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Keywords: In this paper we consider 38 forward- ooking scenarios of the U.S. e ectricity system and ana yze the impacts of
Wind increased variab e renewab e energy on system operation. We fnd increased demand for fexibi ity, which is
PV provided by a wide range of techno ogies. We a so observe changes in the timing of the highest and  owest
Renewab e energy integration e ectricity prices, as we   as an increase in the number of very  ow energy price hours. 
E ectricity prices 

1. Intr ducti n 

Wind and PV have experienced signifcant growth over the past
decade, and near y ha f of uti ity-sca e capacity additions in 2017 were
from these two techno ogies (EIA, 2018a). This growth has not occurred
uniform y across states—much of the growth has been in areas with
higher wind or PV resources or in areas with strong po icy support. And
as is obvious by their name, variab e renewab e energy (VRE) tech-
no ogies, which we defne as wind and PV (both uti ity-sca e and
rooftop), a so vary in production through the year,  eading to times of
the year with higher penetration  eve s than other. Fig. 1 shows the 
maximum month y penetration  eve s of VRE techno ogies for each
state. Two states (Iowa and Kansas) have experienced greater than 50%
generation from VRE techno ogies, and 15 states have seen VRE shares
of greater than 20%.

Even higher penetration  eve s have been observed on an in-
stantaneous basis. Tab e 1 summarizes the recent instantaneous pene-
tration  eve s in the restructured markets, which are often  arger than a
sing e state. Penetration  eve s of over 60% have been seen in CAISO
and SPP, and over 50% in ERCOT. Further dep oyment of VRE tech-
no ogies wi    ead to even greater penetration  eve s and change the way
that the grid is operated. This paper considers how increasing  eve s of
VRE might impact the operation of the e ectricity system. 

2. Scenari s 

For this work we use 38 power sector scenarios that are run using
the Regiona  Energy Dep oyment System (ReEDS) mode  (Eurek et a ., 
2016) and the distributed generation (dGen) mode  (Sigrin et a ., 2016). 

ReEDS projects the evo ution of the bu k power system through 2050
using system-wide  east-cost optimization, whi e dGen is a simu ation
mode  that projects consumer adoption of distributed techno ogies
through 2050. The scenarios inc uded in this work are summarized in
Tab e 2. A though more than 38 scenario settings are shown in the
tab e, the scenarios settings in blue  tal cs are part of the same Mid-case
scenario. The Mid-case scenario serves as the reference or base ine 
scenario for the resu ts presented in this work. These scenarios were
se ected in order to capture a breadth of trajectories of costs, perfor-
mance, po icy, and other drivers. The diversity of scenarios covers a
range of potentia  futures rather than focusing on a sing e-scenario
out ook. 

A though the mode s used to deve op the Standard Scenarios are
sophisticated, they do not capture every aspect that wi   impact the
evo ution of each scenario. For examp e, the mode s do not consider the
bui dout of natura  gas pipe ines, and they take a system-wide p anning
approach when making capacity bui d decisions. Therefore, resu ts
shou d be interpreted within the context of mode   imitations. A more-
comp ete  ist of mode  specifc caveats is avai ab e in the mode s’ doc-
umentation (see Eurek et a ., (Eurek et a ., 2016) section 1.4 and Sigrin 
et a , (Sigrin et a ., 2016) section 2.2).

In addition to the capacity expansion mode ing resu ts, the system
bui t out by ReEDS and dGen in 2050 in the Mid-case scenario was
converted to a PLEXOS input database. PLEXOS is a commercia  pro-
duction cost mode , which was used in this work to simu ate the hour y
operation of the Mid-case in 2050. Additiona  scenarios and years were
not run in PLEXOS do to the  imited resources to be ab e to perform
such a  arge amount of mode ing. 
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Fig. 1. Maximum observed month y penetra-
tion  eve s for VRE techno ogies by state.
Non-variab e renewab e penetration fractions
(which inc ude hydropower) are a so shown.
The season in which this maximum occurred is 
indicated by the co oring of the bars. 
Penetration fraction is defned re ative to tota  
generation in each state. The maxima are as of
Apri  2018 (EIA, 2018b). 

