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The emissions impact of operating an energy storage system depends on the system’s efﬁciency and the
generation mix of the grid. Growth in energy storage, therefore, has the potential to increase emissions.
Concerns about this outcome are currently prompting many policies to address the issue. We study a
particularly popular policy proposal called the “Clean Peak Standard” that incentivizes storage to
discharge during periods of high electricity demand. The stated goal of the policy is to shift storage
discharge so that it offsets production from peak generators with high emissions. We show that the
policy is largely ineffective at achieving this emissions reduction goal. The policy reinforces existing
incentives faced by storage operators, so it does not have a strong effect on discharging behavior. It is also
unable to capture high-frequency changes in marginal operating emissions rates. Alternative policies,
such as a carbon tax, are more effective at reducing the emissions increase caused by storage operations.
Policymakers considering Clean Peak-style policies should instead consider these alternative policies.
© 2021 Elsevier Ltd. All rights reserved.
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1. Introduction
Energy storage has received substantial attention for its potential to ease the transition to clean energy sources by mitigating the
variability of renewable energy sources such as solar and wind, and,
in turn, help achieve climate policy goals. A series of recent papers,
however, have shown that if bulk energy storage operates in a
purely proﬁt-maximizing way based on current incentives, then it
may lead to perverse outcomes. In particular, because charging and
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[1] provides an overview of the incentives owners of storage face and explains
in detail the underlying mechanisms for how energy storage systems could increase
emissions given various policy, regulatory, and technology settings [2] show bulk
storage arbitrage increases CO2 emissions in the Texas energy market, potentially
leading to net social welfare losses [3] conduct a similar analysis across the entire
U.S., showing that bulk storage leads to emissions increases everywhere, though the
magnitude of the increase in a given region depends on the differences between the
emission rates of marginal generators during on- and off-peak periods.

https://doi.org/10.1016/j.energy.2021.120115
0360-5442/© 2021 Elsevier Ltd. All rights reserved.

discharging lead to changes in grid operations and generator
dispatch, energy storage operations based on arbitrage might cause
increases in emissions from the power sector.1
In response to concerns about storage-related emissions and the
fast growth of bulk energy storage,2 grid operators and regulators
have begun proposing and adopting new rules with the goal of
improving the emissions effects of storage. A particularly popular,
new policy to address these concerns is the so-called “Clean Peak
Standard.” This policy incentivizes energy storage operators to
discharge energy during periods of the day when demand is typically high. As a result, some policymakers claim, energy storage can
shift the use of renewable generation to displace higher emitting
generation during peak periods and reduce emissions [5]. We
analyze this policy and show, contrary to policymaker claims, that it
is largely ineffective at reducing emissions, both in absolute terms
and in comparison to alternative policies like carbon taxes.
The claim that a Clean Peak Standard will reduce emissions rests
on the idea that a given energy storage system lowers emissions if it
is being charged during periods when renewable generation is
abundant and discharged during periods with a high percentage of

