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Abstract

Variable renewable energy (VRE) is not yet meaningfully participating in U.S. ancillary services (AS)
markets. VRE participation in AS markets could provide a new source of revenues for VRE resource
owners to offset declining energy and capacity values and a new tool for power system operators to
address emerging system constraints. This paper uses a price-taker dispatch model and historical prices
to estimate the economic value of standalone and hybrid (battery-paired) VRE participation in AS
markets, from resource owner and electricity system perspectives, in each of the seven U.S.
independent system operator and regional transmission organization (ISO/RTO) markets. Across
ISO/RTO markets, average (2015-2019) simulated incremental revenues from regulation market
participation were $0.0-2.9/MWh (+0-15% of revenue without participation) for standalone VRE owners
and $1-33/MWh (+1-69%) for hybrid VRE owners. However, ISO/RTO reserve markets are relatively thin
and have the potential to become saturated by energy storage projects that are currently in ISO/RTO
interconnection queues. In most markets, standalone and hybrid VRE were able to provide regulation
reserves during periods with high regulation prices, suggesting that VRE participation in AS markets
could have high system value. The analysis highlights the value of separate upward and downward
regulation products and suggests that ISOs/RTOs might consider initially focusing on enabling hybrid
VRE provision of AS.
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1 Introduction

Variable renewable energy (VRE) participation in ancillary services (AS) markets could provide new
sources of value for resource owners and new options for system operators to manage grid reliability.
From the perspective of VRE resource owners, AS market revenues could help to offset expected
declines in energy and capacity value as VRE penetrations increase (Mills and Wiser, 2013; Seel et al.,
2018; Millstein et al., 2021). From the perspective of system operators and the electricity system, VRE
participation in AS markets could provide lower-cost reserve capacity and additional tools for relieving
unit commitment and ramping constraints.

VRE is technically able to provide essential reliability services, including regulation and contingency
reserves (Ela et al., 2014; Loutan et al., 2017; Loutan et al., 2020; Rebello et al., 2020). Several studies
have shown that wind generators can increase their revenues by providing regulation reserves (Troy
and Twohig, 2010; Liang et al., 2011; Rebello et al., 2020) and that changes in market rules may be
needed to remove barriers to VRE participation in AS markets (Holttinen et al., 2016; Fernandes et al.,
2016). Wind generation is participating in regulation markets in the United Kingdom and reserve
markets in Spain (Edmunds et al., 2019).

In the United States, however, VRE participation in organized AS markets is currently low or nonexistent
and many questions around the economic value of VRE participation in these markets remain
unanswered. For instance, how would the economic value of AS market participation to resource
owners and to the electricity system as a whole compare between solar and wind generation, between
standalone and hybrid VRE, across the seven organized electricity markets, and between different AS
products? How might the economic value change with higher VRE and storage penetrations? What
changes in market rules would be needed to allow VRE to participate in AS markets?

This paper examines the economic value of VRE participation in AS markets from resource owner and
electricity system perspectives across the seven U.S. electricity markets. The analysis uses a price-taker
dispatch model with simple, consistent assumptions that facilitate comparisons across technologies,
VRE configurations, and markets over time. It considers two kinds of VRE configurations: (1) standalone
VRE facilities, with a standalone solar or wind facility; and (2) hybrid VRE facilities, with a solar or wind
facility paired with battery storage.

In a base case, the analysis focuses on VRE participation in regulation markets using historical market
prices, with interconnection capacity limits sized to the VRE facility’s nameplate capacity. It also
examines sensitivities in which VRE participates in spinning reserve markets, VRE participates in future
regulation markets in electricity systems with higher renewable penetration, and where
interconnection capacity limits are sized to the maximum output of the combined generator and
battery capacity (for hybrids). The paper closes with a discussion of three key issues for the results:
barriers to VRE participation in AS markets, the potential impacts of higher VRE and storage

1 This paper focuses on onshore wind and solar photovoltaic (PV) technologies, though some of the conclusions and
discussion would apply to run-of-river hydropower and offshore wind power as well.
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penetrations on the results, and other emerging AS opportunities for VRE not considered in the
analysis.

2 Background

2.1 Key Differences in ISO/RTO AS Markets

U.S. independent system operators (ISOs) and regional transmission organizations (RTOs) procure six
main kinds of AS products: regulation reserves, spinning reserves, non-spinning reserves, ramping
reserves, voltage support, and black start capability. ISOs/RTOs procure regulation, spinning, and non-
spinning reserves through competitive markets, and voltage support and black start capability
bilaterally on a cost basis. CAISO and MISO procure ramping reserves using constraints in market
software. The focus in this paper is on the highest value AS products that are procured through
competitive markets across all ISO/RTO markets: regulation and spinning reserves (Ela et al., 2019).
ISOs/RTOs differ in their definitions of competitively procured AS products, in how they procure
different products, in their AS market designs, and how prices are formed in their AS markets. Some of
these differences are important for understanding our assumptions and results. This section provides
an overview of key differences among ISO/RTO AS markets that are relevant to this analysis. For more
in-depth reviews of ISO/RTO AS markets, see Ellison et al. (2012), Zhou et al. (2016), and Ela et al.
(2019).

Table 1 describes differences in three aspects of ISO/RTO AS markets relevant to this analysis: AS
reserve products, procurement practices, and AS pricing. As Table 1 indicates, ISOs/RTOs are continuing
to adjust their AS market designs. In terms of AS products, a key distinction among ISOs/RTOs is in their
procurement of regulation reserves. CAISO, ERCOT, and SPP separately procure upward and downward
regulation reserves, whereas the other four 1ISOs/RTOs procure regulation reserves as a bi-directional
product. In the latter case, a resource providing regulation reserves must hold an equal amount of
reserve capacity in the upward and downward directions.

In terms of AS procurement practices, ISOs/RTOs can be grouped into three main categories: (1) co-
optimized energy and all reserve procurement in day-ahead and real-time markets (CAISO,? MISO,
NYISO, SPP), (2) no day-ahead co-optimization and co-optimized energy and operating reserve
procurement in hour-ahead scheduling processes and real-time markets (ISO-NE, PJM), and (3) day-
ahead but no real-time no co-optimization (ERCOT).? ISOs/RTOs that have day-ahead and real-time AS
co-optimization (CAISO, MISO, NYISO, SPP) have two-settlement systems, meaning that real-time AS
market settlement is incremental to day-ahead AS market settlement. 1ISOs/RTOs that do not (ERCOT,
ISO-NE, PJM) have single-settlement systems for AS.

2 CAISO co-optimizes procurement in its 15-minute but not its 5-minute real-time market. CAISO is the only ISO/RTO
with a 15-minute market.
3 As noted in the table, ERCOT is currently developing real-time energy and AS co-optimization.
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Table 1. Current (2020) ISO/RTO Reserve Products and Procurement Practices

ISO/RTO  AS Reserve Products Procurement Practices AS Price Cascading

CAISO Regulation up, regulation Co-optimized procurement of | Regulation price 2
down, spinning, non- energy, regulation, and spinning price 2 non-
spinning spin/non-spin procurement in | spinning price

day-ahead and 15-minute
markets

ERCOT Regulation up, regulation Co-optimized procurement of | Responsive price 2 non-
down, responsive, non- energy, regulation, spinning price
spinning responsive, and non-spinning

reserves in day-ahead market;
intraday procurement of
additional reserves in
supplemental AS market
(SASM); no real-time market
co-optimization (ERCOT is
currently developing real-
time co-optimization)

SPP Regulation up, regulation Co-optimized energy, Regulation price 2
down, spinning, regulation, and operating spinning price 2
supplemental reserve procurement in day- supplemental price

ahead and real-time markets

MISO Regulation, spinning, Co-optimized energy, Regulation price 2
supplemental regulation, and operating spinning price 2
(MISO is currently reserve procurement in day- supplemental price
developing a separate ahead and real-time markets
short-term reserve
product)

PIM Regulation, scheduling, Scheduling reserves procured | Synchronized price 2
primary (synchronized, day-ahead but not non-synchronized price
non-synchronized), maintained in real-time; co-
supplemental (no market) | optimized hourly

procurement of energy and
primary reserves, separate
hourly regulation
procurement
(PJM is currently developing
day-ahead and real-time co-
optimization for all reserves)
NYISO Regulation, 10-minute Co-optimized energy, 10-minute spinning

spinning, 10-minute non-

regulation, and operating

price 2 10-minute non-
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synchronized, 30-minute reserve procurement in day- spinning price > 30-

spinning, 30-minute non- ahead and real-time markets minute operating price
synchronized

ISO-NE Regulation, 10-minute Six-month-ahead but no day- 10-minute spinning
spinning, 10-minute non- ahead procurement; co- price 2 10-minute non-
spinning, 30-minute optimized real-time energy spinning price > 30-
operating and operating reserve minute operating price

procurement; separate real-
time regulation procurement
(ISO-NE is currently
developing day-ahead reserve

procurement)

Notes: ERCOT’s responsive reserves and PJM’s primary synchronized reserves are both spinning reserves. SPP and
MISO’s supplemental reserves and PJM’s and NYISO’s non-synchronous reserves are non-spinning reserves.
Sources: This information is based on a review of ISO/RTO tariffs and manuals. See CAISO (2021); ERCOT (2020);
SPP (2020); MISO (2020); PJM (2021); NYISO (2019); ISO-NE (2021). Price cascading information is also based on
Giacomoni et al. (2018).

In terms of AS pricing, the nature of price cascading differs among I1SOs/RTOs. Price cascading refers to
the nesting of reserve constraints, so that higher value reserves can substitute for lower value ones and
that prices for higher value reserves will always be greater than or equal to lower value ones. In CAISO,
MISO, and SPP, regulation prices will always be greater than or equal to spinning and non-spinning
reserve prices, whereas in ERCOT, ISO-NE, NYISO, and PJM spinning reserve prices can exceed
regulation prices.* CAISO and NYISO also have AS price cascading across load zones based on
transmission constraints, which means that AS prices in more constrained zones will be greater than or
equal to prices in less constrained zones.®

Another key difference in AS pricing among ISOs/RTOs, not shown in Table 1, is scarcity pricing.
ISOs/RTOs have taken different approaches to scarcity pricing in reserve markets, though all ISOs/RTOs
use some form of administrative scarcity pricing. Administrative scarcity prices increase the price of
reserves and energy above marginal cost during intervals of reserve shortage. ISOs/RTOs differ in their
maximum scarcity prices, their design of scarcity price curves, and how scarcity pricing cascades across
energy and reserve products. For more detailed descriptions of differences in ISO/RTO scarcity pricing
mechanisms, see FERC (2014), Chang et al. (2018), and Harvey (2020).

4 For instance, for the zonal prices used in this analysis, day-ahead spinning reserve prices exceeded day-ahead
regulation up prices in more than 90% of hours in ERCOT in 2018; in ISO-NE and PJM, real-time spinning reserve prices
exceeded regulation prices in 1% and 3% of hours, respectively, in 2018.

