacity factors increase to 76% by 2050. Fleet-
wide NG-CC factors slowly decline over time as the NG-CC units provide
increasing amounts of flexibility to respond to the variability of the
renewable energy generators.

Under the Mid-case scenario, the evolution of the U.S. electricity
system toward one with higher shares of natural gas and renewable
energy occurs in nearly all states (Fig. 3). The regional distribution of
power plants is estimated to be similar in 2050 as it was in 2017, with
the largest generation levels occurring in states with the greatest elec-
tricity consumption (e.g., California, Florida, and Texas). However,
proportionally larger future renewable deployment is found in some
states (e.g., Kansas and New Mexico) with particularly high-quality
wind and solar resources.

3.2. Evolving system operations with increasing penetration of variable
renewable energy

VRE penetration levels are projected to grow in across all 38 sce-
narios (Fig. 4). The most significant drivers of those considered in these
scenarios are renewable energy cost and natural gas prices. In the most
extreme scenarios, VRE penetration (on the low end) is barely higher
than current penetration levels of 8.2% and (on the upper end) exceeds
70% penetration levels. Scenarios near the Mid-case range from 38 to
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Table 2

Summary of the 38 scenarios used in this work.The scenario settings listed in blue italics correspond to the settings used in the Mid-case scenario.
Group Scenario Notes
Electricity Demand Growth Reference Demand Growth AEO 2018 Reference

Fuel Prices

Electricity Generation Technology
Costs

Battery Storage Costs

Financing Assumptions

Existing Fleet Retirements

Earth System Feedbacks

Resource and System Constraints

Policy/Regulatory Environment
Combination Scenarios

Low Demand Growth
High Demand Growth
Vehicle Electrification

Reference Natural Gas Prices
Low Natural Gas Prices
High Natural Gas Prices
Mid Technology Cost

Low RE” Cost

High RE Cost

Low Wind Cost

Low PV Cost

Low Geothermal Cost

Low CSP* Cost

Low Hydro Cost

Low Offshore Wind Cost
Nuclear Technology Breakthrough
Mid Battery Storage Cost
Low Battery Storage Cost
High Battery Storage Cost
Mid Finance Projections
Extended Cost Recovery
Reference Retirement

80-year Nuclear Lifetime
60-year Nuclear Lifetime
Accelerated Nuclear Retirements
Accelerated Retirements

No Climate Feedback
Impacts of Climate Change

Default Resource Constraints
Reduced RE Resource

Barriers to Transmission System
Expansion

Restricted Cooling Water Use
Current Law

Low Natural Gas Prices & Low RE
Cost

High Natural Gas Prices & Low RE
Cost

Low Natural Gas Prices & High RE
Cost

High Natural Gas Prices & High RE
Cost

Low Natural Gas Prices & Low
Geothermal Cost

High Natural Gas Prices & Low
Geothermal Cost

Low Natural Gas Prices & Low CSP
Cost

High Natural Gas Prices & Low CSP
Cost

Low Natural Gas Prices & Low Hydro
Cost

High Natural Gas Prices & Low Hydro
Cost

Low Natural Gas Prices & Low
Offshore Wind Cost

High Natural Gas Prices & Low
Offshore Wind Cost

AEO 2018 Low Economic Growth Rate

AEO 2018 High Economic Growth Rate

Adoption of plug-in electric vehicles and plug-in hybrid electric vehicles reaches 40% of sales by
2050; 45% of charging utility-controlled, 55% opportunistic

AEO 2018 Reference®

AEO 2018 High Oil & Gas Resource and Technology”

AEO 2018 Low Oil & Gas Resource and Technology”

2018 Annual Technology Baseline (ATB) Mid-case Projections

2018 ATB Renewable Energy Low-Case projections

2018 ATB Renewable Energy High-Case projections

2018 ATB Low-case projection for land-based and offshore wind

2018 ATB Low-case projection for PV

2018 ATB Low-case projection for geothermal

2018 ATB Low-case projection for CSP

2018 ATB Low-case projection for hydro

2018 ATB Low-case projection for offshore wind

50% reduction in nuclear capital costs over all years

Mid-case projection from 2018 ATB

Low-case projection from 2018 ATB

High-case projection from 2018 ATB

Financing values from 2018 ATB with the 20-year capital recovery period

Capital recovery period of 30 years

Lifetime retirements for non-nuclear based on ABB Velocity Suite database; ABB, 2018 at-risk nuclear
retired at 60 years, all other nuclear at 80 years.