2
For recent reporting on the rate of growth of energy storage, see for instance
Ref. [4].
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suppliers, which are obligated to buy enough certiﬁcates to correspond to a certain percentage of the load they serve in a given year,
providing an incentive for storage operators to discharge during the
Clean Peak windows. In the proposed policy, the Clean Peak windows are 4 h long and are set seasonally. In the spring, fall, and
winter the windows are from 4 to 8 p.m. In the summer, the window is 1 h earlier, from 3 to 7 p.m.
We analyze the Clean Peak Standard by using a revenue maximizing linear optimization model where a front-of-the-meter
battery operator can create revenue through both wholesale energy arbitrage and by generating Clean Peak Certiﬁcates (CPCs).6 In
order to do this, we adapt and combine two models: the front-ofthe-meter revenue maximizing model of Arciniegas and Hittinger
[16] and the behind-the-meter cost minimizing Open Source Energy
Storage Model [17]. We use the resulting model in two ways: to ﬁnd
the optimal operational schedules of a battery as a function of
carbon dioxide emissions and wholesale prices, and to ﬁnd the
optimal operational schedules of a battery as a function of wholesale price and CPCs. Running the model both ways results in a
dispatch program that allows us to determine when a storage
operator will charge and discharge under a no-policy baseline,
under the Clean Peak Standard, and when subject to a carbon tax.
Knowing the charging and discharging periods as well as which
electricity generating units are affected by that charging behavior
allow us to calculate the emissions consequences of increased bulk
storage in the three scenarios.
We show, ﬁrst, that the addition of new energy storage increases
emissions. This result replicates previous ﬁndings by Hittinger and
Azevedo [3]; Arciniegas and Hittinger [16] and others. Second, we
show the effect of the Clean Peak Standard is minimal relative to a
baseline without this policy. Overall, Clean Peak is ineffective at
achieving its environmental goals. Clean Peak only achieves about a
5% reduction in emissions relative to our no-policy baseline in most
seasons of the year.
We ﬁnd that Clean Peak does not lead to large emission reductions compared to the no-policy baseline for two main reasons.
First, because marginal operating emission rates for the relevant
zones in Massachusetts (ISO-NE) are relatively ﬂat over the day,
there is not much potential for energy storage to reduce emissions
by shifting when charging and discharging occur during the day.
Shifting the timing of discharge is the main effect of the Clean Peak
Standard, so there is consequently little difference in marginal
operating emissions rates between when the policy causes storage
to discharge versus when it charges. On the contrary, as overall
electricity generation needs to increase to account for storage efﬁciency losses, emissions increase. Second, because the policy
design only reinforces the inherent incentive of a storage unit to
discharge during high-demand, high-price hours, the policy does
not induce much change in behavior. With or without the policy,
storage units are most likely to discharge during periods of high
demand and charging during periods of low demand.
This stands in sharp contrast to other policies available to policymakers. For example, a carbon tax levied on the electricity sector
would raise the price of electricity from higher-emitting resources,
making charging from lower-emitting resources more desirable.
Another alternative, and the tactic adopted by California’s Self
Generation Incentive Program (SGIP), is simply a cap on storage
emissions supported by a real-time emissions signal. Both of these

emitting generation. In other words, these policies rely on the
assumption that the average emission intensity of the griddhow
much CO2 is emitted per megawatt-hour of electricity generated on
averagedshould be used when calculating the emission impacts of
adding another unit of energy storage system to the grid.
However, this argument disregards how the electric grid operates. Grid operators rely on least-cost economic dispatch algorithms to balance the electricity demand and supply in real time. As
a result, increasing (or decreasing) demand at a given time affects
the operation of only the marginal units in the dispatch order, and
not the infra-marginal units.3 Therefore, emission implications of
energy storage depend on marginal operating emission ratesdhow
much CO2 is emitted per megawatt-hour of electricity generated by
the marginal units [6,7].4 And relying on average emission intensity
of the grid to calculate the emission impacts of energy storage
would lead to incorrect results.
Based on marginal operating emission rates, storage can increase emissions for two reasons. First, a proﬁt-maximizing storage
operator will store energy when wholesale electricity prices are
low and discharge that energy when prices are high. For many
electricity grids, low wholesale prices routinely correspond with
high marginal operating emission rates and high prices correspond
with low marginal operating emission rates. For example, this
pattern will hold in locations where base-load power is generated
by coal-ﬁred units while peak load is met is met by natural gas-ﬁred
units. In such cases, storage would increase the generation from
higher-emitting resources and reduce the generation from loweremitting resources, essentially leading higher emitting generation
to be substituted for lower emitting generation, and increasing total
emissions from the power sector. Second, storage operates with
less than 100% efﬁciency. Charging and discharging result in a loss
of some electricity, necessitating more generation from power
plants to achieve the same level of ﬁnal electricity consumption. If
the storage is being charged from an emitting sourcedas is the case
in most locations around the world where fossil-fuel sources are
the marginal generator most of the timedthen the losses due to
inefﬁciency can also increase emissions.
Currently, Clean Peak Standard discussions are taking place in
multiple jurisdictions in the U.S. Massachusetts is ﬁnalizing their
rule, and debates and proposals around this idea are underway in
Arizona, North Carolina, New York, and New Jersey.5 While the
exact design of the policy might end up differing between different
states, the core idea of the policydincentivizing storage operations
to discharge during peak demand hours to reduce emissionsdis
the same among all states. In this paper, we examine the performance of the proposed Clean Peak Standard in Massachusetts.
We focus on the case of Massachusetts because policymakers
there are the furthest along in the policy making process. They have
also released details about their proposed policy, allowing us to
accurately model the effects of the policy. With Clean Peak Standards, energy storage operators earn certiﬁcates if they discharge
electricity during certain times of day, which we call “Clean Peak
windows.” These certiﬁcates can then be sold to retail electricity