5 In CAISO, cascading runs from sub-regions to the system region to the expanded system region (sub-regions = system
region 2 expanded system region). In NYISO, cascading runs from the Long Island (LI) zone to the Southeastern New
York (SENY) zones to the East of Central-East (EAST) zones to the New York Control Area (NYCA) (LI = SENY = EAST >
NYCA).
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Driven partly by these differences in procurement practices and market design and partly by differences
in load profiles and generation mixes, AS prices and price volatility vary significantly across ISOs/RTOs.
ISOs/RTOs procure AS zonally and AS prices are zonal rather than nodal. Figure 1 illustrates AS price
differences, showing average zonal regulation prices from 2015 to 2019 used in this analysis.® Figure 1
also illustrates the significant year-to-year variation in regulation prices, which holds for other reserves
as well. Interannual variability results from energy price volatility, changes in supply-demand
conditions, hydro availability, and changes in AS procurement and market design. For instance, the
spike in upward regulation prices in ERCOT in 2019 resulted from high demand, which drove tight
supply conditions (PE, 2020). The increase in regulation prices in CAISO between 2015 and 2016-2019
was driven by an increase in regulation procurement by the CAISO starting in 2016, along with growing
challenges with procuring downward regulation reserves from conventional sources (Mills et al., 2021).

Figure 1. Average zonal regulation prices used in this analysis by ISO/RTO, 2015-2019

35

30
25
z
;ER u 2015
< 20
8 u 2016
5 2017
o
5 15 = 2018
B
& u 2019
o
10
| d i
0

CAISO-RU CAISO-RD ERCOT-RU ERCOT-RD SPP-RU SPP-RD MISO PIM NYISO ISO-NE

Notes: RU refers to regulation up, RD refers to regulation down. The figure shows simple averages. Consistent
with our analysis, the figure shows real-time regulation market prices for all ISOs/RTOs except for ERCOT, for
which the figure shows day-ahead prices. All years here and in the report are in Greenwich Mean Time (GMT).
Source: Prices are from Velocity Suite. See Section 8.2 for AS price zones.

Our approach (see Section 3) attempts to capture these differences in AS products, procurement and
market design among I1SOs/RTOs. Differences in AS prices among ISOs/RTOs have a significant impact
on the results (see Section 4).

6 See the Appendix (Section 8.1) for a more detailed description of differences in regulation price volatility across
ISO/RTO markets.
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2.2 VRE Participation in AS Markets

Studies and demonstration projects over the late 2000s and 2010s showed that, from a technical
perspective, solar and wind facilities can be integrated into economic dispatch (NYISO, 2010) and
provide essential reliability services (Kirby and Milligan, 2009; Ela et al., 2014; Milligan et al., 2015;
Loutan et al., 2017; Loutan et al., 2020; Rebello et al., 2020). Standalone VRE has been integrated into
system dispatch in all ISO/RTO markets but, to our knowledge, is not yet meaningfully providing
frequency regulation or spinning reserves in any of them.” Most ISOs/RTOs have not yet implemented
rules for hybrid VRE participation in AS markets.?

2.2.1 Participation Models

Participation models for VRE resources in AS markets depend on ISO/RTO market designs and, in real-
time markets, on whether resources are standalone or hybrid. For ISOs/RTOs with day-ahead and real-
time AS co-optimization (CAISO, MISO, NYISO, SPP) or for day-ahead scheduling reserves in PJM, VRE
participation in day-ahead AS markets would be financial rather than physical and would affect physical
operations primarily through system operator unit commitment decisions.

For example, if a standalone solar PV facility is selected to provide 10 MW of upward regulation
reserves between 14:00 and 15:00 at a day-ahead regulation clearing price of $20/MW, but only has
sufficient energy to provide an average of 5 MW in real-time during part of this interval (e.g., 14:05-
14:10) when real-time regulation prices are $30/MW, the PV facility buys back 5 MW of its day-ahead
reserve provision at an equivalent of $10/MW. The system operator could reduce its day-ahead
commitment of non-VRE resources by an average of 10 MW in that hour, but through its day-ahead or
intraday commitment processes, the system operator would need to ensure that it can make up any
reserve shortfall, or in this case an additional 5 MW.

VRE provision of reserves in real-time markets would be physical rather than financial. VRE would be
paid for providing the reserve product and for regulation energy and contingency dispatch energy,’
which is settled at locational marginal prices (LMPs), and would face penalties for non-performance. For
standalone VRE, provision of upward regulation and spinning reserves would require curtailment of 5-
minute forecasted generation, though the provision of upward regulation energy and contingency
dispatch energy would provide an additional revenue source. Standalone VRE provision of downward

7 The CAISO certified its first solar facility to provide spinning reserve in June 2019, but the amount of reserves solar has
provided has been extremely small (CAISO, 2020a). CAISO is also developing participation models that would allow
hybrid (2021 implementation) and standalone (planned stakeholder process) VRE to participate more fully in AS
markets (CAISO, 2020b). SPP appears to allow VRE to provide downward regulation reserves (SPP, 2020), though it is
not clear how frequently it is doing so. ERCOT reportedly allows wind generators to quality for AS provision, but only a
limited number have and wind participation in regulation markets is minimal (Chernyakhovskiy et al., 2019).

8 Under the CAISO’s proposed participation model for hybrid resources, hybrid VRE would be eligible to provide AS in
2021 (CAISO, 2020D).

9 Regulation energy refers to the actual energy or curtailed energy (MWh) provided by a resource with a regulation
reserve award. Contingency dispatch energy refers to the energy provided by a resource with a spinning or non-spinning
reserve award in response to a contingency.
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regulation reserves would not require curtailment of real-time forecasts, though the provision of
downward regulation energy and corresponding reduction in energy generated would reduce revenues.
For instance, a standalone solar PV facility providing 10 MW of upward regulation reserve in the
14:10:00 to 14:15:00 interval would have this 10 MW curtailed in that interval through real-time
economic dispatch, which means that it must have had at least a 10-MW forecast, plus a statistically
determined buffer, as of its 5-minute forecast when real-time dispatch is run (e.g., 14:00:00 or
14:02:30). If the regulation up clearing price is $30/MW, the energy price (real-time LMP) is $25/MWh,
and the facility provides 50 MWh of energy and 2 MWh of regulation energy (hourly equivalent), its
total settlement in that interval will be $133 (= [10 MW x $30/MW + 52 MWh x $25/MWHh] / 12).%°
Hybrid VRE participation in real-time AS markets is fundamentally different and more complex than for
standalone VRE. In principle, a hybrid facility could provide reserves up to some fraction of its 5-minute
forecast plus the maximum net charge/discharge rate of the storage component, but will also be
limited by the energy in the storage component and its interconnection limits. For instance, a hybrid
facility with a 20-MW 5-minute forecast and 5 MW of battery capacity could provide up to 25 MW of
reserves, but in practice it will be limited by forecast accuracy, the duration and state of charge of the
battery, and its interconnection limit.

Interconnection limits, determined as part of the generator interconnection progress, set the maximum
amount of power that a facility can inject into the grid. Interconnection limits for standalone VRE may
be sized to the nameplate capacity of the facility, in which case they may not have a significant impact
on power and reserve provision. Interconnection limits for hybrid VRE may be sized to the nameplate
capacity of the generator, the combined nameplate capacity of the generator and storage facility, or
something in between. If sized below the combined generator and storage capacity, interconnection
limits may limit the facility’s ability to fully dispatch and provide reserves.

2.2.2 Economic Principles

AS marginal prices typically include two components: capacity bids and opportunity cost. In addition,
most ISOs/RTOs have separate clearing prices for mileage,'! which compensate regulation providers for
their performance in response to automatic generation control (AGC) signals. Of these three elements
of AS pricing, opportunity cost tends to be the largest component.

Standalone VRE resources have near-zero variable cost, which means that, putting aside renewable
energy credits (RECs), production tax credits, and other incentives, their opportunity cost of providing
upward reserves rather than energy will be close to LMP. For instance, if LMP is $20/MWh and the
upward reserve price is $25/MW over an interval, a solar PV facility would choose to provide reserves
rather than energy (other costs ignored). Over time, and as we assume in this analysis, generators could

10 Hourly equivalent refers to the energy that the unit would have generated or the amount of reserves that would have
been provided if the average power output during a 5-minute interval was sustained for one hour. In this case, 50 MWh
hourly equivalent would be 4.2 MWh (50 MW average output sustained for 0.08 hours) of metered energy over the 5-
minute interval. Total settlement is divided by 12 to convert to the hourly equivalent settlement to a 5-minute
settlement. We use hourly equivalents throughout this paper.

11 PJM incorporates mileage into its regulation market clearing prices.
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also incorporate expected earnings or costs from reserve energy in this decision. For instance, if a solar
PV facility providing upward regulation reserves expects to be dispatched to provide energy equivalent
to 25% of its regulation award on average, it would choose to provide upward reserves in the above
example as long as the reserve price is greater than $15/MW. At this point, the generator will be
indifferent to providing energy (520 for 1 MWh of energy) or reserves ($15 for reserves plus $5 for
reserve energy for 1 MW of reserves) in that interval.

Downward regulation reserve prices are based on the incremental cost of keeping generators above
their desired operating points. Standalone VRE resources’ near-zero marginal cost thus means that their
opportunity cost of providing downward reserves will be close to zero, because their desired operating
point will almost always be their actual output. The only opportunity cost of VRE providing downward
reserve will be lost revenue from regulation energy. For instance, if LMP is $20/MWh and expected
downward regulation energy is 25% of the reserve award, a VRE facility would be willing to provide
downward reserves as long as the reserve price is greater than $5/MW in that interval. At this point,
the generator will be indifferent to providing energy ($20 for 1 MWh) or reserves ($20 for energy plus
S5 for reserves minus $5 for reserve energy).

In cases where regulation is a bidirectional product and expectations for upward and downward
regulation energy are symmetric, the breakeven condition for regulation reserve provision is that the
regulation price must exceed the energy price, because the regulation energy benefits and costs will
offset. For instance, consider a case in which a VRE facility is providing 10 MW of bidirectional
regulation reserves over some real-time interval, faces a regulation price of $25/MW and an energy
price of $20/MWh, and expects to provide 25% of its regulation award in upward and downward
regulation energy. The $42 (= [10 MW x 0.25 MWh/MW x $20/MWh] / 12) that the facility will earn
from upward regulation energy is offset by the $42 (= [10 MW x -0.25 MWh/MW x $20/MWh] / 12)
that it will effectively pay from downward regulation energy and its expected revenues will be $21 (=
[$25/MW x 10 MW + $500 - $500] / 12). If the regulation price exceeds the energy price, the unit will
prefer to provide reserves.

The asymmetry in opportunity costs for VRE provision of upward and downward reserves suggests that,
in markets where separate upward and downward regulation products exist, VRE will more frequently
provide downward regulation reserves. However, the unit value of providing upward reserves would
likely be higher than for downward reserves because VRE will only provide upward reserves when the
reserve price is close to or exceeds the energy price.

The frequency with and the conditions under which upward regulation (CAISO, ERCOT, SPP) or
regulation (ISO-NE, MISO, NYISO, PJM) prices exceed energy prices vary across markets, from a low of
368 hours in MISO to a high of 2,205 hours in ISO-NE in our energy and AS price zones in 2018, though it
was less than 1,500 hours (17% of hours) in all markets except for ISO-NE. In most markets, positive
differences between regulation and energy prices tended to be clustered in lower energy price hours,
whereas for PJM and ISO-NE positive spreads were more evenly distributed across energy prices. Figure
2 illustrates this difference in price dynamics, using CAISO and PJM as illustrative examples.
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Figure 2. Share of Hours in Which Regulation Prices Exceeded Energy Prices in CAISO and PJM at
Different Energy Price Levels, 2018
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For hybrid VRE, the economics of energy versus reserve provision are more complex because its
opportunity cost extends both across energy and reserve markets and over time, and because of the
interactions between the generator and the storage device, which occur either due to interconnection
limits or if the battery can only charge from the generator. If the interconnection limit does not bind
and battery charging/discharging is not limited by the generator, generation and storage will operate
independently. In this case, the economic principles described above for the VRE generator will still
hold.