Table 1 
Maximum observed instantaneous penetration  eve s for VRE by ISO/RTO. 

Organization Energy sources Instantaneous Penetration Tota  power (GW) Date Source 

CAISO 

SPP 
MISO 
ERCOT 

NYISO 
ISO-NE 

Wind & So ar 

Wind 
Wind 
Wind 

Wind 
Wind and distributed PV 

64.6% 

62.1% 
N/A
54% 

9% 
19.3% distributed PV 
6.6% wind 

10,739 MW PV (June 29
12:33PM)
5139 MW wind (June 8 9:05PM) 
14,500MW 
15,600MW 
17,541MW 

1,571MW 
3,098MW 

5/26/2018 2:28PM 

03/31/2018
03/31/2018
10/27/2017, 02/19/2018
respective y
January 2016 
Apri  21, 2018 

Ju y 2018 CAISO
CEO reporta 

RTO insiderb 

S&P G oba  P attsc 

ERCOT quick facts Ju y
2018d 

NYISOe 

ISO-NE report and dataf 

PJM Wind 9% 6338 MW May 2, 2018 PJM Data Minerg 

a www.caiso.com/Documents/CEOReport-Ju 2018.pdf. 
b https://www.rtoinsider.com/spp-wind-penetration-record-89917/. 

https://www.p atts.com/ atest-news/e ectric-power/houston/midcontinent-independent-system-operator-set-21691338. 
d www.ercot.com/content/wcm/ ists/144926/ERCOT_Quick_Facts_72418.pdf. 
e www.nyiso.com/pub ic/webdocs/media_room/pub ications_presentations/Annua _Reports/Annua _Reports/Annua _Report_2016_FINAL.pdf. 
f http://isonewswire.com/updates/2018/5/3/a-regiona -frst-new-eng anders-used- ess-grid-e ectricity-m.htm . 
g http://www.pjm.com/markets-and-operations/etoo s/data-miner-2.aspx, https://www.iso-ne.com/markets-operations. 

3. Results 

We frst examine the Mid-case scenario to set a benchmark or 
base ine for the remaining resu ts. We then consider the fu   suite of 38
scenarios to understand how the power system operation evo ves with
increasing renewab e energy penetration. 

3.1. The M d-case scenar o 

The Mid-case scenario uses the reference case, mid-case, or defau t
assumptions for scenario inputs (see Tab e 2). In this way the Mid-case
scenario represents a reference case and provides a usefu  base ine for
comparing scenarios and eva uating the trends described in the fo -
 owing sections. Important y, the Mid-case scenario does not necessari y
refect a most- ike y scenario.

Fig. 2 shows the generation and capacity mix through 2050 for the
Mid-case scenario. Tota  generation grows steadi y over time, and that
increased generation is met primari y by a mix of natura  gas combined
cyc e, PV, and wind generation. Coa  and nuc ear generation dec ine
s ow y over time as retirements reduce amount of avai ab e capacity for
e ectricity production. In the  ate 2040s, wind and PV generation in-
crease more rapid y to compensate for the more rapid retirements that
occur during this time period. The generation fraction for renewab e
energy, fossi , and nuc ear is 31%, 51%, and 16%, respective y, in 2030
and 50%, 42%, and 7% in 2050.

Capacity trends see the same genera  trends as was noted for gen-
eration. The re ative capacity factor of the various techno ogies is a so 

apparent as tota  PV capacity exceeds the capacity of any other tech-
no ogy type by 2050, but it trai s natura  gas combined cyc e (NG-CC)
and wind in terms of tota  energy generation due to its  ower capacity
factor. Nuc ear capacity factors remain constant over time at 90%,
whi e feet-wide coa  capacity factors increase to 76% by 2050. F eet-
wide NG-CC factors s ow y dec ine over time as the NG-CC units provide
increasing amounts of fexibi ity to respond to the variabi ity of the
renewab e energy generators.

