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Solar and wind grid system value
in the United States: The effect of transmission
congestion, generation profiles, and curtailment

DevMillstein,1,2,* RyanWiser,1 AndrewD.Mills,1Mark Bolinger,1 Joachim Seel,1 and Seongeun Jeong1

SUMMARY

The value of electricity generated from wind and solar sources de-
clines as supply increases. This decline in value has varied over
time and across regions, indicating that strategies to mitigate value
decline will need to be carefully targeted. To help guide develop-
ment of these strategies, we empirically determine wind and solar
value at �2,100 plants within United States wholesale markets by
using local prices and plant-specific generation profiles. We deter-
mine how each plant loses (or gains) value because of its output pro-
file, transmission congestion, and curtailment. In regions where
wind or solar account for roughly 20% of electricity generation, its
value is 30% to 40% below the regional average value of a flat
output profile at all plants. Solar value reductions are most sensitive
to output profile and wind value reductions are sensitive to both
profile and congestion, region dependent. Curtailment was not a
major source of value reduction.

INTRODUCTION

Variable renewable energy (VRE), referring to solar and wind power in this study, is

essential to cost-effectively decarbonizing the electricity grid. As VRE provides a

greater portion of electricity, the value of electricity during windy or sunny hours de-

clines due to the low marginal cost of VRE. This value decline might be larger than

future cost declines because of learning.1,2 Other studies expect substantial VRE

cost declines3–6 but highlight the key challenge of value decline (or more generally,

system integration questions7–10). The possibility of losing the race between

declining cost and value puts decarbonization goals at risk and has led to calls for

ambitious research and development efforts to cut the cost of VRE technology11

or for more direct policy support.12 Although there is no consensus as to the exact

portion of future electricity generation VRE might provide, it is clear that the rela-

tively low cost of VRE generation means that high penetrations are feasible and

that the scope of VRE value decline will heavily influence VRE’s deployment

potential.

The mechanics of VRE value decline are complex, producing varying results across

regions and time periods. This is evidenced by the variety of results found in empir-

ical studies from Europe,13–25 Australia,26 and the United States.27–31 These studies

mostly focus on a concept related to VRE value decline, the ‘‘merit order effect,’’

which quantifies the deflation of overall average wholesale power prices due to

VRE output. There are only a limited number of empirical studies in the United States

that focus specifically on how wind or solar values differ from average electricity

values. Studies in Texas32 and California33,34 evaluate the relatively low value of

Context & scale

Substantial adoption of wind and

solar energy generation is

essential to meet decarbonization

goals. As the supply of these

resources increases, the value of

electricity during sunny or windy

hours declines in relation to the

average value of electricity. Left

unchecked, this value decline

might put practical limits on the

expansion of wind and solar and

threaten decarbonization goals.

We evaluate the causes of wind

and solar value decline, calculated

from energy and capacity

potential revenues at plants

across the US. We show that the

dominant cause of value decline

(output profile, transmission

congestion, or curtailment) varies

between wind and solar, and by

region. Policy makers, regulators,

and researchers can use these

results to inform decisions about

which value decline mitigation

strategies to pursue, choosing

between technological strategies,

such as energy storage or altered

plant design, transmission and

infrastructure strategies, and

policy and regulatory strategies.
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This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

1749

ll
OPEN ACCESS

http://crossmark.crossref.org/dialog/?doi=10.1016/j.joule.2021.05.009&domain=pdf
http://creativecommons.org/licenses/by/4.0/


VRE generation (versus average electricity value), and highlight interesting dynamics

between VRE and other types of power plants (for example, solar generation has

improved the value of flexible gas combustion turbine plants in relation to combined

cycle plants). Brown and Sullivan35 calculated solar value at all electric system price

nodes. They also evaluated the solar value decline between 2010 and 2017. These

studies provide important insights into value decline in the US but leave a number

of questions unanswered. Specifically, existing peer-reviewed empirical studies in

the US do not provide a national assessment of wind value decline and do not assess

the relative importance of different underlying causes of value decline. These topics

are important to study because the first step toward designing effective value

decline mitigation strategies is to understand the root causes of value decline and

how these causes vary by location and technology.

We address these research gaps by providing an empirical assessment of the grid-

system value of �2,100 existing utility-scale wind and solar plants across the

contiguous US. We use the term ‘‘value’’ to reflect the energy and capacity revenue

potential for wind and solar generation in a wholesale market environment. We

analyze regional differences in value decline over the past decade. We then assess,

for each plant, what causes the difference between its value and the overall average

value of electricity. To do this, we decompose the observed value differences into

three separate causes: output profile, transmission congestion, and curtailment.

This decomposition loosely builds on concepts from modeling efforts9,36 and com-

plements evaluations of VRE integration costs37–40 and efforts to identify value

decline mitigation strategies.8,41–45 We also compare recent value decline trends

with forward-looking modeling studies, providing context for how these trends

might evolve in the future.We take care to develop realistic temporal profiles of gen-

eration—each wind and solar plant is modeled individually, and the resulting output

is then bias corrected with a combination of records from various sources, including

hourly records where available. We estimate hourly plant-level curtailment on the

basis of plant characteristics, regional curtailment reports, and local pricing pat-

terns. In the following sections, we first present overall trends to VRE value, followed

by detailed analysis of value broken into the above-mentioned components. These

results are followed by a brief comparison between value and cost trends. We

conclude with a discussion of key insights relevant to system planners and policy

makers.

RESULTS AND DISCUSSION

In the next sections, we explore how VRE value differs across regions and declines

over time with increasing penetration into electricity markets (wind and solar

value). We then investigate the underlying drivers of differences in VRE value

over time and region (wind and solar value differences due to profile, transmission

congestion, and curtailment). We examine how each plant’s value is impacted by

its output profile and by the transmission congestion and curtailment that it faces.

We aggregate this information to find regional trends to causes of VRE value dif-

ferences. We note that our analysis of wind and solar value differences due to pro-

file, transmission congestion, and curtailment is split into three parts, with the first

part focused on trends in energy value. This first part comprises the bulk of the

analysis in this section. Trends to capacity value are then treated briefly, followed

by a discussion of potential solutions to value decline. Our focus on energy-value

trends is motivated by the fact that energy values are larger than capacity values in

most regions and also more heterogeneous within regions. Finally, we briefly

compare time series of VRE value with VRE costs to provide insight into likely

1Lawrence Berkeley National Laboratory,
Environmental Technologies Area, Berkeley, CA
94720, USA
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near-term implications of observed value changes (value decline in the context of

cost decline).

Value coverage

Wequantify two important sources of wind and solar value: ‘‘energy value’’ (the value

of the generation based on concurrent local wholesale prices) and ‘‘capacity value’’

(the additional value of providing generation during peak demand hours, thereby

offsetting the need for additional generation capacity). That said, and as mentioned

above, the bulk of our analysis focuses on energy value. We do not explore the value

that VRE creates by reducing emissions of criteria air pollutants and greenhouse

gases. However, the environmental and public health values are relatively large46,47

and clearly a motivating factor for much of the policy support of VRE. Currently,

though some regional emissions trading programs exist, these external benefits

are mostly excluded from wholesale electricity market pricing (see Millstein et al.47

for further discussion of some of these emission markets). We also exclude other po-

tential value streams such as ancillary services. Ancillary services might have high

value, but the total amount needed is small. Thus, ancillary services typically make

up less than about 1% of the wholesale cost of power.48 Additionally, most wind

and solar plants do not participate in ancillary services, and finally, we only use

real-time prices to determine energy value. Real-time prices are ‘‘physical’’ prices,

in the sense that they depend on the actual dispatch of resources and realized sys-

tem conditions and thus provide a representation of the underlying marginal cost to

meet observed grid system needs. That said, by excluding representation of day-

ahead prices, and associated forecast uncertainty, we do not account for the costs

associated with ‘‘balancing’’ VRE generation with prior generation forecasts. We

are comfortable with this exclusion because balancing costs are generally found

to be small compared with other VRE costs.38,40

To summarize, our framework captures the major value streams for VRE that are

internal to electricity markets (i.e., excluding environmental benefits). We are inter-

ested in how and why VRE value declines with penetration, and our scope can cap-

ture the major factors that influence that decline. In contrast to using empirical en-

ergy and capacity prices, the change in VRE value with penetration can be

estimated with a power system simulation model. Power system simulations do

not have the fidelity to capture all of the real constraints in power systems, but

models are needed to evaluate the impact of alternative scenarios or future

scenarios.