All nuclear plants have 80-year life

All nuclear plants have 60-year life

At-risk plants retired at 50 years, all others at 60 years

Coal plant lifetimes reduced by 10 years; At-risk nuclear plants retired at 50 years, all nuclear
plants at 60 years

No feedback due to changes in the climate

Temperature impacts on generators, precipitation, transmission, and demand; derived from
Integrated Global System Model (IGSM)-Community Atmosphere Model (CAM) climate scenario
Used for the Mid-case scenario®

25% cut to each resource in input supply curves

3x transmission capital cost

No new AC-DC-AC interties

2x transmission loss factors

New construction may not use freshwater for cooling

Includes state, regional, and federal policies as of spring 2018

AEO 2018 High Oil & Gas Resource and Technology & 2018 ATB Renewable Low-Case
Projections

AEO 2018 Low Oil & Gas Resource and Technology & 2018 ATB Renewable Low-Case
Projections

AEO 2018 High Oil & Gas Resource and Technology & 2018 ATB Renewable High-Case
Projections

AEO 2018 Low Oil & Gas Resource and Technology & 2018 ATB Renewable High-Case
Projections

AEO 2018 High Oil & Gas Resource and Technology & 2018 ATB Low-case projection for
geothermal

AEO 2018 Low Oil & Gas Resource and Technology & 2018 ATB Low-case projection for
geothermal

AEO 2018 High Oil & Gas Resource and Technology & 2018 ATB Low-case projection for CSP

AEO 2018 Low Oil & Gas Resource and Technology & 2018 ATB Low-case projection for CSP
AEO 2018 High Oil & Gas Resource and Technology & 2018 ATB Low-case projection for hydro
AEO 2018 Low Oil & Gas Resource and Technology & 2018 ATB Low-case projection for hydro
AEO 2018 High Oil & Gas Resource and Technology & 2018 ATB Low-case projection for
offshore wind

AEO 2018 Low Oil & Gas Resource and Technology & 2018 ATB Low-case projection for offshore
wind

? Natural gas prices are based on AEO 2018 electricity sector natural gas prices, but are not identical due to natural gas price elasticities built into the ReEDS
model. See Cole et al. (2016) for more details.

> RE = renewable energy.

¢ CSP = concentrating solar power.

4 See the ReEDS documentation (Eurek et al., 2016) for details about default resource and system constraints.

48% VRE penetration.

Fig. 5 shows the breakout of that VRE growth in terms of wind and
PV. Wind growth slows in many scenarios after the expiration of the

production tax credit, while PV continues to grow across the full range
of scenarios. Overall, PV capacity tends to be higher than wind capa-
city, but wind generation is typically higher than PV generation due to
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higher capacity factors relative to PV.

By 2050, the greatest national VRE penetration occurs during spring
afternoons across all scenarios. This is consistent with current locations
(e.g., California) that have higher levels of PV deployment and sea-
sonally lower demand for power. The maximum spring afternoon VRE
penetration levels occur in the High NG Price + Low RE Cost scenario,
with an average spring afternoon VRE penetration of 87%, while the
minimum occurs in the Low NG Price + High RE Cost scenario at 23%.
However, the more important times for system reliability and opera-
tions in higher VRE systems are likely to be the times of the year with
little resource available. In most scenarios, that occurs overnight in the
summer; but in two scenarios, it occurs in the summer evenings. Not
surprisingly, the highest and lowest minimum penetration levels occur
in the same scenarios as before (Low NG Price + High RE Cost and
High NG Price + Low RE Cost, respectively), with minimum summer-
time overnight levels ranging from 3% to 55% and summer evening
penetration levels ranging from 6% to 55%.

Fig. 6 shows the seasonal generation mixes across a subset of the
Standard Scenarios and highlights how the system is adapting to var-
ious levels of VRE. The springtime abundance of VRE is apparent in all
four scenarios, with natural gas and/or coal generators turning down in
the spring to accommodate the additional VRE generation. The seasonal
variation in wind and solar production is also easily seen, with solar
producing the largest fraction in spring and summer and the lowest in
winter, and wind producing the most in winter and spring, with the
least in summer. In all scenarios, the seasonal changes in natural gas
generation indicate that natural gas generators are providing a sig-
nificant amount of seasonal flexibility to the system. Coal generators
also provide some flexibility, especially in the spring (by turning down)
and winter (by turning up), and especially when less gas generation is
available (High NG Price scenario). In the High RE Cost scenario, where
relatively little VRE is on the system, seasonal flexibility from the coal
units is not needed, and the coal units operate at essentially the same
fraction throughout the year.