Under the Mid-case scenario, the evo ution of the U.S. e ectricity
system toward one with higher shares of natura  gas and renewab e
energy occurs in near y a   states (Fig. 3). The regiona  distribution of
power p ants is estimated to be simi ar in 2050 as it was in 2017, with
the  argest generation  eve s occurring in states with the greatest e ec-
tricity consumption (e.g., Ca ifornia, F orida, and Texas). However,
proportiona  y  arger future renewab e dep oyment is found in some
states (e.g., Kansas and New Mexico) with particu ar y high-qua ity
wind and so ar resources. 

3.2. Evolv ng system operat ons w th  ncreas ng penetrat on of var able
renewable energy 

VRE penetration  eve s are projected to grow in across a   38 sce-
narios (Fig. 4). The most signifcant drivers of those considered in these
scenarios are renewab e energy cost and natura  gas prices. In the most
extreme scenarios, VRE penetration (on the  ow end) is bare y higher
than current penetration  eve s of 8.2% and (on the upper end) exceeds
70% penetration  eve s. 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  isted in blue  tal cs correspond to the settings used in the Mid-case scenario. 

Group Scenario Notes 

Electricity Demand Gr wth Reference Demand Growth 
Low Demand Growth 

AEO 2018 Reference 
AEO 2018 Low Economic Growth Rate 

Fuel Prices 

High Demand Growth 
Vehic e E ectrifcation 

Reference Natural Gas Pr ces 

AEO 2018 High Economic Growth Rate 
Adoption of p ug-in e ectric vehic es and p ug-in hybrid e ectric vehic es reaches 40% of sa es by
2050; 45% of charging uti ity-contro  ed, 55% opportunistic 
AEO 2018 Referencea 

Electricity Generati n Techn l gy
C sts 

Battery St rage C sts 

Financing Assumpti ns 

Existing Fleet Retirements 

Earth System Feedbacks 

Res urce and System C nstraints 

Low Natura  Gas Prices 
High Natura  Gas Prices 
M d Technology Cost 
Low REb Cost 
High RE Cost 
Low Wind Cost 
Low PV Cost 
Low Geotherma  Cost 
Low CSPc Cost 
Low Hydro Cost 
Low Ofshore Wind Cost 
Nuc ear Techno ogy Breakthrough 
M d Battery Storage Cost 
Low Battery Storage Cost 
High Battery Storage Cost 
M d F nance Project ons 
Extended Cost Recovery 
Reference Ret rement 

80-year Nuc ear Lifetime 
60-year Nuc ear Lifetime 
Acce erated Nuc ear Retirements 
Acce erated Retirements 

No Cl mate Feedback 
Impacts of C imate Change 

Default Resource Constra nts 
Reduced RE Resource 
Barriers to Transmission System
Expansion 

AEO 2018 High Oi  & Gas Resource and Techno ogya 

AEO 2018 Low Oi  & Gas Resource and Techno ogya 

2018 Annual Technology Basel ne (ATB) M d-case Project ons 
2018 ATB Renewab e Energy Low-Case projections 
2018 ATB Renewab e Energy High-Case projections 
2018 ATB Low-case projection for  and-based and ofshore wind 
2018 ATB Low-case projection for PV 
2018 ATB Low-case projection for geotherma  
2018 ATB Low-case projection for CSP 
2018 ATB Low-case projection for hydro 
2018 ATB Low-case projection for ofshore wind 
50% reduction in nuc ear capita  costs over a   years 
M d-case project on from 2018 ATB 
Low-case projection from 2018 ATB 
High-case projection from 2018 ATB 
F nanc ng values from 2018 ATB w th the 20-year cap tal recovery per od 
Capita  recovery period of 30 years 
L fet me ret rements for non-nuclear based on ABB Veloc ty Su te database; ABB, 2018 at-r sk nuclear 
ret red at 60 years, all other nuclear at 80 years. 
A   nuc ear p ants have 80-year  ife 
A   nuc ear p ants have 60-year  ife 
At-risk p ants retired at 50 years, a   others at 60 years 
Coa  p ant  ifetimes reduced by 10 years; At-risk nuc ear p ants retired at 50 years, a   nuc ear
p ants at 60 years 
No feedback due to changes  n the cl mate 
Temperature impacts on generators, precipitation, transmission, and demand; derived from
Integrated G oba  System Mode  (IGSM)-Community Atmosphere Mode  (CAM) c imate scenario 
Used for the M d-case scenar od 