Important terms: A ‘‘value difference’’ is the difference between a single plant’s value

and the regional average value of all plants (as described below) for a particular year

and region. ‘‘Value reduction’’ and ‘‘value premium’’ indicate a negative or positive

value difference. ‘‘Value decline’’ describes the trend toward greater value reduc-

tions for VRE plants with increasing VRE penetration.

A plant’s total value is the sum of its energy and capacity value. We calculate the en-

ergy value of each VRE plant based on the product of its hourly output and its loca-

tion specific hourly price. Capacity value is based on capacity market prices and ca-

pacity credit rules within each independent system operator (ISO), along with each

VRE plant output profile. To find a regional average value for wind or solar plants, the

generation-weighted average of value is taken across all wind or solar plants.

Similarly, to find the regional average value of all plants, the generation-weighted

average value is taken across all plants (non-VRE and VRE) in the region, where plant
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generation is based on reported generation totals. In this case, both energy and ca-

pacity value are calculated based on the assumption of a flat generation profile at all

plants. We call this the value of a ‘‘flat block’’ of power, and we often refer to this

regional average value as the ‘‘flat block value.’’ Our use of a flat block value for

the comparator to VRE value is consistent with some prior ‘‘value factor’’ litera-

ture.34,35,49 Additional discussion is included in the experimental procedures.

Integration costs

Although we explore VRE value decline, this topic is fundamentally similar to the

question of VRE ‘‘integration’’ costs.37–40 In our case, observed VRE value decline

can be interpreted as a rough approximation of increased VRE integration costs,

though our formulation of value decline does not allow for an assumption of exact

equivalence. Note, Ueckerdt et al.37 provide more details on the equivalence be-

tween VRE integration costs and VRE value decline. Research on integration costs

can provide important additional context for our findings. Throughout the following

sections we will reference integration cost literature and rely on the underlying con-

ceptual similarity for our discussion.

Regions

We analyze value across the seven major electricity markets, the California indepen-

dent system operator (CAISO), the Electric Reliability Council of Texas (ERCOT), the

Southwest Power Pool (SPP), the Midcontinent Independent System Operator

(MISO), the PJM Interconnection (PJM), the New York Independent System Oper-

ator (NYISO), and the New England Independent System Operator (ISO-NE). For

convenience, we refer to these regional operators as ISOs (i.e., Independent System

Operators), although some of the regions are deemed regional transmission opera-

tors (RTOs); the difference between ISO and RTO is unimportant in this context. The

ISOmarkets are organized geographically by locational marginal price (LMP) nodes.

In 2019, there were roughly 50,000 LMP nodes covering the seven ISO markets and

linked to neighboring regions. At most of these nodes, prices vary at a fine temporal

scale (often 5 min) based on security constrained unit commitment and dispatch. We

focus on hourly average prices at these nodes for computational tractability and

because modeled wind speeds are available only at the hourly resolution.

Wind and solar values

The energy and capacity value of wind, solar, and flat block of power varied signif-

icantly by region (Figure 1). In all regions but CAISO and ISO-NE, solar was more

valuable than flat block power. Wind generation was less valuable than flat block po-

wer in all regions.

The relative value of wind or solar was correlated with the level of penetration of wind

and solar in each ISO. Figure 2 shows annual wind and solar value factors (the ratio of

wind or solar value to flat block value, including both energy and capacity value) as

they have developed over time, from 2012 to 2019. Solar and wind were less valu-

able than flat block power (represented by a value factor of less than 1.0) where solar

and wind penetrations are higher, such as in CAISO for solar and in ERCOT and SPP

for wind. Solar’s value factor was 1.4 when averaged across ISOs and years where so-

lar penetration was below 3% (though there was a wide range around that average),

but dropped by half, to 0.7 at higher solar penetrations of almost 20% (though solar

penetration was only this high in CAISO). Wind’s value factors averaged to 0.8 at

penetrations of less than 3% and dropped to 0.6 in regions with higher penetrations

near 20%. This is a roughly 25% reduction in value factor. The fact that solar’s value

generally exceeded that of wind at low solar penetration (as clearly demonstrated in

ll
OPEN ACCESS

1752 Joule 5, 1749–1775, July 21, 2021

Article



the right panel of Figure 2), but then declined more rapidly with higher penetration,

is consistent with the broader literature.8,35,50–52

The early trajectory of value factors, as penetration levels range from 0% to 20% or

30%, can be described by a logarithmic function (Figure 2; Table S1). This functional

form allows for a steep decline as initial penetration increases to �5%, followed by a

decelerating decline as penetration increases past 20%. The observed data roughly

fit this form with some interesting exceptions. For solar, the logarithmic fit applies

when not distinguishing by region, but if we focus only on CAISO, the only region

with solar penetration much above 5%, we see that a linear decline in value factor

might be a better fit.

For wind, there are multiple instances where, in certain regions, the value factor

counterintuitively increased with increased penetration. For example, in ERCOT,

the lowest value factor for wind occurred at a relatively low wind penetration level

(�5%). In SPP, we saw a recent upward jump in value factor, followed by a resump-

tion of decline. Upward movement in value factor can be caused by a number of

A B

Figure 2. Wind and solar value factors decline with increasing penetration

(A and B) VRE value factors generally decrease with penetration, but the path has tended to be

convoluted (A). Despite the complexity, the relationship between value factors and penetration can

roughly be described by a logarithmic function (B) though not for CAISO solar. Value factor refers to

the ratio of wind or solar generation value to flat bock value. In this case, each value calculation

includes both energy and capacity value. For solar, value is calculated for utility-scale plants, but

the penetration level is defined by the sum of utility and distributed solar generation. See also

Table S1.

Figure 1. Wind, solar, and flat-profile values by region in 2019

In most ISO regions, wind generation was less valuable than a flat block of power, while solar

generation was more valuable than a flat block of power. Most of the value across these categories

was derived from wholesale energy (solid color), but capacity value (hatched pattern) contributed

an important portion of total value in some regions. Note that ERCOT does not have a capacity

market, but scarcity pricing was included in the energy value in ERCOT.
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factors (e.g., changes in the mix of generation resources or changes in wholesale

market rules), but of particular interest here, it can be caused by specific actions

taken that mitigate value decline. For example, the increase in value factor in ERCOT

as wind penetration levels moved toward 10% was a result of transmission build

out.53 In CAISO, the wind value factor increase with penetration has been attributed

to the increase in solar generation during the same time period, which has pushed

peak demand periods into the evening, closer to the timing of peak wind re-

sources.8,33,34 The complexity of the value factor and penetration relationship pro-

vides additional motivation to investigate what drives the value differences (the

topic of the next section).

Despite the specific instances described above, where value increased with penetra-

tion, the empirical data matches modeled projections of value decline well. For

example, Mills and Wiser7 anticipated a linear decline in solar value factor in CAISO

that closely follows the trend observed here. Mills and Wiser7 also anticipated a

more logarithmic-shaped value decline for wind out to 30% penetration, which

was realized across regions, but not specifically in CAISO, asmentioned above. Simi-

larly, Ueckerdt et al.37 described a more linear pattern for solar value decline and a

logarithmic pattern for wind value decline as penetration ranges from 0% to �30%

(though, these trends are presented as patterns in integration costs, rather than

value decline—they are roughly equivalent as mentioned earlier).

The relative match of empirical trends to these modeling studies can be seen in a bit

of an ominous light, however. Ueckerdt et al.37 indicated an acceleration in value

decline (or integration costs) for VRE that begins somewhere between 20% and

30% penetration level. Mills and Wiser7 also found this acceleration for wind.