The battery in a hybrid VRE will tend to maintain a state of charge that allows it to provide maximum
amounts of upward and downward reserves, unless energy price differences are high enough, or
reserve prices are low enough, to perturb this equilibrium and cause the battery to charge/discharge
for energy price arbitrage or choose to provide neither energy nor reserves.

For instance, a 10 MW/20 MWh battery may charge to just over 10 MWh (incorporating efficiency
losses) to provide 10 MW of upward regulation and 10 MW of downward regulation. If energy prices
are high, the battery may charge to 20 MWh during a lower priced hour and then discharge to take
advantage of these higher prices, but during the intervals when it is fully charged it cannot provide
downward reserves and during the interval when it is fully discharged it cannot provide upward
regulation. The net income earned from energy arbitrage must therefore be high enough to offset the
opportunity cost of not providing reserves. Tradeoffs like this make battery behavior complex,
particularly in real-world applications where resource owners do not have perfect foresight.

Regulation product design also affects the dispatch, and thus the economics, of VRE hybrids. In markets
with bidirectional regulation products, regulation prices reflect the incremental cost of providing
upward and downward regulation reserves simultaneously. However, in markets with separate upward
and downward regulation products, upward and downward regulation prices tend to be weakly
correlated. This suggests that, in bidirectional regulation markets, resources with regulation awards
will need to provide regulation reserves in both directions even though the value (market price) in one
direction may be low or though the resource may not physically be able to provide regulation reserves
in both directions but can provide high value reserves in one direction.

In practice, market decision-making for both standalone and hybrid VRE resources will be more
complex than the above discussion suggests, because of the influence of renewable incentives,
emissions pricing, contractual obligations, resource and performance uncertainty, higher levels of
curtailment, and other factors that may shape real-time bidding behavior. For instance, in their bid
strategies, VRE owners would need to factor in the incremental cost of lost renewable energy credits
(RECs) or production tax credit (PTC) revenues from providing reserves rather than energy. We do not
consider these factors in the analysis.

12 For instance, based on the AS prices used in this analysis, CAISO day-ahead upward and downward regulation prices
had a correlation coefficient of 0.19 and a real-time correlation coefficient of 0.02 in 2018; in ERCOT the correlation
coefficient for day-ahead upward and downward regulation prices was 0.22; in SPP, the day-ahead correlation coefficient
was 0.05 and the real-time correlation coefficient was 0.04.
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3 Methods

This section describes analysis metrics and our modeling framework and assumptions. Section 8.2
provides additional detail on methods and describes data sources.

3.1 Metrics

The analysis examines the value of VRE AS market participation from a VRE resource owner’s and an
electricity system perspective in each of the seven ISO/RTO markets. In both cases, we compare a
scenario in which the VRE resource does not participate in AS markets to one in which it does.

For resource owners, we measure value to the resource owner in terms of incremental unit revenues
(Ar, S/MWhpc) from participating in AS markets, where

_ ENl +A51 - ENO

r
Gpc

And where
e ENis the VRE facility’s annual energy market revenues, in S/yr
e ASisthe VRE facility’s annual AS market revenues, in S/yr
e  Gpcis the pre-curtailment (PC) amount of annual generation from the VRE facility, in MWhpc/yr
e Subscript 1 is the scenario in which the facility provides both energy and AS (energy + AS)
e Subscript 0 is the scenario in which the facility only provides energy (energy only)

The numerator in this equation captures the change in total revenues for the standalone or hybrid VRE
facility as a result of AS market participation. For the denominator, we use pre-curtailment generation
to provide a consistent basis for comparing unit revenues in the energy + AS and energy only scenarios,
because the amount of annual generation in the two scenarios will differ due to curtailment (Go > G1).
Incremental unit revenues do not include degradation costs for hybrid VRE.

For the system perspective, we measure value in terms of average annual unit value (v, $/MW), where

_ AS;
V= Rs,
And where

e RS;isthe VRE facility’s annual provision of AS, in MW /yr

This annual unit value can be compared against average AS market prices to assess whether VRE can
provide reserves during high priced hours. For instance, a solar facility that provides upward regulation
reserves mainly during system-constrained periods with high regulation prices will tend to have high
unit value, relative to average upward regulation prices.
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As an additional metric for system value, we also report the amount of average reserves (AR, MW)
provided by the VRE facility over the year, where

And where
e His number of hours in the year (8,760 or 8,784)

3.2 Modeling Framework and Assumptions

To estimate Ar, v, and AR, we use a linear optimization model that maximizes wholesale market
revenues against zonal energy and AS market prices for standalone and hybrid VRE resources in each
ISO/RTO market, with consistent assumptions across markets to allow for comparability.

The analysis considers four resource types:

a 20-MW standalone solar PV plant

a 20-MW standalone onshore wind plant

a 20-MW hybrid solar PV plant paired with 10 MW/40 MWh of battery storage

a 20-MW hybrid onshore wind plant paired with 10 MW/40 MWh of battery storage

el R

The hybrid results should not be compared against the standalone results to assess whether storage
would be cost-effective for VRE owners. There are other potential benefits to hybridization, such as
interconnection cost savings and capacity value, that are not considered in this analysis.

In a base case, we examine the participation of these four resources in ISO/RTO regulation markets, as
regulation tends to be the highest value AS product. In sensitivity analyses, we also consider
participation in both regulation and spinning reserve markets and only in spinning reserve markets.*?
The model uses hourly average zonal energy, regulation, and spinning reserve prices from 2015 through
2019, with zones selected based on a centroid search algorithm to reflect an average plant (see Section
8.2). For the six ISOs/RTOs that have real-time AS markets, the model uses real-time energy and AS
prices, because real-time prices set arbitrage conditions for resource owners. For ERCOT, which did not
have a real-time AS market during 2015-2019, the model uses day-ahead prices.

The model uses deterministic solar and wind profiles (see Section 8.2 for data sources and methods).
For standalone plants, reserve market participation is capped at 20% of the hourly profile, with
minimum participation of 1 MW. The 20% cap is intended to reflect a reasonably conservative level of
participation, accounting for VRE forecast error, though ultimately, participation limits should be driven

13 We do not consider participation in non-spinning reserve markets. In these markets, generators do not have energy
market opportunity costs and thus market prices tend to be significantly lower than for spinning reserves (Denholm et
al, 2019).
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by historical data and desired levels of confidence. The 1 MW floor captures differences among
ISO/RTO eligibility criteria. For instance, the minimum size for participation in PJM'’s regulation markets
is 0.1 MW (PJM, 2021), ISO-NE’s minimum size ranges from 0.1 MW (storage) to 5 MW (generation)
(ISO-NE, 2021), and SPP’s tariff does not stipulate a minimum size (SPP, 2020). The cap has a significant
impact on the results, as the value of providing AS is approximately proportional to the cap, whereas
the floor does not significantly impact the results.

For hybrids plants, the model allows the generator and battery to operate independently but only
allows the battery to provide reserves, as battery reserve provision will significantly exceed that for the
solar or wind generator.'® In the base case, the point of interconnection (POI) capacity limit is capped at
the wind or solar generator nameplate capacity (20 MW), though we consider a sensitivity in which the
POI limit is increased to the nameplate capacity of the generator plus the maximum discharge capacity
of the battery (30 MW). The model conservatively caps reserve provision by the battery at its maximum
charge/discharge capacity.'® It uses a degradation penalty of $5/MWh for energy dispatched from the
battery and $25/MWh for energy, including reserve energy, provided by the battery.'®

For both the standalone and hybrid plants, we assume that plant owners incorporate the revenues and
costs of regulation energy and contingency dispatch in their market bids, which is captured in the
model’s objective function. For regulation, we assume that the plant provides upward or downward
regulation energy equivalent to 25% of its regulation award.!” For spinning reserves, we assume that
the plant provides contingency dispatch energy equivalent to 2% of its spinning reserve award. Two
percent is a conservative estimate that assumes a maximum of roughly 175 hours of contingency events
per year.'®

For simplicity, the model assumes perfect foresight of future market prices, which affects both
standalone and hybrid VRE dispatch. For standalone VRE, resource owners do not know the market
prices at which they will provide regulation energy in advance, which means that to factor regulation
energy into their bids resource owners would need to rely on historical prices. For hybrid VRE, resource
owners must manage battery state of charge faced with uncertainty around future prices, which means
that batteries may not be able to provide energy and reserves as efficiently as they would be able to
with perfect foresight. In both cases, incremental unit revenues (Ar) will tend to be lower without

14 In principle, both the battery and the generator could provide reserves, with the latter providing them through
curtailment. Given that the reserves provided by the battery are likely to be much larger than those provided by the
generator, we only include the former in this analysis.

15 [n principle, a battery that is charging/discharging at 10 MW could provide up to 20 MW of upward/downward
regulation. More conservatively, we limit reserve provision to maximum charge/discharge capacity, or in this example 10
MW.

16 These estimates, based on He et al. (2018), reflect the long-run opportunity cost of operating the battery more in the
nearer versus the longer term. Above a relatively low degradation penalty level, the choice of degradation penalty does
not significantly affect the results.

17 This assumption is consistent with the default parameter in Sandia National Laboratory’s (SNL’s) QUEST tool,
https://github.com/snl-quest/snl-quest.

18 This assumes that a resource providing 1 MW of spinning reserves in each hour of the year would be called upon to
provide 175 MWh of energy per year, or 175 total event hours if fully loaded.
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perfect foresight than with it, though the effect will be larger for hybrid than standalone VRE.

The model assumes that AS market prices do not change as additional VRE resources participate in
these markets. This price taker assumption is valid for early market entrants but would be less
reasonable with higher levels of VRE participation in AS markets. We discuss this assumption in further
detail in Section 5.2.

The model does not include regulation mileage revenues, as these are difficult to model and total
mileage payments to resources tend to be small. It also does not consider limits on dispatch imposed by
external incentives, such as RECs or the federal PTC, or contract terms and conditions, or other sources
of uncertainty for resource owners. In general, incentive and contractual constraints will tend to reduce
incremental unit revenues, by providing a disincentive for curtailment (standalone) and constraining
dispatch (hybrids), though the effects will be unit and market specific.

4 Results

4.1 Value to Standalone VRE Owners

Figure 3 and Figure 4 show the base case results for standalone VRE owners, by year and ISO/RTO. The
tables below each figure show simple average incremental unit revenues (Ar) across 2015-2019 and the
percentage change in 2015-2019 average revenues from providing regulation reserves and energy,
relative to only providing energy.®

As the figures show, incremental value to standalone VRE owners varies significantly among 1ISOs/RTOs,
across years, and between wind and solar resources. Differences among I1SOs/RTOs stem from different
regulation products, price levels, and the relationship between energy and regulation prices. The
incremental value for resource owners is generally higher in 1ISOs/RTOs with separate upward and
downward regulation products (CAISO, ERCOT, SPP) than in 1ISOs/RTOs with bidirectional regulation
(MISO, PJM, NYISO, ISO-NE). As described in Section 2.2.2, the main reason for this result is that, with
separate products, VRE can provide downward regulation in most hours, whereas with bidirectional
regulation products VRE will only provide downward regulation in a limited number of hours in which
regulation prices are higher than energy prices.