25% cut to each resource in input supp y curves 
3x transmission capita  cost
No new AC-DC-AC interties 
2x transmission  oss factors 

P licy/Regulat ry Envir nment 
C mbinati n Scenari s 

Restricted Coo ing Water Use 
Current Law 
Low Natura  Gas Prices & Low RE 
Cost 
High Natura  Gas Prices & Low RE
Cost 
Low Natura  Gas Prices & High RE
Cost 
High Natura  Gas Prices & High RE
Cost 
Low Natura  Gas Prices & Low 
Geotherma  Cost 
High Natura  Gas Prices & Low
Geotherma  Cost 
Low Natura  Gas Prices & Low CSP 
Cost 

New construction may not use freshwater for coo ing 
Includes state, reg onal, and federal pol c es as of spr ng 2018 
AEO 2018 High Oi  & Gas Resource and Techno ogy & 2018 ATB Renewab e Low-Case
Projections
AEO 2018 Low Oi  & Gas Resource and Techno ogy & 2018 ATB Renewab e Low-Case
Projections
AEO 2018 High Oi  & Gas Resource and Techno ogy & 2018 ATB Renewab e High-Case
Projections
AEO 2018 Low Oi  & Gas Resource and Techno ogy & 2018 ATB Renewab e High-Case
Projections
AEO 2018 High Oi  & Gas Resource and Techno ogy & 2018 ATB Low-case projection for
geotherma 
AEO 2018 Low Oi  & Gas Resource and Techno ogy & 2018 ATB Low-case projection for
geotherma 
AEO 2018 High Oi  & Gas Resource and Techno ogy & 2018 ATB Low-case projection for CSP 

High Natura  Gas Prices & Low CSP
Cost 

AEO 2018 Low Oi  & Gas Resource and Techno ogy & 2018 ATB Low-case projection for CSP 

Low Natura  Gas Prices & Low Hydro
Cost 

AEO 2018 High Oi  & Gas Resource and Techno ogy & 2018 ATB Low-case projection for hydro 

High Natura  Gas Prices & Low Hydro
Cost 

AEO 2018 Low Oi  & Gas Resource and Techno ogy & 2018 ATB Low-case projection for hydro 

Low Natura  Gas Prices & Low 
Ofshore Wind Cost 

AEO 2018 High Oi  & Gas Resource and Techno ogy & 2018 ATB Low-case projection for
ofshore wind 

High Natura  Gas Prices & Low
Ofshore Wind Cost 

AEO 2018 Low Oi  & Gas Resource and Techno ogy & 2018 ATB Low-case projection for ofshore
wind 

a Natura  gas prices are based on AEO 2018 e ectricity sector natura  gas prices, but are not identica  due to natura  gas price e asticities bui t into the ReEDS
mode . See Co e et a . (2016) for more detai s. 

b RE = renewab e energy. 
CSP = concentrating so ar power. 

d See the ReEDS documentation (Eurek et a ., 2016) for detai s about defau t resource and system constraints. 