Thus, it is possible the empirical record to date provides a false sense of stability

for value decline trends, and that soon, the trends will break for the worse. Ueckerdt

et al.37 describes the accelerated value decline that occurs between 20% and 30%

penetration level, a function of accelerating ‘‘overproduction’’ costs, and Denholm

and Margolis54 find a similar result when examining potential solar penetration.

We will return to the subject of ‘‘overproduction’’ costs later after we disaggregate

value differences by profile and curtailment components. Similarly, Mills and Wiser7

indicate that both the frequency of close to zero prices and curtailment begin to

accelerate as wind penetration rises between 20% and 40%. Thus, all of these

modeling examples provide fair warning that there is a possibility of enhanced future

value decline as generation during windy or sunny hours reaches saturation.

Wind and solar value differences due to profile, transmission congestion, and

curtailment

In the prior section we presented an overview of VRE value and how it compared with

flat block value. The goal of this section is to explore how (1) generation profile, (2)

transmission congestion, and (3) curtailment drive variation in VRE value. The

approach to isolating these three drivers of value difference is described in detail

in the experimental procedures section, but key points are summarized here.

The key concept is that the three causes of value differences (profile, congestion, and

curtailment) sum to the total difference between VRE value and flat block value.We can

thus call each of these value differences a component of the overall value difference. A

typical situation in a high penetration region is that each component is negative, and

onewould see a ‘‘cascade’’ of value reduction from the flat block value down to the VRE

value. But, of course, there are cases wherewind and solar plants have a value premium

over the region’s flat block value, so the example of a cascade of reductions only
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applies in certain cases. Either way, the sumof the three components always equals the

total difference between flat block value and wind or solar value. The components of

value differences can be calculated either for a single plant or as a weighted average

across all plants of a single type (i.e., solar or wind) in a region.

Decomposing of value decline (or system integration costs) is not trivial, andmultiple

approaches have been proposed and implemented.9,36–40 One particular concep-

tual challenge for many approaches is that there are interactions between the com-

ponents. In our formulation, for example, transmission congestion is a function of

both location and timing, that is, a collocated wind and solar plant would face

different levels of transmission congestion. This result is fairly intuitive, however,

and we do believe interaction between the terms is limited in a practical sense—

when we discuss potential solutions to VRE value reductions, we show an example

of how transmission infrastructure investments have curbed congestion value reduc-

tions while having little effect on profile value differences. In the results below, we

discuss interactions between components where they are contextually important.

Here, we provide a brief qualitative description of each component. The profile

value difference represents a comparison between a VRE profile and a flat profile.

Critically, a plant’s profile is applied to the price series at all plant locations (VRE

and non-VRE) in a region, and the average value across all these locations is

compared with the region’s flat block value. This metric finds the relative value of

a particular output profile across a region, and each plant’s profile value difference

is independent of that plant’s location.

The transmission congestion value difference is found by comparing the regional

value of a plant’s profile (as calculated above) with the value of that profile at the spe-

cific plant location. This addresses transmission congestion because if a plant’s

output profile is more valuable at other plant locations in the region, then it is trans-

mission congestion that prevents the plant from obtaining this higher value.

Finally, the curtailment value difference is found by including curtailed generation in

a plant’s value assessment. That is, the denominator of each plant’s annual revenue

($) to generation (MWh) ratio is increased from the recorded output to the sum of

recorded output and curtailed output. Our formulation was created with the

assumption that curtailment occurs when prices are negative or close to zero. Our

formulation does not allow for curtailment to increase the value of wind or solar.

The value calculations in the above wind and solar values section summed together

both energy and capacity values. In the sections below, we analyze energy and ca-

pacity value separately. We follow this with a discusion of potential solutions to VRE

value reductions and decline.

Energy value

Wind and solar penetration and energy value differences in 2019 are shown for each ISO

in Table 1. The total value decline in 2019 is also shown at each plant in Figures S1 and

S2. Although value reductions were generally larger at higher penetration levels, there

were exceptions. For example, NYISO, had a similar wind value reduction to MISO but

only a third of the wind penetration. Another example is that CAISO had roughly double

the wind penetration of ISO-NE and PJM, but a similar wind value reduction.

By decomposing the value difference in each region and at each plant, we can

explain why some region’s wind or solar values were reduced more than would be
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expected on the basis of penetration alone. Beyond this, we can explore a number of

questions related to how value differences vary between wind and solar, and across

and within regions. Below we discuss a few of these key questions.

Why do some regions with low wind penetration have high wind value re-
ductions?. We mentioned two examples of this above. First, we mentioned that

NYISO had a larger wind value reduction than other regions with similar wind pene-

tration levels. This is due to substantial transmission congestion that NYISO wind

plants faced (Figures 3 and 4). In fact, on an average, the output profile of NYISO

wind plants was slightly more valuable than a flat block profile, and the curtailment

value reduction was small. Thus, the total energy-value reduction was almost entirely

due to congestion. Wind value reductions in ISO-NE, MISO, and PJMwind were also

mostly due to transmission congestion, which is why ISO-NE and PJM had similar

overall wind value reductions to CAISO despite having half the level of wind

penetration.

In regions with high wind penetration, what drives overall wind value reductions?.

Wind penetration in SPP, ERCOT, MISO, and CAISO was 28%, 20%, 9%, and 7%,

respectively. In the two most wind-heavy regions, SPP and ERCOT, wind value

Table 1. Penetration and energy value difference in 2019

SPP ERCOT MISO CAISO NYISO ISO-NE PJM

Wind penetration (%) 28 20 9 7 3 3 3

Wind value difference (%) �42 �46 �27 �10 �20 �11 �9

Solar penetration (%) 0.4 1 0.4 19 2 4 1

Solar value difference (%) +40 +58 +7 �37 +31 �10 +17

Penetration is determined on an energy generation basis (not capacity basis).

Figure 3. The percent difference to the energy value of generation from wind and solar plants

versus average flat block generation in 2019

The $/MWh bounding values are listed in columns on the sides of the figure (the flat block value is

listed in duplicate on both the wind and solar side for ease of reference). Wind and solar market

values refer to the generation-weighted average energy value of wind and solar plants.
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Figure 4. Wind energy value differences by cause in 2019, shown in $/MWh
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reduction was split between profile and congestion. In ERCOT, the profile value

reduction for wind was particularly large. The implication of this split suggests that

additional intra-regional transmission in ERCOT, and to a certain extent, SPP, would

only partially alleviate the wind value reduction, because, though new transmission

would reduce the congestion issues, it would not address the profile value reduc-

tion. One interesting detail to note, the wind patterns along the gulf coast of ERCOT

were different enough from the inland wind patterns that they led to a profile pre-

mium (Figure 4). The profile value of the coastal wind plants was substantially greater

(> $10/MWh) than inland plants, but coastal wind plants did face congestion value

reductions.

How do solar value differences compare to wind value differences?. Unlike wind,

which saw value reductions in all regions, solar had an overall energy value premium

in five of seven regions in 2019 (Figures 3 and 5; Table 1). However, these five re-

gions had low solar penetration levels (<2%). CAISO and ISO-NE had higher pene-

tration levels, 19% and 4%, and solar value reductions of 37% and 11%, respectively.

In CAISO, the solar value reduction was similar in magnitude to the wind value reduc-

tion seen in SPP, ERCOT, and MISO. Also, the ISO-NE wind and solar penetration

levels and value reduction were of similar magnitude. Thus, despite the high value

premiums in low solar penetration regions, CAISO and ISO-NE provide evidence

that once significant solar penetration is achieved, solar faces similar value reduc-

tions as wind.

In regions with high solar penetration, what drives the overall solar value re-
ductions?. The solar value reduction in CAISO and ISO-NE was largely a result of

solar’s output profile. In one sense, this is counterintuitive, as low solar penetration

regions, for example, ERCOT and SPP, showed a notable profile premium in 2019.