Higher average annual regulation prices, for instance, ERCOT in 2019 or PJM in 2015 and 2018, tend to
translate into higher estimated incremental value for standalone VRE owners in some years, but are
generally outweighed by the effects of different market designs. SPP, for instance, had lower average
regulation prices than PJM during 2015-2019, but has higher incremental value because it has separate
upward and downward regulation products.

19 We calculate percentage change in average revenues as the percentage difference between average unit revenues over
2015-2019 from providing energy and regulation reserves and average unit revenues over 2015-2019 from providing
energy only. Because unit revenues in both cases are normalized by pre-curtailed MWh (MWhpc), the denominators are
the same and the percentage change in unit revenues is equal to the percentage change in total revenues.
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Figure 3. Incremental Unit Revenue ($/MWhec) to Standalone Solar Owner (Figure), 2015-2019
Average Incremental Revenue (Table), and Percentage Change in 2015-2019 Average Revenue
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Figure 4. Incremental Revenue ($/MWhpec) to Standalone Wind Owner (Figure), 2015-2019 Average
Incremental Revenue (Table), and Percentage Change in 2015-2019 Average Revenue (Table)
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In addition to regulation price levels, differences in results across years are also the result of changes in
regulation procurement and the relationship between energy and regulation prices. For instance, CAISO
increased its regulation procurement in 2016, leading to 1.4-fold and 2.1-fold increases in upward and
downward regulation prices, respectively, and an increase in incremental value. Increases in
incremental value for both solar and wind in CAISO in 2018 were driven by higher increases in
regulation prices relative to energy prices and an increase in the number of hours where regulation
prices exceeded energy prices. As mentioned in Section 2.1, some of the changing regulation price
dynamics in CAISO over this period were driven by increases in solar generation (Mills et al., 2021).

Differences between wind and solar are the result of different resource profiles relative to regulation
prices and differences in capacity factors. Wind’s average incremental value and percentage change in
revenues are higher than solar’s in all markets except for CAISO and ERCOT. In ERCOT, solar’s
incremental value is higher but wind’s percentage change in revenues is higher, highlighting the impact
of differences in capacity factors between solar and wind. Wind has a higher capacity factor than solar,
meaning that its higher incremental revenues are spread over a larger denominator and may be lower
than for solar, on a $/MWh basis, as is the case in the ERCOT results.

The results for PJM are within the range but on the lower side of those in Rebello et al. (2020), who
estimate a 1-6% increase in revenues for a wind plant providing regulation in PJM in 2017.

4.2 Value to Hybrid VRE Owners

As Figure 5 and Figure 6 show, incremental value for hybrid VRE owners is significantly higher than for
standalone VRE owners in most markets. Given the discussion in Section 2.2.2, this result is expected:
batteries will tend to provide reserves unless energy price differences are high or reserve prices are
low, whereas standalone VRE will tend to provide energy unless reserve prices are high relative to
energy prices.

Differences in value among ISOs/RTOs and years are mainly driven by differences in market design and
regulation price levels. For instance, MISO and SPP had similar real-time energy and regulation price
levels and price variance during 2015-2019,% but hybrid batteries provide significantly more
incremental revenue in SPP than in MISO because SPP has separate upward and downward regulation
products, which allows batteries to provide regulation more efficiently (see Section 2.2.2). For PJM and
ISO-NE, higher regulation prices (Figure 1) explain why incremental revenues in these markets are
higher than in MISO and NYISO.

20 For instance, based on the energy and AS prices used in this study, MISO’s average real-time energy prices were
$26/MWh (Cv = 0.7) and its regulation prices were $11/MW-h (Cv = 1.0), whereas SPP’s average real-time energy prices
were $24/MWh (Cv = 1.0) and its upward and downward regulation prices were $9/MW-h (Cv = 1.9) and $6/MW-h (Cv =
1.2), respectively.
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As with standalone VRE, differences between the solar and wind results are driven mainly by
differences in resource profiles and capacity factors but are, to a much lesser extent, also influenced by
the POI capacity constraints (see Section 4.4).

Figure 5. Incremental Revenue ($/MWhpec) to Hybrid Solar Owner (Figure), 2015-2019 Average
Incremental Revenue (Table), and Percentage Change in 2015-2019 Average Revenue (Table)
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Figure 6. Incremental Revenue ($/MWhec) to Hybrid Wind Owner (Figure), 2015-2019 Average
Incremental Revenue (Table), and Percentage Change in 2015-2019 Average Revenue (Table)
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4.3 Value to the Electricity System

Table 2 shows modeled results for both the regulation provision (AR) and regulation value (v) metrics,
using 2018 ISO/RTO market prices.?! Regulation provision is shown both as average MW and as percent
of the generator or battery’s nameplate capacity of (20 MW for standalones, 10 MW for hybrids). In
comparing across I1SOs/RTOs, it is important to bear in mind that in markets with bidirectional
regulation the VRE facility will be providing regulation in both directions, which means that the “Total”
regulation provision for markets with separate regulation products is comparable with twice the
amount of regulation in markets with bidirectional regulation. Table 2 also shows simple average
ISO/RTO regulation prices in 2018 (ISO AVG), as a point of comparison for the regulation value metric.

The results in Table 2 can be distilled into four key points. First, regulation provision is generally higher
in the markets with separate upward and downward regulation products than it is in those with
bidirectional regulation, even accounting for the fact that resources providing bidirectional regulation
are providing it in both directions (hybrid VRE in ISO-NE and PJM are exceptions). For instance, a
standalone wind facility in SPP provides 1.3 MW (7% of nameplate) of downward and 0.7 MW (3%) of
upward regulation, whereas a standalone wind facility in MISO provides only 0.3 MW (1%) of
bidirectional regulation. In particular, having separate upward and downward regulation products

21 The choice of year here is arbitrary. The key findings from this analysis are general enough where the choice of year
will not have a significant impact on the results.

Variable Renewable Energy Participation in U.S. Ancillary Services Markets |18



allows VRE to provide downward regulation in situations in which, with bidirectional regulation,

regulation prices would have needed to exceed energy prices to have made it cost-effective for VRE to

provide regulation reserves (see Section 2.2.2).

Table 2. Simulated VRE Regulation Provision (AR) and VRE Regulation Value (v), Using 2018 Market
Prices

Regulation provision (AR, average MW), %
capacity in parentheses

Regulation value (v) and ISO average regulation price
in 2018 ($/MW)

Standalone Hybrid Standalone Hybrid 1SO
Solar Wind Solar Wind Solar Wind Solar Wind AVG
CAISO RD 0.95 0.91 4.37 4.23 $26 $31 $31 $32 $12
(5%) (5%) (44%) (42%)
RU 0.42 0.47 3.92 3.54
37 62 38 40 14
(2%) (2%) (39%) (35%) ? ? ? ? ?
Total 1.37 1.38 8.29 7.78 $29 42 ¢34 $36
(7%) (7%) (83%) (78%)
ERCOT RD 0.18 0.82 1.49 1.45
8 11 14 15 4
(1%) (4%) (15%) (14%) ? ? ? ? ?
RU 0.24 0.54 3.09 3.10
78 16 32 32 14
(1%) (3%) (31%) (31%) ? ? ? ? ?
Total 0.42 1.36 4,58 4.55 <48 $13 $26 $27
(2%) (7%) (46%) (45%)
SPP RD 0.28 1.32 2.73 2.42
12 13 15 16 9
(1%) (7%) (27%) (24%) ? ? ? ? ?
RU 0.15 0.70 2.43 2.20
34 14 22 23 6
(1%) (3%) (24%) (22%) ? ? ? ? ?
Total 0.43 2.02 5.16 4.63
19 13 18 19
(2%) (10%) (52%) (46%) ? ? ? ?
MISO 0.03 0.28 1.22 1.33
7 6 12 12 11
(0%) (1%) (12%) (13%) ? ? ? ? ?
PIJM 0.11 0.27 6.15 6.00
67 64 26 27 23
(1%) (1%) (62%) (60%) ? ? ? ? ?
NYISO 0.04 0.38 3.79 3.05
10 11 15 15 14
(0%) (2%) (38%) (30%) ? ? ? ? ?
ISO-NE 0.16 0.51 10.19 8.26
34 32 21 21 28
(1%) (3%) (102%) | (83%) ? ? ? ? ?

Notes: RD refers to downward regulation; RU refers to upward regulation. Regulation provision is the sum of average upward
and downward provided, which can exceed the nameplate capacity of the battery or 100% in percentage terms.

Second, standalone wind almost always provides more average reserves than standalone solar (CAISO
RD is the only exception), but hybrid solar provides slightly more reserves than hybrid wind (ERCOT RU
and MISO are the exceptions). Differences between solar and wind reserve provision are driven both by

resource profiles and the ISO/RTO resource mix, which is reflected in market prices. The relative unit

value (v) of solar and wind vary across markets without a clear pattern, though the value of solar and

wind are relatively close for hybrid VRE and for both standalone and hybrid VRE in bidirectional

markets.
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Third, the value of hybrids is often, though not always, higher than standalones (CAISO wind RU, ERCOT
solar RU, SPP solar RU, PJM, and ISO-NE are exceptions). Cases where standalones have higher value
may reflect instances where they provide regulation reserves in a small number of high priced (high
value) hours, whereas hybrids are providing reserves in a larger number of hours and thus have lower
average value. This illustrates that standalone VRE can provide high value reserves.

Fourth, the value for both standalones and hybrids is higher than ISO/RTO average regulation prices in
almost all cases (MISO and NYISO standalones are the exceptions), which implies that VRE tends to
provide regulation reserves during periods when regulation prices are higher than average. This result
suggests that enabling regulation market participation by these resources would help to put downward
pressure on average regulation prices.

4.4 Sensitivities

The analysis considers four sensitivities:

e Max POI, in which we increase the POI limit from 20 MW to 30 MW for the hybrid VRE
resources.

e Energy + reg + spin, in which we allow standalones and hybrids to provide spinning reserve in
addition to energy and regulation.

e Energy + spin, in which we only allow standalones and hybrids to provide energy and spinning
reserve.

e High VRE penetration, in which we explore how incremental revenues (Ar) from regulation
market participation might change with higher VRE penetrations.

For the first three sensitivities, we use 2018 ISO/RTO market prices. For the high VRE penetration
sensitivity, we use 2030 energy and regulation price projections for two scenarios in Seel et al. (2018):
(1) the Low VRE scenario, in which wind and solar generation is capped at 2016 levels, and (2) the
“balanced wind/solar, consistent capacity balancing” case from the High VRE scenario. The balanced
wind and solar case has 20% solar and 20% wind in each of four markets (CAISO, ERCOT, NYISO, SPP) in
2030.

Table 3 shows the results for the first three sensitivities. It includes base case (energy + reg) incremental
values for 2018 as a reference. The results illustrate two main points. First, with exceptions in ISO-NE
and PJM, the value of increasing the POI capacity limit is relatively low. This implies that, assuming the
battery is sized to less than 50% of the nameplate capacity of the VRE facility, most of the hybrids’ AS
value can be captured without needing to increase a wind or solar facility’s interconnection capacity
limit.

Second, the incremental value of participating in spinning reserve markets, either in addition to
regulation markets (energy + reg + spin) or without participation in regulation markets (energy + spin) is
low. This is partly due to price cascading, meaning that in CAISO, MISO, and SPP regulation prices will
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always exceed spinning reserve prices (see Table 1), and partly due to low spinning reserve prices

relative to energy and regulation prices.