48% VRE penetration. production tax credit, whi e PV continues to grow across the fu   range
Fig. 5 shows the breakout of that VRE growth in terms of wind and of scenarios. Overa  , PV capacity tends to be higher than wind capa-

PV. Wind growth s ows in many scenarios after the expiration of the city, but wind generation is typica  y higher than PV generation due to 
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Fig. 2. U.S. power sector evo ution over time
for the Mid-case scenario. 
Annua  generation ( eft) shows e ectricity im-
ports from Canada and Mexico whi e insta  ed
capacity (right) shows storage capacity for the 
gray area. NG-CC is natura  gas combined
cyc e, NG-CT is natura  gas combustion tur-
bine, OGS is oi -gas-steam, and Geo/Bio is
geotherma  and biopower. 

higher capacity factors re ative to PV.
By 2050, the greatest nationa  VRE penetration occurs during spring

afternoons across a   scenarios. This is consistent with current  ocations 
(e.g., Ca ifornia) that have higher  eve s of PV dep oyment and sea-
sona  y  ower demand for power. The maximum spring afternoon VRE
penetration  eve s occur in the High NG Price + Low RE Cost scenario,
with an average spring afternoon VRE penetration of 87%, whi e the
minimum occurs in the Low NG Price + High RE Cost scenario at 23%.
However, the more important times for system re iabi ity and opera-
tions in higher VRE systems are  ike y to be the times of the year with
 itt e resource avai ab e. In most scenarios, that occurs overnight in the
summer; but in two scenarios, it occurs in the summer evenings. Not
surprising y, the highest and  owest minimum penetration  eve s occur
in the same scenarios as before (Low NG Price + High RE Cost and
High NG Price + Low RE Cost, respective y), with minimum summer-
time overnight  eve s ranging from 3% to 55% and summer evening
penetration  eve s ranging from 6% to 55%.

Fig. 6 shows the seasona  generation mixes across a subset of the
Standard Scenarios and high ights how the system is adapting to var-
ious  eve s of VRE. The springtime abundance of VRE is apparent in a  
four scenarios, with natura  gas and/or coa  generators turning down in
the spring to accommodate the additiona  VRE generation. The seasona 
variation in wind and so ar production is a so easi y seen, with so ar
producing the  argest fraction in spring and summer and the  owest in
winter, and wind producing the most in winter and spring, with the
 east in summer. In a   scenarios, the seasona  changes in natura  gas
generation indicate that natura  gas generators are providing a sig-
nifcant amount of seasona  fexibi ity to the system. Coa  generators
a so provide some fexibi ity, especia  y in the spring (by turning down)
and winter (by turning up), and especia  y when  ess gas generation is
avai ab e (High NG Price scenario). In the High RE Cost scenario, where
re ative y  itt e VRE is on the system, seasona  fexibi ity from the coa 
units is not needed, and the coa  units operate at essentia  y the same
fraction throughout the year.

That much of the fexibi ity needs of the system are met by natura 
gas is a so shown in Fig. 7. The feet-wide capacity factor of coa  in-
creases over time as o der,  ess-efcient units are retired, whi e the
capacity factor of the NG-CC feet dec ines. The  ow NG-CC capacity
factor provides signifcant fexibi ity for providing reserves and for
meeting demand during periods of high  oad and  ow VRE generation.
Other sources of fexibi ity inc ude new transmission capacity and sto-
rage. Except for the High Cost Transmission scenario,  ong-distance
transmission increases by 3% to 36% from 2018 to 2050 across the
scenarios (the High Cost Transmission scenario on y increases trans-
mission by 0.8%). The average storage capacity across a   scenarios is
rough y doub e today’s storage dep oyment  eve .

A so seen in Fig. 7 is the increasing capacity factor of the wind feet 

as ta  er towers and  arger rotor diameters  ead to increased production,
and the s ight y dec ining capacity factor of so ar, due to bui dout in
 ower-qua ity resource  ocations over time. Nuc ear and Other RE (re-
newab e energy) capacity factors remain constant at 90% and 45%
respective y. Coa  capacity factors increase over time as  ess efcient or
underuti ized units retire. 