That much of the flexibility needs of the system are met by natural
gas is also shown in Fig. 7. The fleet-wide capacity factor of coal in-
creases over time as older, less-efficient units are retired, while the
capacity factor of the NG-CC fleet declines. The low NG-CC capacity
factor provides significant flexibility for providing reserves and for
meeting demand during periods of high load and low VRE generation.
Other sources of flexibility include new transmission capacity and sto-
rage. Except for the High Cost Transmission scenario, long-distance
transmission increases by 3% to 36% from 2018 to 2050 across the
scenarios (the High Cost Transmission scenario only increases trans-
mission by 0.8%). The average storage capacity across all scenarios is
roughly double today’s storage deployment level.

Also seen in Fig. 7 is the increasing capacity factor of the wind fleet

The Electricity Journal xxx (Xxxx) XXX—XXX

Fig. 2. U.S. power sector evolution over time

Imports/Storage  for the Mid-case scenario.
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as taller towers and larger rotor diameters lead to increased production,
and the slightly declining capacity factor of solar, due to buildout in
lower-quality resource locations over time. Nuclear and Other RE (re-
newable energy) capacity factors remain constant at 90% and 45%
respectively. Coal capacity factors increase over time as less efficient or
underutilized units retire.

More-detailed system operation for the Mid-case in 2050 is shown in
Figs. 8 and 9, which were generated using an hourly production cost
model. Fig. 8 shows the week with the highest national peak demand,
which reaches 900 GW. PV generation is abundant during the daytime,
while wind has higher generation overnight. The bulk of the variability
is met by NG-CC units, but as the PV output declines, NG-CT, storage,
and any flexible hydropower units also respond to the changing gen-
eration. Coal and nuclear provide a near-constant stream of power
throughout the week. Fig. 9, on the other hand, shows the week with
the largest hourly ramp by the non-VRE generation. Load is much
steadier between day and night, but VRE generation can vary con-
siderably. NG-CC units continue to provide the bulk of the flexibility,
but NG-CTs, hydropower, coal, storage and curtailed VRE (during both
daytime and nighttime hours) also provide nontrivial amounts of flex-
ibility.

Table 3 summarizes the relevant metrics for VRE for the Mid-case
scenario in 2050 using the hourly production cost model results. The
maximum hourly generation occurred in the summer afternoon, but the
maximum hourly VRE penetration (as a share of total generation) oc-
curred in the spring afternoon during a period of relatively lower load.
The range in absolute and relative hourly VRE levels varies by an order
of magnitude over the course of a year.

3.3. Impact of increased VRE penetration on prices

Similar to what has been observed historically, (Wiser et al., 2017)
the relationship between the marginal energy price and natural gas
prices is linear, with higher gas prices leader to higher marginal energy
prices (Fig. 10). This relationship holds across the full suite of scenarios.
However, scenarios with low renewable energy costs generally have
lower natural gas prices This is because at higher renewable energy
penetrations, less natural gas is used to meet system needs. The lower
natural gas demand leads to lower natural gas prices, but because
natural gas generators are still largely on the margin, they are still
setting the marginal price. The opposite effect is true of the high re-
newable energy cost scenarios; specifically, high renewable energy
costs lead to a greater demand for natural gas, which in turn leads to
higher prices. Thus, one of renewable energy’s effects on the annual
average marginal energy price is its impacts on the demand for natural
gas. In turn that implies that how one treats the elasticity of natural gas
can have a significant impact on the absolute level of electricity prices
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Fig. 3. The U.S. power system evolves from the current system (top) to one powered primarily by wind, solar, and natural gas capacity (bottom) in all regions in the
Mid-case scenario.

High NG + Low RE anticipated.
LowRE Cost One of the other effects of renewable energy on the marginal energy
FlanNG Price prices is seen in Fig. 11, which shows the marginal energy price in the
summer for the Mid-case and Low RE Cost scenarios. The average
marginal energy price at the start of the evaluation period is highest in
the afternoon and lowest overnight. However, as VRE resources grow,
that relationship changes. In the Mid-case scenario, the evening be-
comes the most expensive time of day because of the increase in PV
2020 000 240 2050 deployment, and the lowest-cost period shifts to mornings. The Low RE
Fig. 4. VRE penetration in the 38 scenarios. Cost scenarios considers the effects of even higher VRE deployment. In
this scenario, the afternoon becomes the lowest-cost period, but as in
the Mid-case, the evening is the most expensive period for most of the
model horizon.
Because the Mid-case was also run in an hourly production cost