Solar generation was generally well aligned with overall load. However, solar’s

inherent temporal limitations (daytime only) means that an increase in annual pene-

tration level is concentrated in a relatively few number of hours compared with the

same increase in wind penetration level. Thus, we see that even ISO-NE with 4%

penetration shows a solar value reduction. Congestion, on the other hand, has not

played a major role in reducing solar value. Overall, solar faces fewer limitations in

siting than wind, and as a result, solar power received a congestion premium in

four regions and a small congestion reduction in the other three regions.

How do value differences for solar and wind vary within regions?. In general, profile

value differences were stable across plants within the same region (Figures 4 and 5).

Themost interesting exception to this was the profile value of ERCOT gulf coast wind

plants mentioned earlier. Congestion value differences varied strongly across both

solar and wind plants within the same region. For example, solar located in or around

the major urban areas of California (San Diego, Los Angeles, and San Francisco)

received a congestion premium, whereas solar located in California’s Central Valley

or the Mojave Desert faced congestion reductions (Figure 5). Similarly, wind and so-

lar plants in the northern areas of NYISO and ISO-NE faced congestion reductions

and plants near the load centers of those regions saw premiums. We saw similar

geographic diversity in congestion impacts across MISO and PJM.

How much value reduction is seen from curtailment?. We found that curtailment

only causes marginal value reduction on a regional average basis. In 2019, 2.6%

of national wind output was curtailed. Of all regions, MISO, with 5.5%, had the

most wind curtailment.55 Similarly, 2.4% and 5.0% of solar output was curtailed in

CAISO and ERCOT, respectively, with negligible levels in other regions.56
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Figure 5. Solar energy value differences by cause in 2019, shown in $/MWh
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Curtailment generally occurs during hours of high supply and thus low, often nega-

tive, prices. Thus, the value of curtailed energy is low. Although curtailment of VRE

has often been seen as a worrisome problem, O’Shaughnessy et al.57 provide a

multi-country description of VRE curtailment and its impacts, and they suggest

that the cost efficient VRE integration strategies will target an ‘‘optimal’’ amount

of curtailment rather than target elimination of curtailment. Here, optimal could

be defined by meeting multiple objectives, for example, minimizing costs and emis-

sions across the electric system. The mild value reduction to VRE because of curtail-

ment is consistent with this suggestion. More generally, these results demonstrate

that, given current penetration levels, curtailment should not be the primary issue

of concern for those interested in mitigating value decline. Issues related to conges-

tion and correlated output profiles have sizable impacts that curtailment volumes

simply do not fully reflect. By extension, trying to reduce or eliminate curtailment,

without addressing congestion or profile value impacts, will only modestly address

value reduction.

How have profile, congestion, and curtailment value reductions changed as wind
and solar penetration increased?. Here, we return to the framework explored in

Figure 2. This time, however, we explore how the components of value differences

change as penetration increases (Figure 6; $/MWh value presented in Figure S3).

Profile value differences are highly correlated with penetration levels, but conges-

tion value differences are much less so. Profile value reductions roughly follow the

logistic curve (or linear decline for CAISO solar) discussed earlier with regard to Fig-

ure 2. In contrast, the largest congestion value reductions are found in relatively low

penetration regions (e.g., ISO-NE and NYISO for wind, and ERCOT for solar). In

some regions, congestion reductions eased as penetration increased (e.g., MISO

wind, CAISO wind and solar, and SPP wind). Overall, these trends suggest that

congestion value differences are highly system (or ISO) specific, whereas profile

value reduction increase with penetration in a roughly similar manner across systems

or curtailment.

Capacity value

Wind and solar value differences in capacity markets are dependent on the market

rules defined by each ISO. In ERCOT, for example, there is no capacity market, as

scarcity pricing in the energy markets is used to provide incentives for the mainte-

nance of sufficient capacity. Capacity value is dependent on the output profiles of

individual plants in some regions, but not in others; for example, in CAISO, capacity

value is not dependent on an individual plant’s profile but is instead dependent on

plant type. Some ISOs maintain capacity zones which have different capacity prices.

A B C

Figure 6. The change to energy value (normalized by flat energy value) versus penetration at each ISO and for years 2015 through 2019

(A–C) Value differences due to profile (A) are more tightly correlated with penetration level than value differences due to congestion (B) or curtailment

(C). See also Figure S3.
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Differences between pricing in these zones lead to ‘‘congestion’’ value differences

between plants in each zone.

The overall value of wind generation was not very sensitive to the capacity markets.

Wind value differences from flat block were $4/MWh or less across all regions. Solar

had a small (4 $/MWh or less) capacity value premium over flat block power in most

regions in 2019. But solar power in PJM and SPP garnered a potentially substantial

premium of 9 and 17 $/MWh, respectively, in relation to a flat block. It should be

noted, though, that SPP capacity prices were determined on the basis of bilateral ca-

pacity contracts in the region, and it is unclear if solar is able to effectively participate

in this market. Similarly, in other regions, the actual ability of solar and wind to partic-

ipate in capacity markets might be impeded by wholesale market rules.

We limit discussion of capacity value differences because of the points above (wind

and solar have relatively low-capacity value differences in most regions, and the vari-

ation in capacity market rules across ISOs and time makes observed trends idiosyn-

cratic). In most regions, value differences in the capacity market for both wind and

solar were sensitive to the output profile of the plants, but not to congestion or

curtailment. One exception was in NYISO, where congestion reduced the capacity

value for both wind and solar. Figures S4–S6 providemore details about the capacity

value differences for wind and solar.

Potential solutions to VRE value reductions

The variation in value decline across locations, and the variation in our decomposition

of value differences across locations, points to different potential solutions for each ISO

(and in some cases, each plant). That said, some trends span ISOs. Wind value tends to

be more vulnerable to congestion than solar. In contrast, both wind and solar are

vulnerable to profile value decline. Figure 6 shows a relatively tight correlation be-

tween profile value reductions and penetration across all ISOs. There were no exam-

ples of substantial positive movement in profile value reductions as penetration levels

increased. On the other hand, multiple ISOs showed positive change to congestion

value differences with increasing penetration. This contrast between profile and

congestion value trends suggests that efforts to reduce congestion have been success-

ful, whereas efforts to reduce profile value reductions might have slowed but have not

reversed the decline. Finally, and as already noted, curtailment has been a relatively

minor driver to date, suggesting that solutions focused solely on reducing curtailment

should not take priority. Profile and congestion concerns should dominate the solution

set and, by extension, might also help reduce curtailment.

A value reduction due to output profile is suggestive that the value of additional

intra-ISO transmission might be limited. Instead, solutions will require a shift in

output profile or a shift in load. For example, energy storage,58 demand response,

or rate design changes (e.g., time-of-use billing) could help to at least partially alle-

viate this value reduction. Additionally, new flexible loads could also help to reduce

value decline, such as electric vehicle charging or flexible air conditioning. In

contrast, a value reduction due to congestion could potentially be addressed by

additional transmission, or perhaps by adding storage to better utilize existing trans-

mission or to satisfy local demand during high-priced hours. In general, shifting

either the output or load profile is necessary to boost value in the case of profile

value reductions but is not required to address congestion value reductions.

We can explore the impact of efforts to address congestion by examining how the

completion of transmission infrastructure projects impacts value. For example, in
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early 2018, SPP’s expansion of transmission infrastructure eased transmission con-

straints in Oklahoma.59 This recent event provides an opportunity to test how trans-

mission expansion is reflected in the decomposition of value differences. In 2017, a

strong west-to-east gradient in the congestion value reduction is seen, which is alle-

viated by the additional transmission and infrastructure upgrades in 2018 (Figure 7).

Although the congestion value difference is substantially changed between the

years, there is almost no change to the profile value difference (or to the curtailment

value difference, which is not shown in Figure 7 for simplicity). This demonstrates

how the decomposition effectively isolates different causes of value differences

and speaks to the need to pursue targeted mitigation strategies that vary by region.