3
The marginal units will be determined by the size of the change in demand.
Energy traders sometimes refer to the price-setting power plant as “the” marginal
unit. In our analysis and use of the term, there can be several units that change their
behavior in response, i.e. are marginal. Only one of them will be the unit that
precisely determines wholesale prices. But empirical models can measure the
change in emissions of all the marginal units regardless of whether the end up
being the price setter.
4
Note that the same logic applies to any other incremental demand- or supplyside resource that leads to load-shifting [8e10].
5
See, for example, proposals in New Jersey, New York, and Arizona [11e13] as
well as discussions by industry analysts and proponents [14,15].

6
Given the increasing popularity of batteries, we have chosen to model a battery
in this paper. However, our results can be generalized to any storage technology
that relies on revenue maximization. While the magnitudes of the results for other
technologies would be different because of differences in the magnitude of efﬁciency losses, the qualitative results would remain the same.
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Fig. 1. Marginal Operating Emission Rates Over Time. Notes: The ﬁgure shows marginal operating emissions rates (MOERs) in tons of CO2 per MWh, over time. Red and orange
values indicate that the marginal power generator is relatively polluting while green or blue colors indicate that the marginal generator produces relatively low emissions. The
white area in the upper left is due to daylight saving time. Table 1 provides more formal deﬁnitions of terms used in the ﬁgure. (For interpretation of the references to color in this
ﬁgure legend, the reader is referred to the Web version of this article.)

Massachusetts. In other words, the proposed policy is quite close to
the best possible case for this type of policy, and merely shifting the
windows during the day could not result in large changes in policy
effectiveness. Other modiﬁcations such as expanding the windows
could capture more periods with high emissions, but comparison to
the behavior of a storage operator facing a carbon tax shows that
any ﬁxed window policy will be unlikely to yield large emissions
reductions. The ineffectiveness of this style of policy is due to the
lack of any incentives for responding to the dynamic changes in
marginal operating emission rates that occur over time.
Our results have policy implications beyond our empirical
setting of Massachusetts. As more policymakers and power providers are thinking about ways to accelerate energy storage deployments, it is important to pay attention to the grid mix, and
more speciﬁcally marginal operating emission rates. Clean Peakstyle policies, in which there is a ﬁxed discharging time period,
could achieve the goal of reducing emissions under some circumstances. For example, if marginal operating emission rates are
highly and positively correlated with high demand, and if there is
high enough variation between the marginal operating emission
rates of high demand and low demand periods to offset the emission increases due to energy losses, then the policy can reduce
emissions. However, in areas where high demand and marginal
operating emissions are negatively correlated, Clean Peak standards would lead to further increases in emissions over and above
those caused by the introduction of more storage.
Also, it is important to note that marginal operating emission
rates are highly dynamic, and intra-day patterns of marginal
operating emission rates depend on how the grid mix evolves over
time. As the percentage of generation from renewable sourcesdparticularly wind and hydrodincreases, it will become more

policies directly internalize the social cost of emissions. The policies
create an incentive for storage providers to displace emissions
whenever marginal operating emission rates are high. This timevarying incentive is much more effective at reducing the emissions caused by the introduction of more storage. Even a $1 carbon
tax is roughly as effective at reducing emissions over the year as the
Clean Peak policy. A more substantial but still modest carbon tax of
$50dequal to the external damage estimates calculated by the
Interagency Working Group on the Social Cost of Carbon [18]d
would result in emission reductions of 65% relative to the no-policy
baseline.7 Even in this case, though, the addition of storage would
lead to an increase in emissions. This is simply because the current
grid mix in ISO-NE means that a storage operator is almost always
charging from a natural gas-based generator and discharging to
displace a natural gas-based generator, but with energy losses in
between due to imperfect round-trip efﬁciency of storage systems.
We then look at whether simple modiﬁcations could improve
the effectiveness of the Clean Peak Standard. We modify the proposed Clean Peak windows to better align with the periods with the
highest marginal operating emission rates. If the goal of the policy
is to displace high-emitting generation, then the Clean Peak windows should be based on the periods with high marginal operating
emission rates rather than high demand. Unfortunately, the
modiﬁcation would not substantially improve the policy. This result
is due to the fact that the proposed Clean Peak Windows were
already closely aligned with periods of peak marginal emissions in