Mid-case

Low NG Price

VRE Penetration
o
x

High RE Cost
Low NG + High RE
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Fig. 5. Annual generation of wind (left) and PV (right) in the 38 scenarios.
PV includes both rooftop and utility-scale PV.

model, additional granularity is available in modeled electricity prices
for that scenario. Fig. 12 shows the number of hours in every ReEDS
balancing area where the marginal energy price is at or below $1/MWh.
All balancing areas have prices at less than $1/MWh for at least 100 h of
the year, and more than half see fewer than 1000 of these low-price
hours. A few have more than 4000 h below this price threshold. These
regions are typically remote (and low-load) regions near the edge of an
interconnection with much high-quality wind resource. The hours with
less than $1/MWh marginal energy price comprise 10% of the total
annual load and represent 14% of all hours in the year. For reference, in
2016 less than 2% of hours in real-time markets had negative prices,
and outside of California there were virtually no negative price hours in
the day-ahead markets (California had negative prices in ~0.5% of
hours in the day-ahead market) (Wiser et al., 2017).
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Fig. 7. Fleet-wide capacity factors over time in the Mid-case scenario for the
technology categories shown.

NG-CC is natural gas combined cycle, Other RE includes hydropower, bio-
power, landfill gas, and geothermal.
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Fig. 6. Generation fraction by season for the Mid-Case (top left), High NG Price (top right), High RE Cost (bottom left), and Low RE Cost (bottom right) scenarios in

2050.
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Fig. 8. Generation dispatch for the week with the highest peak load day in the Mid-case scenario.
4. Conclusions Table 3

Summary of national VRE metrics from the Mid-case scenario for 2050 using
In this work we presented results from 38 scenarios of the U.S. the hourly production cost simulation.
electricity sector that were modeled using the ReEDS and dGen capacity

A o A T Metric Level Occurrence
expansion models. Key findings from analyzing these scenarios include:
Maximum hourly VRE penetration 77.2% Mid-afternoon in April
e Wind and solar capacity grow signiﬁcantly across nearly all Mlnl.mum hourly VRE Penetratlon 8.2% Ea.rly morning .m September
. . . Maximum VRE generation 549,500 MW Mid-afternoon in June

scenarios. Natural gas prices and renewable energy costs are sig- Minimum VRE generation 41,400 MW Farly morning in September
nificant drivers of the level of growth, and combinations of those Maximum VRE curtailment 147,700 MW  Mid-afternoon in March
two factors can lead to very high levels of growth, or very limited
growth.

L]
~
=}

Increasing shares of VRE lead to increased needs for seasonal
and hourly flexibility. The variation across seasons, time of day,
and hours observed in these scenarios from VRE require some level
of flexibility from the rest of the generation fleet in order to ensure
supply and demand are always in balance. Wind and PV can also
complement one another in daily and seasonal trends.

e Future scenarios show higher levels of overall flexibility. Lower
NG-CC capacity factors, increased transmission builds, and in-
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creased storage deployment lead to more overall flexibility across Natural Gas Price ($/MMBtu)
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e Marginal electricity prices continue to be impacted primarily scenarios

by natural gas prices. The modeled scenarios showed a linear re-
lationship between natural gas prices and marginal electricity prices

across most scenarios. Scenarios with higher or lower renewable expensive period tends to shift to the evening, with the daytime

energy deployment tended to impact the electricity prices by hours becoming lower-cost time periods in scenarios with extensive

changing the demand for natural gas, which in turn impacts the PV deployment. The number of low-price (less than $1/MWh) hours

price. is significant in 2050, with all regions experiencing at least hun-
o Increased VRE levels lead to changes in time-of-day price pat- dreds of low-price hours in the Mid-case.

terns and to a significant number of low-price hours. Currently,
afternoon periods typically have the highest prices, but the most
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Fig. 9. Generation dispatch for the week with the highest hourly ramp the Mid-case scenario.
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Fig. 11. National average marginal energy price by time of day for the summer season in the Mid-case (left) and Low RE Cost (right) scenarios.
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Fig. 12. Number of hours where the marginal energy prices are at or below $1/
MWh in each ReEDS region in 2050 for the Mid-case. The 134 ReEDS regions
have been sorted from those with the highest number of hours at or below $1/
MWh to those with the least.
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