Table 3. Incremental Revenue ($/MWhec) to VRE Owners for Base Case (Energy + Reg), Max POI,
Energy + Reg + Spin, and Energy + Spin Sensitivities, 2018 ISO/RTO Prices

| CAISO | ERCOT  SPP - MISO PIM NYISO  ISO-NE
Standalone solar
Base case (energy + reg) $4.6 $2.3 50.6 $0.0 50.6 $0.1 $0.4
Energy + reg + spin $4.9 $3.0 $0.6 $0.0 $0.6 $0.1 $0.4
Energy + spin $0.3 $0.8 $0.0 $0.0 $0.0 $0.0 $0.0
Standalone wind
Base case (energy + reg) s4.7 $1.2 S1.7 S0.1 S1.2 S0.3 S0.7
Energy + reg + spin S5.2 51.5 51.7 S0.1 51.2 S0.3 S0.7
Energy + spin S0.5 S0.3 50.0 $0.0 50.0 $0.0 S0.0
Hybrid solar
Base case (energy + reg) $36.7 $16.1 $10.2 S1.7 $23.6 $9.4 $37.1
Max POI $37.9 $18.2 $11.5 $2.3 $26.7 $10.1 $40.7
Energy + reg + spin $36.7 $17.8 $10.5 $2.1 $23.5 59.4 $37.0
Energy + spin 52.8 58.3 $0.9 50.8 50.8 50.8 S0.7
Hybrid wind
Base case (energy + reg) $25.4 $10.1 $5.3 S1.1 $15.3 54.0 514.4
Max POI $27.3 $11.0 $6.3 $1.4 $17.8 $5.1 $20.0
Energy + reg + spin $25.4 $10.9 $5.4 $1.3 $15.2 $3.9 $14.4
Energy + spin $1.9 $5.2 $0.4 $0.5 $0.4 $0.2 $0.3

Table 4. Incremental Revenue ($/MWhec) to VRE Owners, High VRE and Low VRE Scenarios in the
High VRE Penetration Sensitivity

CAISO ERCOT SPP NYISO
Standalone solar . . | |

High VRE $1.4 $6.6 $14.8 $2.0
Low VRE $0.0 $0.1 $0.0 $0.0
Standalone wind

High VRE $1.3 $2.7 $6.6 $1.4
Low VRE $0.0 $0.5 $0.3 $0.0
Hybrid solar

High VRE $34.3 $40.8 $64.1 $20.6
Low VRE $5.4 $25.2 $7.1 $0.9
Hybrid wind

High VRE $21.6 $22.3 $35.9 $10.0
Low VRE $3.2 $12.0 $3.4 $0.6
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Table 4 shows results for the high VRE penetration sensitivity, displaying incremental revenues (Ar) to
VRE owners for both the High VRE and Low VRE scenarios in the four markets with 2030 price
projections in Seel et al. (2018). We show results for these scenarios separately rather than just the
difference between them to highlight that these results are comparable with one another but are not
strictly comparable with those in Sections 4.1 and 4.2. The latter are based on historical market prices,
whereas the high VRE penetration sensitivity is based on 2030 price projections.

Incremental value to VRE owners increases substantially from the Low to High VRE scenarios,
particularly in ERCOT and SPP. Two main factors drive these results. First, projected regulation prices
are significantly higher in the High VRE scenario than in the Low VRE scenario. For instance, in SPP
projected downward regulation prices increase from an average of around $4/MW-h to $27/MW-h.
Second the frequency with which projected regulation prices exceed projected energy prices is also
higher in the High VRE scenario than in the Low VRE scenario. For instance, in ERCOT the number of
hours where upward regulation prices exceed energy prices increases from around 100 in the Low VRE
scenario to around 1,500 in the High VRE scenario.

The results in Table 4 are intended to be illustrative and directional rather than forecasts. Importantly,
the High VRE scenario in Seel et al. (2018) does not include significant amounts of energy storage and

does not allow VRE to participate in AS markets, both of which would tend to depress the incremental
value of AS market participation for VRE resource owners.

5 Key Issues

The results are sensitive to market participation barriers (will VRE be able to participate in AS
markets?), changes in AS market volumes and pricing (how would higher VRE penetration and VRE and
storage participation in AS markets affect the results?), and changes in market design (will new AS
products provide additional revenue opportunities for VRE?). This section explores these three issues.

5.1 Market Participation Barriers

As discussed in Section 2.2, standalone and hybrid VRE resources are not meaningfully participating in
ISO/RTO regulation and spinning reserve markets. For both standalone and hybrid resources, the most
important barriers to participation in regulation and spinning reserve markets are forecast uncertainty,
duration requirements, and perceived disincentives created by policy.

All generation resources have some degree of weather dependence, which affects the operating
characteristics (ramp rates, maximum and minimum generation levels) that determine their ability
(operating limits) to provide reserve capacity over the course of a day. For solar and wind resources,
however, the weather has a significant effect on operating limits on intra-hour timescales, shorter than
the hour-ahead timescales in which non-VRE suppliers can typically change their operating limits in
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ISO/RTO markets.?? Standalone and hybrid VRE participation in reserve markets would likely require a
more dynamic approach to calculating operating limits, as the CAISO has proposed in its Hybrid
Resources Final Proposal (CAISO, 2020b). For instance, a wind facility’s ability to provide reserves would
depend on day-ahead, hour-ahead, and 5-minute forecasts and forecast accuracy.

VRE forecasts that are used in scheduling and dispatch are point estimates. In fact, though, these
estimates are points along a statistical distribution, which can be parameterized using historical
weather data. Prediction intervals from this distribution can be used to determine AS market
participation limits for standalone and hybrid VRE resources. Resource owners could use prediction
intervals to determine whether they want to take on the risk of imbalance costs or penalties for non-
delivery of AS awards. System operators could use prediction intervals to determine reserve and unit
commitment needs.

Because VRE forecast errors fall significantly as time approaches the dispatch interval, both resource
owners and system operators might be more inclined toward real-time, rather than day-ahead,
participation of VRE in regulation and spinning reserve markets. However, there is likely to be value in
VRE participation in day-ahead AS markets to reduce day-ahead commitment costs, even if only a small
portion of an individual resource’s forecasted output is eligible to participate or if VRE owners are only
willing to offer a small portion of their output for reserves. Because the correlation of VRE forecast
errors decreases with larger geographic area (Miettinen and Holttinen, 2017), system operators may be
able to deal with day-ahead VRE forecast error by procuring reserves from a larger number of VRE
resources over a wide geographic area. This would require greater transparency in and more rigorous
methods for ISO/RTO reserve procurement.

ISO/RTO continuous duration requirements for reserves may also create a barrier to standalone and
hybrid VRE participation in AS markets, due to solar and wind generation’s variability and forecast
uncertainty. Four of the seven I1SOs/RTOs have explicit continuous duration requirements, typically
lasting 30 or 60 minutes, for regulation resources (Table 5), though some 1SOs/RTOs allow limited
energy storage resources that are only used for regulation to meet a 15-minute continuous duration
requirement.?® Spinning reserves also tend to have 30-minute or 60-minute duration requirements.
Reconsidering these requirements, for instance, by reducing day-ahead scheduling intervals to 15
minutes or by better matching product duration requirements with unit commitment processes, may
be an important part of ISO/RTO efforts to enable VRE participation in AS markets.

Policies to support renewable generation, such as RPS requirements and tax credits, and contractual
constraints may create barriers to VRE participation in AS markets, by biasing resources toward energy
generation rather than reserve provision or by creating constraints on the operation of VRE facilities.
These constraints would be expected to reduce reserve provision by standalone VRE facilities, though

22 “Non-VRE suppliers” here refers to resources that do not have forecast-based bids. Changes in operating limits are
typically made through real-time markets, which close roughly an hour before the operating hour.
23 Examples include CAISO, MISO, NYISO, and SPP.
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likely not to zero.?* Additionally, with higher VRE penetration and potentially more curtailment,
resource owners may be more willing to participate in AS markets. To avoid creating uneconomic grid
operating constraints, particularly as VRE penetration increases, it is important to make sure that policy
design is aligned with desired market outcomes.

Table 5. Continuous Duration Requirements for Regulation and Spinning Reserves by ISO/RTO

‘ Regulation Reserve Spinning Reserve ‘
CAISO Day-ahead: 60 minutes 30 minutes
Real-time: 30 minutes
ERCOT Unspecified Unspecified
SPP 60 minutes 60 minutes
MISO 60 minutes 60 minutes
PJM Unspecified 30 minutes
NYISO Unspecified Unspecified
1ISO-NE 60 minutes* 60 minutes

Note: ISO-NE allows resources that do not meet this threshold to provide regulation on a case-by-case basis, by stipulating that
“any Resource with less than one-hour sustainability must participate in the Regulation test environment” (ISO-NE, 2019).
Sources: CAISO (2021); ERCOT (2020); SPP (2020); MISO (2020); PJM (2021); NYISO (2019); ISO-NE (2021).

5.2 Market Impacts

Changes in regulation and spinning reserve market volumes (procured quantities) and prices will impact
the value of VRE participation in these markets. Both volume and price are expected to change, in ways
that remain uncertain, as VRE penetration increases.

Higher VRE penetration has two opposing effects on market prices for regulation and spinning reserves.
On the one hand, higher penetration reduces energy market prices and thus opportunity costs. On the
other hand, it leads to more frequently binding operating constraints and higher regulation and
spinning reserve prices. For instance, during periods when all online thermal generation has already
been reduced to its minimum generation levels, regulation down prices would likely be high. In the
2030 price projections used in the high VRE penetration sensitivity (Section 4.4), the net of these two
effects was significantly higher regulation prices. These forecasts, however, did not include significant
levels of energy storage and assumed that VRE was not eligible to provide regulation.

Regulation and spinning reserve markets are relatively thin. In 2017, 1ISOs/RTOs procured an average of
around 60-800 MW (0.3-0.9% of peak demand) of regulation reserves and 600-2,600 MW (1-4% of peak
demand) of spinning reserves (Table 6). Increasing the scope of eligible resources — particularly energy
storage — that can participate in these markets should lead to saturation. As a reference point,
ISOs/RTOs had more than 130 GW of standalone and hybrid storage in their interconnection queues at
the end of 2020, relative to total regulation and spinning reserve requirements of 4.8 GW and 7.8 GW,
respectively (Table 6). Even if 10% of storage projects in interconnection queues eventually come

24 For instance, adding a $25/MWh production tax credit to our analysis reduced regulation provision by standalone VRE
in CAISO in 2018 by about half.
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online, this suggests that reserve markets could saturate quickly over the early 2020s.%> Market
saturation would lead to lower reserve prices and reduced incremental reserve market value for VRE
owners.

Table 6. Recent (2017) Regulation and Spinning Reserve Procurement and Energy Storage in
Interconnection Queues at the End of 2020, by ISO/RTO and Total

ISO/RTO  Regulation Reserve Spinning Reserve Energy Storage in Interconnection
Requirement (% Requirement (% Queue

Peak Demand) Peak Demand) Standalone

Hybrid Storage
Storage K g

RU: 320 MW (0.6%)
CAISO 800 MW (1.6%) 22,712 MW 37,339 MW
RD: 360 MW (0.7%)

RU: 318 MW (0.5%)
ERCOT 2,617 MW (3.8%) 12,779 MW 7,638 MW
RD: 295 MW (0.4%)

RU: 470 MW (0.9%)
SPP 585 MW (1.1%) 5,734 MW 3,579 MW
RD: 325 MW (0.6%)

MISO 425 MW (0.4%) 740 MW (0.6%) 2,536 MW 2,674 MW

Off-p: 525 MW (0.4%)
PJM 1,505 MW (1.0%) 14,898 MW 8,046 MW
On-p: 800 MW (0.6%)

NYISO 217 MW (0.7%) 655 MW (2.2%) 11,889 MW 268 MW
ISO-NE 60 MW (0.3%) 900 MW (3.8%) 3,645 MW 237 MW
Total 4,817 MW 7,802 MW 74,193 MW 59,781 MW

Sources: RU and RD are upward and downward regulation, respectively. Off-p and On-p are off-peak and on-peak. Total
regulation is the sum of upward and downward regulation, meaning that NYISO, for instance, has 217 MW of upward and
downward regulation and 434 MW of total regulation. For PJM, we take the average of off-peak and on-peak regulation.
Regulation and spinning reserve requirements are from Denholm et al. (2019). Interconnection queue data are based on data
from Rand et al. (2021).