In regions with a strong profile value reduction, but only a minimal congestion reduc-

tion, storage would likely prove more helpful than intra-region transmission. This is

currently the situation facing many solar plants in CAISO. Although we have not seen

wide adoption of energy storage to date, many solar plants under development plan

to incorporate battery storage. For example, by the end of 2019, over a quarter of all

the solar capacity proposed in interconnection queues in the United States was

paired with storage, and a substantial fraction of these paired plants were located

in solar-heavy CAISO or in nearby states in the west.56 This trend is consistent with

a modeling analysis, which indicates that adding storage to PV offers a strong value

proposition in solar-saturated areas where the profile effect is significant.58

Wind plants have not turned to storage to the same degree as solar—only a few

percent of wind capacity in the interconnection queues is paired with storage. In

most regions, wind plants face both transmission congestion and profile value re-

ductions. Transmission is often viewed as a key ingredient in the solution set.

Regarding profile value reductions, wind turbine design changes might provide

some mitigation benefit. For example, a long-term, and widely adopted, trend in

turbine design has been to shift toward larger rotors in relation to turbine capacity,

typically characterized by the metric of ‘‘specific power.’’ Specific power refers to the

ratio of turbine capacity to swept rotor area (i.e., W/m2). Over the last two decades,

the specific power of installed turbines has decreasedmarkedly. The relatively larger

blades in low specific power turbines facilitate generation during low wind speeds,

Figure 7. The change to profile and congestion energy value penalties and premiums between

2017 and 2018 in SPP

The addition of transmission and other grid infrastructure upgrades helped to reduce the west-to-

east gradient of transmission congestion wind value reductions (but left profile value reductions

largely unchanged) in western SPP.
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allowing plants to have smoother profiles over time. Although the trend toward

lower specific power turbines has been largely driven by the associated reduction

of levelized cost (and by production-based tax credits), the profile smoothing can

also alleviate value reduction by spreading wind generation into higher-priced

hours.60,61

One consideration related to the prior discussion comparing our empirical results

with prior modeling studies of wind and solar integration costs is that some of the

modeling studies suggest that there will be an acceleration of value decline as pene-

tration moves past 30%. This acceleration was linked to increased ‘‘overproduction.’’

A simple conceptual framework to describe the cause of this acceleration is that pri-

ces during high VRE hours decline until they reach a floor (either close to zero or

mildly negative) and from that point on, additional VRE penetration will no longer

drive down prices but will be curtailed. As penetration increases further, a greater

portion of VRE output will be curtailed for each additional unit of capacity. The

mild curtailment to date indicates that we have not yet reached this point, but the

prior modeling suggests it might arrive soon. However, whether it is curtailment

or profile driving value decline, the solution set remains the same, either load or

output must be shifted in time. The warning from the modeling studies simply im-

plies that the empirical trends in value decline to date might underestimate future

trends in value decline. A counter point to this warning, however, is that some of

the actions already taken (e.g., increasing storage deployment for solar, reduced

specific power for wind) might delay the onset of this acceleration in value decline.

Overall, additional investigation of future mid-term (3–5 years) value decline rates

would be useful for the field.

Value decline in the context of cost declines

Investment decisions involve tradeoffs between value and cost and, as noted earlier,

the possibility of losing the race between declining cost and value could put decar-

bonization goals at risk. An open question, then, is whether solar and wind cost re-

ductions have so far kept pace with value decline.

Focusing on regions that have achieved higher VRE penetrations, solar’s value factor

in CAISO declined from approximately 1.4 to 0.7 from 2012 through 2019, a 50%

reduction as solar generation surged. In regions with high wind penetrations, the

value-factor decline has been more modest, at roughly 25% from 2012 through

2019 (approximately from 0.8 to 0.6).

Solar and wind cost reductions from 2012 to 2019 have kept pace with or even ex-

ceeded these value-factor declines.55,56 Figure 8 displays national trends in value

and cost across the plants of this study (Figure S7 shows trends at the ISO-level).

Cost estimates were based on a subset of plants with available data. Nationally,

wind and solar costs have declined enough so that the generation-weighted mean

cost (as represented by the levelized cost of energy, LCOE) of a new plant in 2019

was below the similarly weighted combined wholesale energy and capacity value.

The LCOE estimates in Figure 8 do include the benefit of tax credits and so will in-

crease when the credits are reduced or eliminated. However, the cost increase will

be less than the full value of the credits as most projects will be able to shift to a

financing structure with a lower cost of capital once the credits are gone.62 More-

over, value could also be enhanced in the future as these estimates reflect only

standalone plants and do not include any benefits from the addition of storage re-

sources or the application of various value-enhancement strategies.
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Conclusions

In this paper, we have provided insight into the underlying mechanisms that have

driven VRE value decline in the US. To do this, we found the difference in value be-

tween generation at each plant versus flat profile (or ‘‘flat block’’) generation at all

power plants in a region.We then decomposed this value difference into three sepa-

rate causes: output profile, transmission congestion, and curtailment, and we

tracked their trends over time. This empirical analysis shines a light on the

geographic heterogeneity of VRE value decline with penetration. This heterogeneity

was mostly driven by differences in the levels of transmission congestion facing VRE

output. In contrast, the decline in value of VRE output profiles was more closely

correlated with penetration levels across regions. To date, curtailment levels were

relatively low, and had relatively little impact on VRE value. We summarized mitiga-

tion strategies that would bemost effective in addressing congestion or profile value

reductions, and a simple take-away point is that different, and targeted, value

decline mitigation strategies should be pursued in each region, at least in the near

term.

There are a number of policy and regulatory changes that could support such miti-

gation strategies. For regions and VRE types where profile leads to substantial value

decline (e.g., CAISO and ISO-NE solar, ERCOT and SPP wind), regulations related to

storage and load profile modification might be most useful to target. For example,

most proposed battery capacity in the interconnection queues is coupled with new

VRE plants (mostly solar) as opposed to being standalone storage.63 Yet, these

coupled (or ‘‘hybrid’’) plants often present a challenge with respect to existing reg-

ulations because coupled plants are new (and evolving) and existing regulations for

standalone VRE or standalone storage are not always easily adaptable to coupled

plants. Gorman et al.63 identify a set of eight key challenges, which, if addressed,

would facilitate full participation of coupled plants in markets and thus help support

the overall storage adoption. The challenges range from defining rules around

A B

Figure 8. A comparison of value and cost trajectories for wind and solar plants in the United States

(A and B) Wind (A) and solar (B) costs have declined more quickly than value over the past decade. The levelized cost of energy (LCOE) is calculated with

tax credits, the investment tax credit in the case of solar and the production tax credit in the case of wind (i.e., costs will increase if/when tax credits are

removed). Value includes both energy and capacity value. LCOE estimates are derived from a subset of plants that came online in each year, while

wholesale energy and capacity value are considered for all existing plants each year. The solid lines represent the generation-weighted average cost or

value across all utility-scale plants, and the ranges represent the 20th and 80th percentile values.
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generation forecasting to refining interconnection processes to enhancing resource

planning models.

Related to load profile modification, dynamic retail rates, i.e., rates that allow for

greater representation of hourly variability in wholesale prices, such as ‘‘time-of-

use’’ pricing, are an important regulatory tool to shift a portion of load across hours

of the day (for example, reducing demand by �5% in peak times).64–66 Carefully

developed retail rate structures might also effectively guide electric vehicle charging

toward times of greatest benefit.67 Other long-term options exist for modifying load

profile, including scheduling high-load industrial processes for low-cost hours, such

as hydrogen production or desalinization.66

For regions where transmission congestion leads to substantial value decline (e.g.,

wind in SPP, MISO, and NYISO), reforms to the transmission planning process are

essential. Analyses suggest that existing transmission planning processes were not

designed to adapt to the speed of VRE deployment, and that, in particular, the rules

surrounding who pays for new transmission and when new transmission builds are

triggered, are particularly detrimental to VRE deployment and slow infrastructure

project development needed to alleviate congestion.68,69

Although the above mitigation strategies and policy and regulatory topics are appro-

priate responses to the value decline observed to date, achieving long-term decarbon-

ization goals requires that we keep in mind a larger perspective that compares future

VRE value and cost. To achieve this perspective, we must combine the empirical results

described in this paper with studies that simulate value decline into the future.