7
Which means that the introduction of storage would still result in an increase in
emissions. To reduce emissions from the introduction of storage to zero in the
setting we study, the carbon tax would need to be greater than $100.
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and (2), and is a combination of Arciniegas and Hittinger [16]
wholesale objective function and the retail objective function from
OSESMO [17]. The objective function is a yearly sum of all revenue
from selling electricity less costs of buying electricity, including
efﬁciency losses and cycling costs.

likely that those resources will be on the margin. Having marginal
generation from renewable sources increases the possibility that a
Clean Peak-style policy will reduce emissions. Therefore, if adopted,
their speciﬁc design should not be a one-time decision but should
instead be updated frequently.

VðPe ; MOERÞ ¼ max

Eout ;Ein

!
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½ðPe ðtÞ þ ðPc MOERðtÞÞEout ðtÞÞ  ðPe ðtÞ þ ðPc MOERðtÞÞEin ðtÞÞ
t¼1

ccycle
pﬃﬃﬃﬃﬃﬃ Eout ðtÞ 

2Smax hrt

(1)

#

pﬃﬃﬃﬃﬃﬃ
hrt ccycle
Ein ðtÞ
2Smax

Finally, it is well established that energy storage can play multiple different, valuable roles on the electric grid, even if it does not
reduce emissions (Hittinger et al. [19]; Fitzgerald et al. [20]; Condon
et al. [21]; Revesz and Unel [1]). Further, storage will undoubtedly
play an important role as many states and countries move toward
100% clean energy goals. Therefore, whether its operation increases
or decreases emissions is not the sole factor in determining policy.
In the near-term, however, policymakers should be careful when
adopting policies aimed at improving the environmental performance of energy storage.
The rest of the paper is organized as follows: Section 2 provides
background on the Clean Peak Standard in Massachusetts, describes the model of electricity generation, and provides details on
the data. Section 3 shows the results from analyzing the policy.
Section 4 discusses the results. Finally, Section 5 concludes.

where Pe is the wholesale price of electricity in dollars per MWh, Pc
is the carbon price in dollars per ton of carbon, MOER is the marginal operating emissions rate in tons of CO2 per MWh, Ein is the
power used to charge the battery in MW, Eout is power discharged
from the batter in MW, hrt is round trip efﬁciency of the battery,
ccycle is the degradation cost per battery charge/discharge cycle in
dollars per cycle, and Smax is the nameplate energy capacity of the
battery in MWh.
Charging and discharging efﬁciencies of batteries vary based on
several factors including, but not limited to, ambient temperature,
auxiliary power consumption, and charge/discharge rate [25,26]. It
is expected that as charge and discharge rates increase, the power
loss increases as well. Sarker et al. [27] measured the impact of the
charge and discharge rates on the power loss of a battery, and found
similar loss patterns for both charging and discharging. Because of
the variation in the numerous factors that could potentially inﬂuence efﬁciency, we use an average round trip efﬁciency of 85%. In
Tables A.2 A.3, we show emissions for scenarios where the charge
and discharge efﬁciencies are not equal. We ﬁnd similar results to
our baseline, symmetric, speciﬁcation.

2. Methods, data, and background
2.1. Baseline storage optimization model
To understand the effects of Clean Peak policy, we ﬁrst model
the baseline behavior of a front-of-the-meter storage operator in
the 2018e2019 Massachusetts energy sector. We model the operations of a front-of-the-meter storage system using models by
Arciniegas and Hittinger [16] and the Open Source Energy Storage
Model [17], which were used by a group of experts in California’s
SGIP [22]. The resulting model uses perfect-information linear
programming to simulate a front-of-the meter energy storage
operator, and calculates the optimal dispatch program over a
speciﬁed time period based on wholesale energy market prices. We
chose to simulate a battery with a capacity of 6.7 MWh and a
discharge rate of 20 MW, operating at a round-trip efﬁciency of 85%
to reﬂect current storage characteristics [23]. We ran the model in
two ways: (1) as a function of wholesale price and emissions, using
a carbon price to add value to emissions, and (2) as a function of
wholesale price and Clean Peak certiﬁcates. We take as given all
policies that were in place during our analysis period. For example,
the state is a member of the Regional Greenhouse Gas Initiative
(RGGI), which gives a modest carbon price signaldcurrently
around $5/ton of CO2dto the market [24].8
The objective function remains almost identical in both cases (1)

2.1.1. Constraints
The difference in the energy level of the battery, as represented
by S, is equal to the power in minus power out, with an efﬁciency
penalty on both sides.