In principle, higher VRE penetration would be expected to increase the amount of regulation and
spinning reserve procured by ISOs/RTOs, to address higher sub-5-minute variability (regulation) and
larger wind and solar forecast error (spinning reserve). In practice, however, the relationship between
VRE penetration and reserves is complex and depends on calculation methods and assumptions,
product designs, and market designs (Milligan et al., 2010; Ela et al., 2011b; Andrade et al., 2016). For
instance, higher VRE penetration will likely require dynamically calculated reserve needs (Ela et al.,
2011a; Holttinen et al., 2012), but whether this increases total reserve procurement and its effect on
reserve prices is unclear. As an example, the CAISO increased regulation procurement in 2016 to

25 Between standalone and hybrid storage, 10% of projects would imply more than 13 GW of nameplate storage capacity,
relative to a current regulation market (upward + downward) size of around 5 GW and a spinning reserve market size of
around 8 GW.
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manage rising amounts of solar generation (CAISO, 2017; Mills et al., 2021), whereas AS procurement in
ERCOT, SPP, and MISO have been stable even with significant increases in wind generation (Zarnikau et
al., 2019; Tsai, 2021). Changes in ISO/RTO market design, such as consolidation of ISOs/RTOs into larger
balancing areas or improved market-to-market coordination between ISOs/RTOs, could also offset
increases in reserve requirements.

The net effect of these different considerations on the incremental value of AS market participation for
VRE owners is uncertain, which creates risks for VRE developers that are expecting to rely on AS
markets as a core part of future revenues.

5.3 New AS Values and Services

The values and AS products considered in this analysis were limited to regulation and spinning reserve.
New emerging AS products could provide additional sources of revenue to VRE owners beyond these
two products. Potential new AS values and services could include:

¢ Indirect reduced curtailment. Nelson et al. (2018) showed that using solar PV to provide
reserves could increase the value of solar by reducing curtailment that results from minimum
thermal generation constraints. This effect is not captured in our analysis. Nelson et al.’s
analysis was for a vertically integrated utility that is not part of an ISO/RTO. Understanding the
potential magnitude of this effect for both standalone and hybrid VRE in ISO/RTO markets
would require a market-wide analysis.

e Ramping products. CAISO (flexible ramping), MISO (ramp capability), and SPP (implementing in
2021) have upward and downward ramping products that aim to better position units to meet
forecasted ramping needs, incorporating net load uncertainty, over future real-time dispatch
intervals. Wind can currently provide ramp capability in MISO and any dispatchable resource
with a real-time economic bid can, in principle, provide flexible ramping in CAISO.*® Ramping
products were designed to address relatively infrequent ramp scarcity events, and thus ramping
constraints tend to bind infrequently and the total value of ramping products tends to be low.
In CAISO, for instance, flexible ramping constraints bound in less than 6% of all real-time
dispatch intervals (15-minute market) and total payments were around $9 million, relative to
$148 million in total AS costs, in 2019 (CAISO, 2020a).”’

e Reliability capacity and imbalance reserves. As part of its day-ahead market enhancements,
the CAISO has proposed reliability capacity and imbalance reserve products (CAISO, 2020c).
Reliability capacity is similar to the CAISO’s existing residual unit commitment (RUC) except
that, unlike RUC, the reliability capacity would be procured in the day-ahead market and would
have separate upward and downward products. Separate upward and downward imbalance
reserve products would address differences between day-ahead forecasted hourly net load and
the real-time (15-minute) net load forecast. The CAISO proposed allowing VRE to provide

26 In 2021, Potomac Economics, MISO’s market monitor, recommended removing eligibility for wind resources to
provide ramp capability, arguing that using wind to provide ramp will exacerbate other system constraints (PE, 2021a).
27 The CAISO made revisions to its flexible ramping product in 2019-2020 that will take effect in October 2021. See
https://stakeholdercenter.caiso.com/Stakeholderlnitiatives/Flexible-ramping-product-refinements.
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downward reliability capacity and downward imbalance reserves. The potential magnitude and
value of these products is uncertain.

e Primary frequency response (PFR) and fast frequency response (FFR). Although the recent
trend has been to require these kinds of capabilities as part of interconnection standards (Ela et
al., 2011a, FERC, 2018), ISOs/RTOs may eventually introduce new products for PFR and FFR
(synthetic inertia) that compensate resources, including VRE, for the opportunity cost of
providing frequency response services. ERCOT, for instance, introduced an FFR product as a
subset of its responsive reserve service in 2020, though eligibility will be limited to storage in
phase 1. The amount of these products that ISOs/RTOs procure would likely be limited in size.
Total primary frequency response obligations are less than 1% of peak demand in most
ISOs/RTOs (around 2% in ERCOT) (Denholm et al., 2019), and these obligations do not scale
with system size or VRE penetration (Denholm et al., 2020). ERCOT capped its FFR product at
450 MW (PE, 2021b). Potential prices for PFR and FFR products are uncertain.

In general, the average value of these emerging AS products to VRE owners is likely to be small, relative
to energy and capacity value.

6 Conclusion

Standalone and hybrid VRE resources are not currently participating at meaningful levels in U.S.
ISO/RTO markets for frequency regulation and spinning reserves. This paper examined the value of
regulation and spinning reserve market participation from a VRE owner and an electricity system
perspective.

For standalone VRE owners, the results suggest that the incremental revenues from providing
regulation and spinning reserves would vary significantly across ISO/RTO markets, across years, and
between solar and wind. For some resources in some markets, the average incremental value may be
non-trivial. For instance, average (2015-2019 market prices) incremental revenues for providing
regulation services in CAISO (solar/wind), ERCOT (solar/wind), and SPP (wind) were $1.4-3/MWhpc (+6-
15%). In other markets and for solar in SPP, incremental revenues were $1.0/MWhpc (+3%) or less.
Regulation markets are, however, relatively thin (< 800 MW in each direction), and even in 1ISOs/RTOs
with higher incremental value expanding market participation to VRE and energy storage may lead to
market saturation and a decline in AS prices.

Participating in spinning reserve markets added little incremental value for standalone VRE owners,
outside of ERCOT and, to a lesser extent, CAISO. This result underscores that, in most markets, most of
the reserve market value for standalone VRE owners would be in providing regulation reserves, though
differences between ERCOT and other markets suggest that this result is sensitive to differences in
market design and AS procurement practices. The high VRE penetration sensitivity showed significant
increases in the incremental value of regulation market participation for standalone VRE, due to higher
regulation prices and a higher frequency of hours in which regulation prices exceed energy prices.
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At current market prices, revenues from regulation and spinning reserve markets are not large enough
to meaningfully offset declines in solar and wind resources’ energy and capacity value as their
penetrations increase. As a reference point, Seel et al. (2018) estimate declines in energy value on the
order of $5-$15/MWh in CAISO, ERCOT, SPP, and NYISO in 2030 with 40% combined wind and solar
penetration. At higher VRE penetrations, regulation and spinning reserve market revenues may more
meaningfully reduce value declines in some markets. For instance, in the high VRE penetration
sensitivity here (2030 price forecasts), incremental revenues from regulation service in SPP ranged from
$6/MWhpc (wind) to $15/MWhec (solar). However, the price forecasts on which the high VRE
penetration sensitivity are based did not include higher levels of energy storage, which would tend to
depress regulation prices. Relying on high future AS prices to fill revenue gaps will present risks for VRE
developers.

For hybrid VRE owners, incremental revenues were, as expected, several-fold higher than for
standalone owners, though variation across markets highlights differences in storage value due to
different market designs and resource mixes. In the near term, the results suggest that AS revenues
could be a significant part of hybrid VRE business models, with the POI sensitivity showing that most of
the regulation value of hybrids could be captured with POI capacity limited to the VRE facility’s
nameplate capacity when storage is sized to 50% of VRE capacity. However, hybrid VRE faces the same
uncertainty around AS market prices that standalone VRE does.

In most ISOs/RTOs, standalone and hybrid VRE participation in regulation markets could provide
significant value to the electricity system as a whole, as measured by the difference between VRE
resources’ average regulation value and average regulation market prices. In other words, VRE could
provide regulation during periods with high market prices, which would put downward pressure on
average market prices and provide ISOs/RTOs with a larger toolset to resolve emerging, higher-cost
system constraints. The results show that, in general, VRE provision of regulation services in 1ISOs/RTOs
with separate upward and downward regulation products was higher than in 1ISOs/RTOs with
bidirectional products. Hybrid VRE provided more regulation service and often, but not always, had
higher regulation value than standalone VRE.

The results provide insights on two priority areas for considering VRE participation in ISO/RTO reserve
markets. First, developing separate upward and downward regulation products, for ISOs/RTOs that do
not have them, will enable more efficient use of VRE and storage resources in regulation markets by
taking advantage of the fact that these resources have very different opportunity costs for upward and
downward reserves and that prices for upward and downward regulation tend to be poorly correlated.
Second, and similar to the CAISO’s strategy (CAISO, 2020b), focusing initially on VRE hybrid participation
in AS markets may be a more efficient first step toward expanding market participation, given that
hybrids will provide more reserves than standalone VRE and will generally have higher AS value. That
being said, ultimately it may be beneficial to enable both kinds of resources to participate in AS
markets.

Variable Renewable Energy Participation in U.S. Ancillary Services Markets |28



7 References

Andrade, Juan, Yingzhang Dong, and Ross Baldick. 2016. Impact of renewable generation on operational
reserves requirements: When more could be less. White Paper UTEI/2016 - 10 - 1.

California Independent System Operator (CAISO). 2017. 2016 Annual Report on Market Issues &
Performance. Folsom, CA: CAISO.

CAISO. 2020a. 2019 Annual Report on Market Issues & Performance. Folsom, CA: CAISO.
CAISO. 2020b. Hybrid Resources Final Proposal. Folsom, CA: CAISO.
CAISO. 2020c. Day-Ahead Market Enhancements: Revised Straw Proposal. Folsom, CA: CAISO.

CAISO. 2021. California Independent System Operator Corporation Fifth Replacement FERC Electric
Tariff. Effective as of March 21, 2021. Folsom, CA: CAISO.

Chang, Judy, Mariko Geronimo Aydin, Romkaew Broehm, Yingxia Yang, and Richard Sweet. 2018.
Shortage Pricing in North American Wholesale Electricity Markets. Boston: The Brattle Group.

Chernyakhovskiy, Ilya, Sam Koebrich, Vahan Gevorgian, and Jaquelin Cochran. 2019. Grid-Friendly
Renewable Energy: Solar and Wind Participation in Automatic Generation Control Systems. Boulder, CO:
NREL.

Denholm, Paul, Yinong Sun, and Trieu Mai. 2019. An Introduction to Grid Services: Concepts, Technical
Requirements, and Provision from Wind. Boulder, CO: NREL. NREL/TP-6A20-72578.