Some models indicate, as highlighted in the previous sections, that value decline

might soon get worse. Our empirical analysis provides little solace on that front,

that is, there is no evidence yet that the real world is behaving substantially differ-

ently from what was predicted years ago. Yes, transmission congestion is more

geographically heterogeneous than is often described in system simulations, but

overall, the decline we have observed in profile value, and even overall value,

largely confirms the shape and magnitude of modeled predictions of value

decline.

From one perspective, the trends described above leave VRE in a precarious posi-

tion. Value decline to date has been matched and beaten by cost declines. But for-

ward-looking models, which have been roughly correct to date, suggest that we will

soon enter a regime of accelerating value decline. If the rate of cost declines levels

out, we could soon see a situation where value decline outpaces cost decline, slow-

ing VRE deployment. To avoid this slow down, value decline mitigation strategies

would need to be employed, but the policy and regulatory changes required of

these strategies take time. Thus, value decline mitigation efforts would need to

begin before the value curve crosses back below the cost curve (see Figure 8), but

it is more challenging to motivate action when costs are currently below value.

This perspective is perhaps more relevant to wind, which compared with solar, faces

greater congestion value decline, has reached relatively high penetration in multiple

regions, and whose drivers of value decline are not addressed as well by short-dura-

tion (4 to 8 h) storage.

The substantial time needed to implement transmission value decline mitigation

measures is one reason why multiple research efforts call for work to begin on

more far ranging policy actions than described above.68,70,71 From this perspective,
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the key action needed is expanded inter-regional transmission. Even though

inter-regional transmission is often part of longer-term strategies for deep decar-

bonization,72,73 there is a push to begin the process now. This push is driven by

the long lead times needed for transmission construction and because existing

high-VRE systems (e.g., SPP and MISO) would already benefit from multi-

regional transmission planning.68–71 In our analysis, we tested the impact of

intra-regional transmission on the congestion component of value reductions, but

inter-regional transmission might address all three of the value decline components

we have examined. The important concept here is that long-distance, high-voltage

transmission can link regions with different demand and VRE profiles to each other,

and that these profile differences occur over various time frames ranging from

diurnal to seasonal.70

An alternate, more optimistic perspective can also be presented. Optimism, in this

case, is based on the recent decline in battery storage costs.74 Multiple modeling

studies have shown that low-cost energy storage can effectively mitigate VRE curtail-

ment, or value decline, out to VRE penetration levels of 50% (for combined wind and

solar).8,72,75–77 In CAISO, for example, simulations of low-cost storage at high VRE

penetration were shown to increase prices during relatively low priced sunny hours,

significantly increasing the value of solar at high penetrations.8,77 In ERCOT, simula-

tions show that low-cost, short-duration (4 to 8 h) storage can cut curtailment of VRE

roughly in half at penetrations near 50%, even when total VRE is weighted toward

wind.76 Finally, a simulation of high VRE penetration in 2050 indicated that multiple

pathways exist to achieve the needed grid flexibility with high VRE penetration and

specifically that storage can be part of an effective solution even when inter-regional

transmission is limited.72

We therefore conclude on amixed note of positivity and caution.We have found that

cost decline has taken a recent lead in the race versus value decline. VRE deployment

thus continues at a healthy rate. However, some modeling analyses point to the

threat of accelerated value decline and the resulting slowing of VRE deployment,

and our empirical analysis does not contradict this assessment. Yet, recent declines

in battery storage costs and the trend toward low specific power wind plants sug-

gests that options to slow value decline might be more cost effective than previously

modeled. This leaves open the question of how aggressively policy makers should

pursue value decline mitigation strategies. Are targeted regional strategies suffi-

cient to ensure decarbonization goals, or should stronger efforts be made in the

near term, such as to develop inter-regional transmission or more aggressively sub-

sidize storage? Research might help to illuminate the factors needed to make these

decisions. Simulations of value decline could be updated to reflect design changes

to new wind, solar, and coupled storage plants. Continued empirical analyses are

needed to highlight evolving regional dynamics. Stakeholders can then evaluate

policy tradeoffs given the evolving information.

EXPERIMENTAL PROCEDURES

Resource availability

Lead contact

Further information and requests for resources and materials should be directed to

and will be fulfilled by the lead contact, Dev Millstein (dmillstein@lbl.gov).

Materials availability

This study did not generate new unique materials.
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Data and code availability

Much of the data and analysis code used in this work is available by request from the

lead contact. Nodal hourly prices are available from commercial vendors (e.g., ABB

Velocity) or from the independent system operators (we will be unable to share these

data due to licensing restrictions).

Electric system data

We develop value estimates for almost all utility-scale wind and solar plants in each

of the ISOs. Basic information about each of the wind and solar plants was devel-

oped from a mix of sources. The Energy Information Agency (EIA) Form 86078 was

used to define plant capacity and ISO designation. The latitude and longitude,

hub height, and turbine type for each wind plant were derived from two sources,

the United States Wind Turbine Database (USWTDB)79 and the Wind Technologies

Data and Trends product.55 Additional solar plant details were set to match records

developed for the Utility-Scale Solar Data Update.56 Wind and solar plants were only

included in the sample if they had greater than 1 MW of capacity. Monthly genera-

tion for all wind and solar plants was derived from EIA Form 923.80 For solar and wind

plants in ERCOT, hourly profiles of wind and solar plant generation and curtailment

were provided by ERCOT for 2013–2019; for those plants and years, Form 923 data

were not required and nor were many of the other data management procedures

described below.

We also developed basic information about non-VRE plants in order to calculate the

regional average value of a flat block. Non-VRE plants were primarily built on the re-

cords of plants within the EIA Form 860. Specifically, we used capacity, generation

type, and ISO designation. We included non-VRE plants if their capacity was greater

than or equal to 10 MW. Generation records for these plants were derived from EIA

Form 923.

In the analysis, we matched all plants, VRE and non-VRE, with local price nodes.

These nodes, commonly referred to as LMP nodes, provide the hourly real-time price

of wholesale electricity. Differences in prices between the nodes within a single ISO

primarily reflect varying levels of transmission congestion. The location of these no-

des was identified by using a commercial data product produced by ABB Velocity.81

All power plants (VRE and non-VRE) were matched to individual nodes. This match-

ing was generally provided by ABB, but in cases where data were missing, the plant

was matched to the closest node within the ISO. LMP prices (plus ORDC adders in

ERCOT) were also provided by ABB. ORDC refers to ‘‘operating reserve demand

curve,’’ which is a process in ERCOT that is used to incentivize increased investment

in capacity. ORDC price adders were summed with all ERCOT LMP prices to create a

final hourly nodal price series.

Modeled wind profiles

Hourly profiles of wind speed are based on the reanalysis product ERA5, which is

developed by the European Centre for Medium-Range Weather Forecasts

(ECMWF).82 A ‘‘reanalysis’’ product refers to a geographically comprehensive esti-

mate of the state of an earth system that is based on a combination of measurements

and a numerical meteorological model. ERA5 includes many satellite and ground

meteorological measurements, for example, observations of surface pressure, tem-

perature, wind, and humidity. In this case, we used reanalysis results describing the

vertical profile of wind speeds. The use of ERA5 for this purpose follows previous

work,83 though consideration was given to other potential reanalysis products

such as MERRA2.84 In particular, there is some evidence that ERA5 performs better

ll
OPEN ACCESS

Joule 5, 1749–1775, July 21, 2021 1767

Article



than MERRA2 for wind energy applications,85 although there has not been extensive

comparison of these products in the context of wind energy applications in the

United States, overall. ERA5 provides hourly wind speeds at a horizontal resolution

of �30 km (or covering an area of roughly 900 km2). ERA5 provides wind speed es-

timates at different levels above ground. Wind speeds were interpolated to the

average hub height of each individual project based on the surrounding layers

(i.e.,�80 and�120 m). This interpolation means that an extrapolation of wind speed

from lower heights to higher heights was not necessary.