More-detai ed system operation for the Mid-case in 2050 is shown in
Figs. 8 and 9, which were generated using an hour y production cost 
mode . Fig. 8 shows the week with the highest nationa  peak demand,
which reaches 900 GW. PV generation is abundant during the daytime,
whi e wind has higher generation overnight. The bu k of the variabi ity
is met by NG-CC units, but as the PV output dec ines, NG-CT, storage,
and any fexib e hydropower units a so respond to the changing gen-
eration. Coa  and nuc ear provide a near-constant stream of power
throughout the week. Fig. 9, on the other hand, shows the week with
the  argest hour y ramp by the non-VRE generation. Load is much
steadier between day and night, but VRE generation can vary con-
siderab y. NG-CC units continue to provide the bu k of the fexibi ity,
but NG-CTs, hydropower, coa , storage and curtai ed VRE (during both
daytime and nighttime hours) a so provide nontrivia  amounts of fex-
ibi ity.

Tab e 3 summarizes the re evant metrics for VRE for the Mid-case 
scenario in 2050 using the hour y production cost mode  resu ts. The
maximum hour y generation occurred in the summer afternoon, but the
maximum hour y VRE penetration (as a share of tota  generation) oc-
curred in the spring afternoon during a period of re ative y  ower  oad.
The range in abso ute and re ative hour y VRE  eve s varies by an order
of magnitude over the course of a year. 

3.3. Impact of  ncreased VRE penetrat on on pr ces 

Simi ar to what has been observed historica  y, (Wiser et a ., 2017)
the re ationship between the margina  energy price and natura  gas
prices is  inear, with higher gas prices  eader to higher margina  energy
prices (Fig. 10). This re ationship ho ds across the fu   suite of scenarios.
However, scenarios with  ow renewab e energy costs genera  y have
 ower natura  gas prices This is because at higher renewab e energy
penetrations,  ess natura  gas is used to meet system needs. The  ower
natura  gas demand  eads to  ower natura  gas prices, but because
natura  gas generators are sti    arge y on the margin, they are sti  
setting the margina  price. The opposite efect is true of the high re-
newab e energy cost scenarios; specifca  y, high renewab e energy
costs  ead to a greater demand for natura  gas, which in turn  eads to
higher prices. Thus, one of renewab e energy’s efects on the annua 
average margina  energy price is its impacts on the demand for natura 
gas. In turn that imp ies that how one treats the e asticity of natura  gas
can have a signifcant impact on the abso ute  eve  of e ectricity prices 
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Fig. 3. The U.S. power system evo ves from the current system (top) to one powered primari y by wind, so ar, and natura  gas capacity (bottom) in a   regions in the
Mid-case scenario. 

anticipated.
One of the other efects of renewab e energy on the margina  energy

prices is seen in Fig. 11, which shows the margina  energy price in the
summer for the Mid-case and Low RE Cost scenarios. The average
margina  energy price at the start of the eva uation period is highest in
the afternoon and  owest overnight. However, as VRE resources grow,
that re ationship changes. In the Mid-case scenario, the evening be-
comes the most expensive time of day because of the increase in PV
dep oyment, and the  owest-cost period shifts to mornings. The Low RE
Cost scenarios considers the efects of even higher VRE dep oyment. In
this scenario, the afternoon becomes the  owest-cost period, but as in
the Mid-case, the evening is the most expensive period for most of the
mode  horizon. 

Because the Mid-case was a so run in an hour y production cost 

Fig. 4. VRE penetration in the 38 scenarios. 
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Fig. 5. Annua  generation of wind ( eft) and PV (right) in the 38 scenarios.
PV inc udes both rooftop and uti ity-sca e PV. 

mode , additiona  granu arity is avai ab e in mode ed e ectricity prices
for that scenario. Fig. 12 shows the number of hours in every ReEDS
ba ancing area where the margina  energy price is at or be ow $1/MWh.
A   ba ancing areas have prices at  ess than $1/MWh for at  east 100 h of
the year, and more than ha f see fewer than 1000 of these  ow-price
hours. A few have more than 4000 h be ow this price thresho d. These
regions are typica  y remote (and  ow- oad) regions near the edge of an
interconnection with much high-qua ity wind resource. The hours with
 ess than $1/MWh margina  energy price comprise 10% of the tota 
annua   oad and represent 14% of a   hours in the year. For reference, in
2016  ess than 2% of hours in rea -time markets had negative prices,
and outside of Ca ifornia there were virtua  y no negative price hours in
the day-ahead markets (Ca ifornia had negative prices in ∼0.5% of
hours in the day-ahead market) (Wiser et a ., 2017). 