"
Sðt þ 1Þ ¼ SðtÞ þ

pﬃﬃﬃﬃﬃﬃ

1

#

hrt Ein ðtÞ  pﬃﬃﬃﬃﬃﬃEout ðtÞ
hrt

(2)

The state of the charge of the battery is constrained between zero
and the maximum nameplate capacity of the battery (Smax ).

0  SðtÞ  Smax

(3)

The battery cannot charge or discharge at a rate higher than the
maximum charge/discharge rate of the battery (Rmax ).

Rmax  EðtÞ  Rmax

(4)

The state of charge of the battery begins and ends at half capacity.

Sð0Þ ¼
8

We further assume that RGGI and RGGI participants will not respond in a way
that affects our results. In principle, because emissions in Massachusetts are capped
by RGGI, increases or decreases in emissions caused by Clean Peak or alternative
policies might not lead to changes in overall emissions for the state. A full analysis
would depend on whether the marginal generator(s) affected by the policy are
subject to the RGGI cap.

Smax
2

Sð1Þ ¼

4

Smax
2

(5)

(6)
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2.2.2. Clean Peak model
With Clean Peak Standards, energy storage operators earn certiﬁcates if they discharge electricity during certain times of day, so
we modify the baseline model to allow for this potential new
revenue. To incorporate the Clean Peak Standard, we adapt the
model for the scenario in which a storage operator would like to cooptimize for the revenue that can be earned by wholesale price
arbitrage and selling Clean Peak credits. In order to simulate this cooptimization, we alter the objective function to be

2.2. Modeling the Clean Peak standard
2.2.1. Background on the Massachusetts Clean Peak standard
With the passing of “An Act to Advance Clean Energy,” Massachusetts established the “Clean Peak Energy Standard.” As part of
this policy, any eligible resource that can discharge to the electric
grid during certain windows would generate Clean Peak Energy
Certiﬁcates. New renewable energy resources, older renewable
energy resources co-located with new energy storage resources,

VðPe ; MOER; lÞ ¼ max

Eout ;Ein

!



N
X
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ccycle
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2Smax hrt

pﬃﬃﬃﬃﬃﬃ

hrt ccycle
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(7)

#


Ein ðtÞ

demand response resources, or energy storage resources that
follow a certain pattern of charging and discharging would be
eligible to generate these certiﬁcates. Retail electricity suppliers in
the state would then be obligated to buy a certain amount of these
certiﬁcates, based on a minimum percentage of their annual sales,
starting at 1.5% in 2020 and increasing to 48% in 2051. The revenues
that can be earned by selling credits, therefore, act as an incentive
for storage operators to supply electricity during the Clean Peak
windows.
The policy establishes peak periods for each of the four seasons
based on the historical peak electricity demand in the state:

where PCPC is the price of a Clean Peak Certiﬁcate in dollars per CPC,
and l is the multiplier for CPC generation, as deﬁned by the CPC
rules.
We now add a term that is the Clean Peak multiplier times
varying credit prices. Thus, the single objective function continues
to be maximizing proﬁt for the generator, but the proﬁt associated
with discharging energy during Clean Peak hours is increased due
to the potential to generate credits during that time. The losses
associated with cycling costs and efﬁciency losses remain unchanged in this new model. In order to preserve linearity while
ensuring the model does not behave unrealistically, we weight
charging and discharging equally. The policy as written does not
disincentivize charging during Clean Peak hours, which is counterintuitive to the purpose of the policy. Consequently, this model is
working under the assumption that despite the lack of explicit instruction for charging, the battery operators will not be allowed to
charge excessively during Clean Peak periods. As the rule is written,
it could be highly proﬁtable for a battery to cycle excessively during
the Clean Peak period, a perverse outcome which we believe should
be addressed by policymakers.