Denholm, Paul, Trieu Mai, Rick Wallace Kenyon, Ben Kroposki, and Mark O’Malley. 2020. Inertia and the
Power Grid: A Guide Without the Spin. Boulder, CO: NREL. NREL/TP-6A20-73856

Edmunds, Calum, Sergio Martin-Martinez, Jethro Browell, Emilio Gdmez-Lazaro, Stuart Galloway. 2019.
“On the participation of wind energy in response and reserve markets in Great Britain and Spain.”

Renewable and Sustainable Energy Reviews 115.

Ela, Erik, Brendan Kirby, Nivad Navid, and J. Charles Smith. 2011a. Effective Ancillary Services Market
Designs on High Wind Power Penetration Systems. Boulder, CO: NREL. NREL/CP-5500-53514

Ela, Erik, Michael Milligan, and Brendan Kirby. 2011b. Operating Reserves and Variable Generation.
Boulder, CO: NREL. NREL/TP-5500-51978.

Ela, Erik, Vahan Gevorgian, Paul Fleming, Yingchen Zhang, Mohit Singh, Ed Muljadi, Andrew Scholbrook,

Variable Renewable Energy Participation in U.S. Ancillary Services Markets |29



Jake Aho, Andrew Buckspan, Lucy Pao, Vikas Singhvi, Aidan Tuohy, Pouyan Pourbeik, Daniel Brooks, and
Navin Bhatt. 2014. Active Power Controls from Wind Power: Bridging the Gaps. Boulder, CO: NREL.
NREL/TP-5D00-60574.

Ela, Erik, Robin Hytowitz, and Udi Helman. 2019. Ancillary Services in the United States: Technical
Requirements, Market Designs and Price Trends. EPRI, Palo Alto, CA. 3002015670.

Electric Reliability Council of Texas (ERCOT). 2020. Ancillary Service Market Transactions in the Day-
Ahead and Real-Time Adjustment Period. Version 1.3. Austin, TX: ERCOT.

Ellison, James F., Leigh S. Tesfatsion, Verne W. Loose, Raymond H. Byrne. 2012. A Survey of Operating
Reserve Markets in U.S. ISO/RTO-managed Electric Energy Regions. SAND2012-1000.

Federal Energy Regulatory Commission (FERC). 2014. Staff Analysis of Shortage Pricing in RTO and ISO
Markets. Docket No. AD14-14-000.

FERC. 2018. Essential Reliability Services and the Evolving Bulk-Power System—Primary Frequency
Response. Order 842. Docket No. RM16-6-000. 162 FERC 9 61,128.

Fernandes, Camila, Pablo Frias, Javier Reneses. 2016. “Participation of intermittent renewable
generators in balancing mechanisms: A closer look into the Spanish market design.” Renewable Energy
89: 305-316.

Giacomoni, Anthony, Keyur Patel, Cheryl Mae Velasco. 2018. “Price Formation Education 3: Reserves
and Co-optimization.” PJM Training Materials.

Harvey, Scott. 2020. “Scarcity pricing background discussion.” CAISO Market Surveillance Committee
Background Document.

He, Guannan, Qixin Chen, Panayiotis Moutis, Soummya Kar, and Jay F. Whitacre. 2018. “An
Intertemporal Decision Framework for Electrochemical Energy Storage Management.” Nature Energy 3:
404-412.

Holttinen, Hannele, Michael Milligan, Erik Ela, Nickie Menemenlis, Jan Dobschinski, Barry Rawn, Ricardo
J. Bessa, Damian Flynn, Emilio Gomez-Lazaro, and Nina K. Detlefsen. 2012. “Methodologies to
Determine Operating Reserves Due to Increased Wind Power.” IEEE Transactions on Sustainable Energy
3:713-723.

Holttinen, Hannele, Anzhelika Ivanova, and Jose Luis Dominguez. 2016. “Wind power in markets for
frequency support services.” 2016 13th International Conference on the European Energy Market
(EEM), Porto, Portugal, 6-9 June 2016.

Variable Renewable Energy Participation in U.S. Ancillary Services Markets |30



Independent System Operator — New England (ISO-NE). 2021. /SO New England Inc. Transmission,
Markets, and Services Tariff, Section Il (Market Rule 1). Holyoke, MA: ISO-NE.

Kirby, Brendan and Michael Milligan. 2009. Capacity Requirements to Support Inter-Balancing Area
Wind Delivery. Boulder, CO: NREL. NREL/TP-550-46274.

Liang, Jiaqi, Santiago Grijalva, and Ronald G. Harley. 2011. “Increased Wind Revenue and System
Security by Trading Wind Power in Energy and Regulation Reserve Markets.” IEEE Transactions on
Sustainable Energy 2: 340-347.

Loutan, Clyde, Peter Klauer, Sirajul Chowdhury, Stephen Hall, Mahesh Morjaria, Vladimir Chadliev, Nick
Milam, Christopher Milan, Vahan Gevorgian. 2017. Demonstration of Essential Reliability Services by a
300-MW Solar Photovoltaic Power Plant. Boulder, CO: NREL. NREL/TP-5D00-67799.

Loutan, Clyde, Vahan Gevorgian, Sirajul Chowdhury, Milos Bosanac, Erin Kester, Derek Hummel, Ryan
Leonard, Mark Rutemiller, Jessy Fregoe, Deborah Pittman, and Charlie Kosuth. 2020. Avangrid
Renewables Tule Wind Farm: Demonstration of Capability to Provide Essential Grid Services. Folsom, CA:
CAISO.

Midcontinent Independent System Operator (MISO). 2020. Business Practices Manual Energy and
Operating Reserve Markets. BPM-002-r21. Manual No. 002. Carmel, IN: MISO.

Miettinen, Jari and Hannele Holttinen. 2017. “Characteristics of day-ahead wind power forecast errors
in Nordic countries and benefits of aggregation.” Wind Energy 20: 959-972.

Milligan, Michael, Pearl Donohoo, Debra Lew, Erik Ela, Brendan Kirby, Hannele Holttinen, Eamonn
Lannoye, Damian Flynn, Mark O’Malley, Nicholas Miller, Peter Bgrre Eriksen, Allan Ggttig, Barry Rawn,
Madeleine Gibescu, Emilio Gdmez Lazaro, Andre Robitaille, and Innocent Kamwa. 2010. Operating
Reserves and Wind Power Integration: An International Comparison. Boulder, CO: NREL. NREL/CP-5500-
49019.

Milligan, Michael, Bethany Frew, Brendan Kirby, Matt Schuerger, Kara Clark, Debbie Lew, Paul
Denholm, Bob Zavadil, Mark O’Malley, and Bruce Tsuchida. 2015. Alternatives No More: Wind and Solar
Power Are Mainstays of a Clean, Reliable, Affordable Grid. IEEE Power and Energy Magazine 13: 78-87.

Mills, Andrew and Ryan Wiser. 2013. “Changes in the Economic Value of Photovoltaic Generation at
High Penetration Levels: A Pilot Case Study of California.” IEEE Journal of Photovoltaics 3(4): 1394-1402.

Mills, Andrew D., Joachim Seel, Dev Millstein, James Hyungkwan Kim, Mark Bolinger, Will Gorman,
Yuhan Wang, Seongeun Jeong, Ryan Wiser. 2021. Solar-to-Grid: Trends in System Impacts, Reliability,
and Market Value in the United States. Berkeley, CA: Lawrence Berkeley National Laboratory.

Variable Renewable Energy Participation in U.S. Ancillary Services Markets |31



Millstein, Dev, Ryan Wiser, Andrew D. Mills, Mark Bolinger, Joachim Seel, and Seongeun Jeong. 2021.
“Solar and wind grid system value in the United States: The effect of transmission congestion,
generation profiles, and curtailment.” Joule 5: 1-27.

Nelson, Jimmy, Saamrat Kasina, John Stevens, Jack Moore, Arne Olson, Mahesh Morjaria, John
Smolenski, and Jose Aponte. 2018. Investigating the Economic Value of Flexible Solar Power Plant
Operation. San Francisco, CA: Energy and Environmental Economics.

New York Independent System Operator (NYISO). 2010. Growing Wind: Final Report of the NYISO 2010
Wind Generation Study. Rensselaer, NY: NYISO.

NYISO. 2019. Ancillary Services Manual. Manual 2. Version 5.1. Rensselaer, NY: NYISO.

PJM. 2021. PJM Manual 11: Energy & Ancillary Services Market Operations. Revision: 112. Norristown,
PA: PJM.

Potomac Economics (PE). 2020. 2019 State of the Market Report for the ERCOT Electricity Markets.
Fairfax, VA: Potomac Economics.

PE. 2021a. 2020 State of the Market Report for the MISO Electricity Markets. Fairfax, VA: Potomac
Economics.

PE. 2021b. 2020 State of the Market Report for the ERCOT Electricity Markets. Fairfax, VA: Potomac
Economics.

Rand, Joseph, Mark Bolinger, Ryan H. Wiser, Seongeun Jeong, and Bentham Paulos. 2021. Queued Up:
Characteristics of Power Plants Seeking Transmission Interconnection As of the End of 2020. Berkeley,
CA: Lawrence Berkeley National Laboratory.

Rebello, Eldrich, David Watson, and Marianne Rodgers. 2020. “Ancillary services from wind turbines:
automatic generation control (AGC) from a single Type 4 turbine.” Wind Energy Science 5: 225-236.

Seel, Joachim, Andrew Mills, Ryan Wiser, Sidart Deb, Aarthi Asokkumar, Mohammad Hassanzadeh, and
Amirsaman Aarabali. 2018. Impacts of High Variable Renewable Energy Futures on Wholesale Electricity
Prices, and on Electric-Sector Decision Making. Berkeley, CA: Lawrence Berkeley National Laboratory.

Southwest Power Pool (SPP). 2020. Open Access Transmission Tariff, Sixth Revised Volume No. 1. Little
Rock, AR: SPP.

Troy, Niamh and Sonya Twohig. 2010. “Wind as a price-maker and ancillary services provider in
competitive electricity markets.” IEEE PES General Meeting, Minneapolis, U.S., 25-29 July 2010.

Variable Renewable Energy Participation in U.S. Ancillary Services Markets |32



Tsai, Chen-Hao. 2021. “Operating reserves in the three most windy U.S. power markets: A technical
review.” Renewable and Sustainable Energy Reviews 135 110190.

Zarnikau, Jay, C.K. Woo, Shuangshuang Zhu, and Chen-Hao Tsai. 2019. “Market price behavior of
wholesale electricity products: Texas.” Energy Policy 125: 418-428.

Zhou, Zhi, Todd Levin, and Guenter Conzelmann. 2016. Survey of U.S. Ancillary Services Markets.
ANL/ESD-16/1.

Variable Renewable Energy Participation in U.S. Ancillary Services Markets |33



8 Appendix

8.1 Regulation Price Variance

Section 2.1 notes that “AS prices and price volatility vary significantly across 1ISOs/RTOs.” Figure 7 shows
the coefficient of variation (Cy, standard deviation of regulation prices divided by the mean) for
regulation market prices by ISO/RTO. Cy values differ significant across ISOs/RTOs, but clearly the
largest differences are between CAISO and ERCOT, on the one hand, and the other ISOs/RTOs, on the
other. Differences in price variance among markets may play a role in explaining the results, particularly
for hybrids, but the fact that SPP has relatively low regulation price variance but high incremental value
(Ar) suggests that other factors are at play.