ERA5 wind speed was then converted to modeled energy estimates based on a repre-

sentative power curve.We picked a separate representative power curve for each wind

plant. In most cases, the power curve was picked to simply match themanufacturer po-

wer curve of the predominant turbine used within a site. Power curves were obtained

from ‘‘the wind power’’ database.86 In some cases, amanufacturer power curvewas not

available, and a substitute power curve was chosen from a different turbine with similar

physical characteristics (primarily turbine capacity and rotor diameter).

Modeled solar profiles

Modeled solar generation profiles are based on combining meteorological esti-

mates of incoming solar radiation with a solar plant model, the system advisor model

(SAM).87 Historical hourly insolation data were downloaded from the national solar

radiation database (NSRDB).88 Assumptions for the inverter efficiency, system los-

ses, and ground coverage ratio were held at the default SAM values (i.e., 96%,

14%, and 0.4%, respectively). Individual plants were differentiated through repre-

sentation of characteristics, including tracking type, fixed system tilt angle, azimuth,

and DC-AC ratios, along with total capacity.

Plant-level curtailment

Each ISO reports total wind curtailment on an hourly or monthly basis. Only ERCOT

and CAISO report solar curtailment, both on an hourly basis. We assume that the

other ISOs do not report solar curtailment because it is not yet substantial. Wind

and solar curtailment were estimated for each hour and each plant following the

methods described in detail in prior research.83,89 Wind and solar curtailment are

estimated independently from each other. To summarize the key steps in the

approach, total regional curtailment (for either wind or solar) was distributed to in-

dividual plants based on local nodal prices. Specifically, regional curtailment in

any particular hour was divided across plants with nodal prices below $0.0/MWh.

A similar process was used in the case where only monthly curtailment totals were

reported by the region, the regional curtailment was divided across all plant hours

in the month where prices were below $0.0/MWh. The threshold was set differently

for wind plants that were receiving the production tax credit: curtailment was not

allocated to those plants until prices at the relevant node fell below �$23/MWh.

Overall, this process produces a distribution of curtailment weighted toward wind

or solar plants that face the most frequent negative prices. The plant-level estimates

rest on the assumption that local prices represent the primary signal pushing plants

toward curtailment. The approach has limitations. For example, it does not account

for the influence of renewable energy credits, and it does not account for specific

contractual obligations related to curtailment practices that affect some plants.

However, the total amount of curtailment in each region is representative.

Debiased hourly generation profiles

Modeledprofiles ofwind and solar output were ‘‘debiased,’’ so as tomore closelymatch

generation records. This process has been described in prior work55,60 and essentially
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involves scalingmodeled output to simultaneouslymatchmonthly generation recorded

at each plant and hourly generation recorded across each ISO. Specifically, an iterative

process is used: in the first step, modeled plant profiles are scaled to match their

monthly totals; and in the second step, each hour’s generation is summed across the

ISO, and an hourly scaling factor is developed and applied to all plants so that the total

generation in each region matches the recorded total. These two steps are then

repeated until the values converge on a stable profile for each plant. Two details to

note: first, hourly, plant-level curtailment was applied to the modeled profiles prior to

the iterative process, and second, wemaintained physical limits throughout the process

such that a plant never generates more than its capacity in a single hour. This debiasing

method helps to remove regional errors in the modeling outputs. For example,

modeled solar output in SAM after a snowstorm does not accurately reflect panel

blockage from accumulated snowfall. The debiasing process also helps to remove

long-term bias for individual plants. The process is not able to correct issues that arise

at a single plant and only persist for a limited number of hours. However, the process

ensures that region-wide VRE profiles match recorded generation profiles, overall.

Finally, plants in ERCOTwere not included in this debiasing process, as recorded hourly

profiles were available for those plants.

Energy value

We defined the energy value of a power plant as the product of its generation and

the LMP time series. Specifically, pi,t represents prices and qi,t represent generation

at time t and location i. We calculated annual energy value (EV), in units of $/MWh, at

a single plant using the following equation:

EV =

P8;760
t = 1 pi;t 3qi;tP8;760

t = 1 qi;t

(Equation 1)

Capacity value

Capacity value was calculated as the function of ‘‘capacity credit’’ and the cost or

price of capacity in each ISO. Details on the capacity valuation can be found in prior

work,60 but an overview is provided here. Capacity credit is the fraction (ranging

from 0 to 1) of a power plant’s total nameplate capacity that can be relied upon dur-

ing times of grid-system stress. So, for example, a plant that is able to dispatch its

generation during all hours would likely garner a capacity credit near 1.0. Wind

and solar capacity credits tend to be less than 1.0, though they vary by region.

Capacity credits are developed based on each ISO’s market rules and the hourly pro-

files of the plant. A number of ISOs have capacity markets, and market clearing pri-

ces provide the capacity cost. In some cases (e.g., SPP and CAISO) we used records

of bilateral trades to determine capacity cost. The capacity value for a plant is equal

to its capacity credit multiplied by the capacity cost. For comparison with EV, we

normalized the annual capacity value of a plant (in dollars) by the annual generation

from that plant. ERCOT does not have a capacity market, and thus, plants in ERCOT

gain no value from capacity. However, as described earlier, ERCOT does include a

price adder to LMP prices to encourage sufficient capacity.

Value differences

In simplified terms, we are interested in comparing the value of wind and solar plants

to the value of generation from other plants. We are interested in breaking down the

difference in value into three components, one representing the influence of the

timing of wind and solar generation, one representing the congestion (or lack of

congestion) faced by wind and solar plants, and one representing the impact of

curtailment on wind and solar plants.

ll
OPEN ACCESS

Joule 5, 1749–1775, July 21, 2021 1769

Article



To accomplish these comparisons, we developed four separate value estimates. The

first value we estimated was the average annual value of a flat block of power at all

plants (VRE and non-VRE) in the region. We calculated this value by applying a flat

profile to every plant in the region and calculating the resulting EV and capacity

value at each plant. We then found the ISO average value of a flat block of power

by taking the weighted average across all plants in the ISO, using recorded annual

generation by plant for the weights. The energy value of a flat block of power is

detailed in Equation 2. To find the equivalent value for capacity, one must simply

substitute the capacity value for the energy value.

ISO Flat Block Value =

Pn
pp = 1

�
EVflat

pp 3Genpp

�
Pn

pp =1Genpp
(Equation 2)

Here, the subscript pp refers to a single power plant with n total power plants (VRE

and non-VRE) in an ISO. Genpp refers to the recorded annual generation from a spe-

cific power plant. The superscript ‘‘flat’’ refers to calculating the EV value with a flat

profile (i.e., Equation 1 with a constant term for q). The denominator refers to the to-

tal generation from the ISO.

The second value we calculate is the ‘‘profile value’’ (ProfV) described in Equations 3

and 4. We calculate this value for each wind or solar plant. The profile value of plant I

is equal to:

Profile Value of Plant i =

Pn
pp = 1

�
EVpp = i

pp 3Genpp

�
Pn

pp = 1Genpp
(Equation 3)

Note Equation 3 is almost identical to Equation 2, with the only difference

being that the EV is calculated using the generation profile of plant i. In other

words, the output profile of plant i is applied to all plants in the ISO, and an

average value is taken across the ISO. If the profile value of a plant is higher

than the value of a flat block of power, it means that the plant is producing energy

during hours that are more valuable to the ISO than the average hour. We then

find the average profile value for all wind and, separately, all solar plants in an

ISO (Equation 4).

ISO Profile Valuetype =

Pn
pt = 1

�
ProfVpt 3Genpt

�
Pn

pt = 1Genpt
(Equation 4)

In this case, the subscript ‘‘type’’ refers to either solar or wind. The sum over power

plants pt refers to only power plants of the type of interest (i.e., either wind or solar,

rather than all power plants included in previous equations). We can compare the

average profile value (Equation 4) of wind or solar plants to the average flat block

value (Equation 2) within each ISO.