Fig. 7. F eet-wide capacity factors over time in the Mid-case scenario for the
techno ogy categories shown.
NG-CC is natura  gas combined cyc e, Other RE inc udes hydropower, bio-
power,  andf   gas, and geotherma . 

Fig. 6. Generation fraction by season for the Mid-Case (top  eft), High NG Price (top right), High RE Cost (bottom  eft), and Low RE Cost (bottom right) scenarios in 
2050. 
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Fig. 8. Generation dispatch for the week with the highest peak  oad day in the Mid-case scenario. 

4. C nclusi ns 

In this work we presented resu ts from 38 scenarios of the U.S.
e ectricity sector that were mode ed using the ReEDS and dGen capacity
expansion mode s. Key fndings from ana yzing these scenarios inc ude: 

• Wind and s lar capacity gr w signifcantly acr ss nearly all
scenari s. Natura  gas prices and renewab e energy costs are sig-
nifcant drivers of the  eve  of growth, and combinations of those
two factors can  ead to very high  eve s of growth, or very  imited
growth.

• Increasing shares  f VRE lead t  increased needs f r seas nal
and h urly fexibility. The variation across seasons, time of day,
and hours observed in these scenarios from VRE require some  eve 
of fexibi ity from the rest of the generation feet in order to ensure
supp y and demand are a ways in ba ance. Wind and PV can a so
comp ement one another in dai y and seasona  trends. 

• Future scenari s sh w higher levels  f  verall fexibility. Lower 
NG-CC capacity factors, increased transmission bui ds, and in-
creased storage dep oyment  ead to more overa   fexibi ity across
the system. Coa  and nuc ear operate with high capacity factors even
with these higher  eve s of VRE. 

• Marginal electricity prices c ntinue t  be impacted primarily
by natural gas prices. The mode ed scenarios showed a  inear re-
 ationship between natura  gas prices and margina  e ectricity prices
across most scenarios. Scenarios with higher or  ower renewab e
energy dep oyment tended to impact the e ectricity prices by
changing the demand for natura  gas, which in turn impacts the
price.

• Increased VRE levels lead t  changes in time- f-day price pat-
terns and t  a signifcant number  f l w-price h urs. Current y,
afternoon periods typica  y have the highest prices, but the most 

Table 3 
Summary of nationa  VRE metrics from the Mid-case scenario for 2050 using
the hour y production cost simu ation. 

Metric Leve  Occurrence 

Maximum hour y VRE penetration 
Minimum hour y VRE penetration 
Maximum VRE generation 
Minimum VRE generation 
Maximum VRE curtai ment 

77.2% Mid-afternoon in Apri  
8.2% Ear y morning in September 
549,500 MW Mid-afternoon in June 
41,400 MW Ear y morning in September 
147,700 MW Mid-afternoon in March 
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Fig. 10. Margina  energy price versus natura  gas price for each ReEDS ba -
ancing areas in each year for the Mid-case, Low NG Price, and High NG Price
scenarios. 

expensive period tends to shift to the evening, with the daytime
hours becoming  ower-cost time periods in scenarios with extensive
PV dep oyment. The number of  ow-price ( ess than $1/MWh) hours
is signifcant in 2050, with a   regions experiencing at  east hun-
dreds of  ow-price hours in the Mid-case. 

Fig. 9. Generation dispatch for the week with the highest hour y ramp the Mid-case scenario. 
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Fig. 11. Nationa  average margina  energy price by time of day for the summer season in the Mid-case ( eft) and Low RE Cost (right) scenarios. 

Fig. 12. Number of hours where the margina  energy prices are at or be ow $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 be ow $1/
MWh to those with the  east. 
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