Figure 7. Coefficient of variation for regulation prices used in this analysis by ISO/RTO, 2015-2019
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Notes: RU refers to regulation up, RD refers to regulation down. Prices are for real-time markets except for ERCOT, for which
prices are for the day-ahead market.
Source: Prices are from Velocity Suite. See Section 8.3 for AS price zones.

8.2 Model Formulation

The analysis in this paper uses a linear optimization model that maximizes wholesale market revenue
against energy and reserve prices for hybrid and standalone VRE.

Hybrid Model

The optimization model for hybrid VRE is described in Egs. 1-15. For hybrid VRE, only the battery
provides reserves, assuming that the storage reserve value is much larger than VRE reserve value. The
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objective is to maximize net revenue (Eq. 1), considering cycling-induced storage degradation, which is
the second part of the objective equation, and adjusted energy revenue by participating in the AS
market, which is the third part. The linear penalty on cycling the battery reflects the degradation costs
of deploying batteries in the wholesale electricity energy (D.) and AS markets (D, and Ds). This penalty
essentially sets a minimum threshold for the battery for energy and AS market participation. The
adjusted energy revenue is explained in detail in section 3.2. In markets with bidirectional regulation,
we add an additional constraint to require that the facility provide upward and downward regulation in
equal amounts.

The state of charge accounts for the trip efficiency (1) as well as the energy adjustment from
participating in the AS market (Eq. 4). When the hybrid system participates in energy and AS markets
simultaneously, the sum of energy and AS provision power profile does not exceed the storage power
capacity (Egs. 6 and 7). The sum of energy and AS provision energy profile must account for the
sufficient energy capability based on the state of charge in the last time step (Egs. 8 and 9). Eq. 10
represents spin duration rule to secure sufficient energy readiness of the system to provide spin for
multiple time steps, if required.

On the constraints for electricity profile for the hybrid system, Egs. 11-13 account for AC grid balancing
of the hybrid system. These constraints warrant that VRE generation profile and battery
charging/discharging match the energy input/output from/to the electricity grid, bounded by the POI
capacity limit. Eq. 14 allows for the curtailment of VRE generation when prices are not favorable.

Objective function:

Max Z§760[Prt * GiT + (Pregup * ASregup + Pregdn * ASregdn + Pspin * ASspin)]
- [De * (Bd + BC)T + Dr * (ASregupT * Vreg + ASregdnT * Vreg) + Ds * ASspinT * Vspin]

+[Prt * (ASregupT * YTeg - ASregdnT * )/reg + ASspinT * YSpin)] (EQ- 1)
Subject to:
Beginning state of charge: So=0 (Eq. 2)
State of charge range: 0<S; < Epax (Eq. 3)
K k-1 k B4t
Battery state of charge: S*=3S + |nBfT — e
Ask - ask oty
+ [T]Asfegdnf)/reg - eg‘t;)p":y < — Sp”; Spm] (Eq. 4)
Non-simultaneity rule: BX + B < B (Eq. 5)
Power in rate: BF + ASfegdn < Bnax (Eq. 6)
Power out rate: BX + ASK gup + AS;‘pin < Bnax (Eq. 7)
Sufficient energy to discharge: (Bé‘r + ASfegupT + ASskpinT)/U < Sk-1 (Eq. 8)
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Sufficient room to charge: (Bck‘[ + ASk T) *7 < Epge —SF1 (Eq.9)

egdn
Spin duration rule: ASEin ¥ UPgpiy < S* + Z:+Upsmn wke (Eq. 10)
AC-grid balance: GF =Wk + BX — Bk (Eq. 11)
Grid charging limit: —lgBmax < Gl-k (Eqg. 12)
Point of interconnection limit: ASfegup + ASSkpl-n +GF < POl (Eq. 13)
Curtailment allowance: Wk < Gl (Eqg. 14)
Non-negativity: Bg,Bck,ASfegup,ASfegdn,ASfpm >0 (Eq. 15)

Where the decision variables are:

G; = hourly net electricity profile of hybrid or standalone system (MW)
B4 = battery discharging (MW)

B. = battery charging (MW)

Sk = battery state of charge at time step k (MWh)

WK = power generated from renewable resource at time step k (MW)
ASregup = regulation up reserve from hybrid system (MW)

ASregan = regulation down reserve from hybrid system (MW)

ASpin = regulation down reserve from hybrid system (MW)

And where the input parameters are:

P = hourly real time electricity (S/MWh)

Pregan = hourly regulation down reserve price ($/MW)

Pregup = hourly regulation up reserve price ($/MW)

Pspin = hourly spinning reserve price ($/MW)

D. = degradation penalty for energy throughput(S/MWh)

D, = degradation penalty for regulation throughput ($/MWh)
D, = degradation penalty for spin throughput (S/MWh)

Bmax = battery max power capacity (MW)

Emax = total energy capacity of battery (MWh)

n = battery one-way efficiency (unitless)

Yreg = regulation energy served fraction (unitless)

¥spin = SPin energy served fraction (unitless)

I = binary indicator to allow grid charging (i.e., 1 allows grid charging, O restricts charging to available
VRE)

POI = Point of interconnection limit (MW)

Gure = standalone VRE generation profile (MW)

UPsin = spin provision duration (h)

T = interval duration (h), always equivalent to 1h in this study
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Standalone Model

We designed a separate optimization model to estimate the generation and AS dispatch profile of a
standalone VRE system (Egs. 16-20). Eqg. 18 sets the limit and condition of AS provision by the
standalone system; for standalone VRE, wind and solar can provide reserves equivalent to 20% of their
hourly profiles and a minimum of 1 MW (5% of nameplate capacity). The eligible minimum AS provision
capacity is proportional (C. = 0.20) to the generation profile of that hour (Gyge). The condition under
which the standalone system can provide AS, represented in parentheses, is when the eligible minimum
AS provision capacity exceeds a certain threshold, proportional (C; = 0.05) to the total nameplate
capacity of the VRE system (20 MW). In markets with bidirectional regulation, we add an additional
constraint to require that the facility provide upward and downward regulation in equal amounts.

Objective function:
Max Z§760[Prt * WiT + (Pregup * ASregup + Pregdn * ASregdn + Pspin * ASspin)]

+[Pre * (ASregupT * Vreg — ASreganT * Yreg + ASspinT * VYspin)] (Eq. 16)

Subject to:

Curtailment rule: wk + ASfegup + ASfpin < G¥rp (Eq. 17)

AS provision rule: AS =0 if Gfpp* Co < Gpax * Cr (Eq. 18)
AS < Gligp * Ce if Gligp * Cc > Gpax * Cr

Spin duration rule: ASEin * UPgpin < ZZ-I-UPSPM wke (Eq. 19)

Non-negativity: Wk,ASfegup,ASfegdn, ASSkpl-n >0 (Eq. 20)

Where the decision variables are:

WX = power generated from renewable resource at time step k (MW)
ASrequp = regulation up reserve from standalone system (MW)

ASregan = regulation down reserve from standalone system (MW)
ASqpin = spinning reserve from standalone system (MW)

And where the input parameters are:

P = hourly real time electricity (S/MWh)

Gmax = Nameplate generation capacity of renewable resource (MW)

Gure = standalone VRE generation profile (MW)

Yreg = regulation energy served fraction (unitless)

¥spin = SPin energy served fraction (unitless)

UPsin = spin provision duration (h)

Ct = threshold proportional to the nameplate capacity to be eligible to provide AS
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C.= eligible AS provision proportional to the nameplate capacity of the standalone system
T = interval duration (h), always equivalent to 1h in this study

8.3 Data Sources

The analysis relies on two primary data inputs: VRE generation profiles and locational price profiles. To
determine the location for solar and wind facilities, and in turn their generation profiles and locational
energy and AS prices, we use an algorithm to select solar and wind plants that are located closest to the
centroid of total solar or wind capacity deployed in 2019 and are consistent with average capacity
factors in the ISO/RTO market in question. If the plant’s modeled capacity factor exceeds a 10% margin
from the average of (capacity-weighed) modeled capacity factors for plants in that market, the next
closest plant to the average capacity-weighted centroid per ISO/RTO is selected if within the 10%
margin, and so on. Hence, representativeness in this context is understood as a plant geographically
close to actual renewable plant deployment and whose modeled capacity factor is within a certain
margin of average modeled capacity factors in the selected ISO/RTO territory.

Table 7 shows selected plants for each technology and market, their latitude and longitude, and the
corresponding energy trading hub and AS price zone.

To develop solar PV generation profiles, we use historical weather data from the National Solar
Radiation Database for each location and weather year, to create a PV profile in NREL's System Advisor
Model (SAM) assuming a single-axis tracking facility and an inverter loading ratio of 1.3. For wind
profiles, we use average 2018 power curves from Wiser et al. (2020) and wind speeds from European
Centre for Medium-Range Weather Forecasts’ (ECMWF’s) ERAS weather data product. To use the ERA5
data, we first remove long-term bias in the ERA5 wind speeds for individual plants. To debias wind
speeds, we use generation records from the first 2 to 5 years of existing wind plants to find the implied
average wind speed from recorded generation, and we then scale ERA5 wind speeds to match this
indicated average wind speed. We apply these scaled ERA5 wind speed time series to our typical power
curve to calculate hourly wind generation profiles for each location and weather year.

To create price profiles, we match the solar and wind facility locations with energy price nodes (trading
hubs) and AS price zones for each ISO/RTO. Wholesale energy prices for the plants are from the nearest
major trading hub and the nearest AS price zone (see Table 7). Although historical ISO/RTO prices are
available in the public domain, for convenience, we use the Velocity Suite data aggregator service from
Velocity Suite.
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Table 7. Solar and Wind Plants Used in the Analysis and Corresponding Trading Hub and AS Zone

ISO/RTO Tech. Plant Lat. Long. Trading Hub AS Zone
CAISO Solar SEGS I 35.01 -117.56 TH_SP15_GEN- AS_SP15_P
APND
Wind Windstar 1 35.05 -118.35 TH_SP15_GEN- AS_SP15_P
APND
ERCOT Solar Castle Gap Solar 31.26 -102.27 HB_WEST ERCOT
Hybrid
Wind Turkey Track 32.20 -100.27 HB_WEST ERCOT
Wind Energy LLC
SPP Solar Antanavica Solar 42.25 -71.95 .Z.WCMASS REST OF
SYSTEM
Wind Saddleback Ridge 44.59 -70.38 .Z.NEWHAMPSHIRE | REST OF
Wind Farm SYSTEM
MISO Solar Strawberry Point 42.68 -91.55 ALTW.AZ MISO
DPC Solar
Wind Northern lowa 43.36 -93.30 SMP.AZ MIDCONTINENT
Windpower Il ZONE 5
PIM Solar Baer Road CSG 41.80 -75.07 HUD VL (ZONE G) HUD VL (ZONE
G)
Wind Maple Ridge Wind | 43.79 -75.58 MHK VL (ZONE E) MHK VL (ZONE
Farm E)
NYISO Solar Essex Solar Center | 37.83 -76.80 DOMINION HUB PJM-RTO ZONE
Wind Wildcat Wind 40.35 -85.84 AEP-DAYTON HUB PJM-RTO ZONE
Farm |, LLC
1SO-NE Solar Caprock Solar 1 34.98 -103.38 SPS_SPS SPP ZONE 3
LLC
Wind Greensburg 37.55 -99.34 SECI_SECI SPP ZONE 1

Variable Renewable Energy Participation in U.S. Ancillary Services Markets |39