The third type of value we calculated was simply the value of each wind and solar

plant, at its own location and using its own output profile. For a single plant, this

is simply Equation 1. We can again find the ISO average value for all wind and solar

plants, as shown in Equation 5.

ISO Plant Valuetype =

Pn
pt = 1

�
EVpt 3Genpt

�
Pn

pt = 1Genpt
(Equation 5)

Finally, the fourth value calculation was simply an adjustment for curtailment

following Equation 6 for a single plant and Equation 7 for the ISO average values.
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CurEV =

P8;760
t = 1 pi;t 3qi;tP8;760

t = 1

�
qi;t + ci;t

� (Equation 6)

ISO CurValuetype =

Pn
pt = 1

�
CurEVpt 3Genpt

�
Pn

pt =1Genpt
(Equation 7)

In Equation 6, ci,t represents MWh curtailed at a specific plant and hour, while qi,t

continues to represent the actual generation sold to market at a particular plant

and hour.

To summarize, we have described four different value calculations: the (1) ISO Flat

Block Value, (2) ISO Profile value, (3) ISO Plant value, and (4) ISO CurValue. The

ISO Flat Block Value provides a simple reference point for each ISO: it represents

a sort of average price for a flat block across power plants, and it does not vary by

power plant type. The ISO profile value represents the value of the temporal profile

of wind or solar generation in an ISO, but it removes the influence of the specific

location of the wind or solar plants (that is, the value is averaged across all power

plants in an ISO). The ISO plant value is the value of wind or solar profiles at the lo-

cations of the plants themselves. The ISO CurValue simply involves an adjustment to

each wind or solar plant value for curtailment.

In our analysis, we focus on the differences between these four value categories (see

Equations 8, 9, 10, and 11). We discuss these differences as a sort of cascade of ef-

fects, which helps to explain the overall value difference seen for wind or solar in a

particular ISO and year. For example, we call the difference between ISO Profile

and ISO Flat Block values the ‘‘output profile value difference.’’ This represents

the value difference associated with the output profile of wind or solar (because

the only difference between Equations 2 and 3 is the temporal profile). We call

the difference between ISO Plant and ISO profile values the transmission congestion

value difference. An example of transmission congestion value premium could be a

solar plant located near a large load center. This plant will likely see less transmission

congestion than if that same output profile is applied to all plants across the ISO, and

thus that solar plant will likely see a value premium due to transmission congestion.

Finally, the difference between ISO Plant and ISO CurValue simply represents the

value reduction due to curtailment. The ISO CurValue represents the actual value

of wind or solar in each ISO.

DProfile Valuetype = ISO Profile Valuetype � ISO Flat Block Value (Equation 8)

DCongestion Valuetype = ISO Plant Valuetype � ISO Profile Valuetype (Equation 9)

DCurtailment Valuetype = ISO Cur Valuetype � ISO Plant Valuetype (Equation 10)

TotalDValuetype = (Equation 11)

ISO CurValuetype � ISO Flat Block Value=

DProfile Valuetype + DCongestion Valuetype + DCurtailment Valuetype

These value differences sum to the total difference between the ‘‘ISO Flat Block Value’’

and ‘‘ISOCurValue’’ (Equation 11). ‘‘ISOCurValue,’’ of course, represents the full value of

the averagewind or solar plant in each region after accounting for curtailment. There are

multiple possible approaches one could take in developing a cascade of value effects
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such as the above, with different approaches leading to the isolation of different effects

on value. In our approach, we have chosen to isolate the impact of profile by applying

each wind or solar plant’s profile to the price series at all other power plant locations in

the region. In this way, profile value is removed from a specific location and represents a

region-wide average value of each plant’s profile. Our ‘‘Dcongestion value’’ then repre-

sents the difference between this regional average value, and the value of the profile

found at a particular site. This means that congestion value is dependent on both a

plant’s location and its profile—awind and solar plant located next to each other would

face different levels of ‘‘Dcongestion value.’’ We accept this entanglement because it

maps to a practical understanding of congestion, which is congestion at a location is

commonly thought of as time dependent.We also note that our estimate ‘‘DCurtailment

value’’ is essentially independent of the profile of curtailment itself and is only depen-

dent on total annual curtailment at each plant. We accept this formulation because

curtailment of VRE primarily occurs when prices are zero, or less than zero, meaning

that we can think of curtailment impacting value through increasing the total energy

over which post-curtailed revenue is divided. On the other hand, if curtailment occurred

during high priced hours, our treatment of curtailment would underestimate its impact

on VRE value. That said, it is rare that a curtailment would be accompanied by high pri-

ces. Finally, though we have isolated the effects of profile and transmission congestion

fromeachother, the boundaries becomeblurrier when you think aboutmitigating issues

of congestion or profile timing—one can potentially address congestion by building

new transmission or shifting output timing, as described in the main text.

While our choice of reference points (i.e., the ISO Flat Block Value) follows the

example of previous studies,34,35,49 one could pick a different reference point.

Indeed, other research efforts have used a load weighted energy price, rather

than a flat block.9,41 Both reference points are useful, but we argue that the flat block

of power is slightly more accessible and easy to understand as a reference point.

While most power plants do not produce completely flat output profiles, individual

power plants also do not produce output profiles that exactly follow load. That being

said, the precise value of the reference point is less important than the relative values

explored here.

Estimates of LCOE

The range of wind and solar LCOE values shown in Figures 8 and S7 reflects plant-

level estimates derived from empirical data on capital costs and annual energy pro-

duction,56,83,89,90 along with other historical data on operating expenses, project

life, and financing costs.90–92 We adopt the LCOE formula used in NREL’s annual

technology baseline93 but modify it slightly to reflect the receipt of Federal

tax credits. Specifically, for each project, we subtract the value of the tax credit—

expressed as a percentage of total capital costs—from the numerator of the ‘‘tax fac-

tor’’ within the LCOE formula. Note, for all solar plants in our sample, the value of the

investment tax credit is 30%. The value of the wind production tax credit, on the

other hand, varies by plant depending on each plant’s capacity factor and capital

costs. Our LCOE sample consists of 641 wind projects and 376 utility-scale solar pro-

jects (with a capacity of more than 5 MW). All projects were located in the 7 whole-

sale market regions.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at https://doi.org/10.1016/j.joule.
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Figure S1. Total wind energy and capacity value differences in 2019 (in $/MWh). 
  



 
Figure S2. Total solar energy and capacity value differences in 2019 (in $/MWh). 
  



   
Figure S3. The change to energy value versus penetration at each ISO and for years 2015 through 2019. Value differences due to profile are 
more tightly correlated with penetration level than value differences due to congestion or curtailment. 
 



 
Figure S4. The $/MWh difference to the capacity value of generation from wind and solar plants 
versus average flat block generation in 2019. The $/MWh bounding values are listed in columns to the 
sides of the figure (the flat block value is listed in duplicate on both the wind and solar side for ease of 
reference). 
 



 
Figure S5. Wind capacity value differences by cause in 2019, shown in $/MWh. 



 
Figure S6. Solar capacity value differences by cause in 2019, shown in $/MWh.



 
 

 

 
Figure S7. Levelized cost of energy (LCOE) versus value by time and ISO. Some regions have low sample sizes for LCOE in certain 
years. LCOE is calculated with tax credits. Value includes wholesale energy and capacity value.



Table S1. Slope, intercept, and coefficient of determination of the function fit to relate value 

factor to wind or solar penetration. The functional form is: VF = m × ln(P) + b, where VF is value 

factor and P is penetration in percentage (i.e., a value of 20 for 20%). CAISO solar is fit with a 

simple linear form, and is calculated only considering solar values from CAISO, not all solar 

values. 

 m b R2 
Wind -0.070 0.838 0.25 

Solar -0.097 1.229 0.29 

CAISO solar (linear) -0.038 1.367 0.94 
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