Spring: 4 p.m. to 8 p.m.
Summer: 3 p.m.e7 p.m.
Fall: 4 p.m.e8 p.m.
Winter: 4 p.m.e8 p.m.
In each hour during these windows, a resource can generate
Clean Peak Energy Certiﬁcates based on its average performance
(MW) multiplied by any applicable multipliers during that period. A
resource can also generate certiﬁcates during the actual monthly
system peak based on the same formula. Additional certiﬁcates are
awarded during certain times of year. Generation during the Clean
Peak window generates 1 certiﬁcate per MW during spring and fall
but 3 certiﬁcates during winter and summer. The policy also provides additional certiﬁcates during the so-called “Actual Monthly
System Peak,” which has a multiplier of 15. These multipliers are
meant to reﬂect the higher demand experienced during summer
and winter as well as within speciﬁc months each season and increase the incentivizes discharging during those periods. Finally,
there is a Resilience Multiplier (1.5) for resources that have the
additional ability to provide electricity during outages, and an
Existing Resource Multiplier (0.1) for existing resources.
Retail electricity suppliers can comply with the policy in multiple ways. They can buy enough certiﬁcates to meet the percentage
threshold for a given calendar year, they can use any banked certiﬁcates from previous years, or they can make an Alternative
Compliance Payment. The Alternative Compliance Payment starts
at $30 in 2020, remains at $30 until 2030, and falls linearly to $0 in
2051.

2.3. Data
We use marginal operating emission rates (MOERs) calculated
by WattTime, based on a proprietary model that extends the basic
methodology used by both Siler-Evans et al. [7] and Callaway et al.
[6] but adapted for real-time use. WattTime calculates these marginal operating emission rates in real-time, every 5 min using a
combination of grid data from the respective ISO and 5 years of
historical Continuous Emissions Monitoring System data [28]. In
order to model the effects of the Clean Peak policy in Massachusetts, we use 5-min MOERs for the Independent System Operator
(ISO) New England Southeastern Massachusetts sub region (ISO-NE
SEMA), which is one of the relevant balancing authority for the
state. There are two other ISO-NE sub regions in Massachusetts,
Western Central and Northeastern. The variations between the
three are minimal, and we chose SEMA as a representative of the
entire state.
The MOERs for the study period are shown in Fig. 1. The ﬁgure
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Table 1
List of nomenclature.
Variable

Notation

Reference Units

Marginal operating emission
rate
Storage (fraction of capacity)
Discharge
Emissions

MOERðtÞ

Eq. (1)

t/MWh Tons of CO2 released per MWh of generation of marginal powerplant.

SðtÞ=Smax
Esolved ðtÞ
 Esolved ðtÞ 
MOERðtÞ

Eq. (3)
Eq. (8)
Eq. (8)

unitless Current stored energy (MWh) divided by nameplate storage capacity (MWh).
MWh Net amount of power released from storage each time period.
t
Total emission of CO2 per period. Negative if storage is discharging on net.

Eq. (7)
Eq. (1)

unitless Emissions with policy in place (Clean Peak or carbon tax) divided by emission with storage but no
policy.
$/MWh Price paid by Clean Peak policy per Clean Peak Certiﬁcate (typically $30).
$/MWh Wholesale electricity price.

Relative emissions
Clean Peak incentive
Locational marginal price

PCPC
Pe ðtÞ

Short description

Notes: The table provides a glossary of terms used in the ﬁgures and display of results below. The column “Notation” gives the formal notation (if applicable) used in the model
described in Section 2, and the column “Reference” indicates the model equation where the variable is ﬁrst used.

shows MOERs for every 5 min during the course of each day from
March 2018 through March 2019. From the ﬁgure, one can see that
MOERs change considerably both within a day and over the year.
The afternoon tends to exhibit higher marginal emissions than the
morning. The marginal producers in both the summer and winter
tend to be higher emitting than the spring or fall. These regular
patterns are one motivation behind the Clean Peak policy. The
policy is intended to shift discharge of stored energy to the times of
day that routinely exhibit high emissions. The ﬁgure also shows,
however, that there is considerable heterogeneity in the timing of
high marginal emission periods each day. The policy will have a
difﬁcult time capturing these dynamics, as we discuss in Section
3.4.
Pricing data for the model comes from ISO-NEs Application
Programming Interface (API). Like the MOERs, we use prices for
every 5-min period from March 2018 to March 2019. The prices are
real-time locational marginal prices (LMPs) for ISO-NE SEMA
pricing node. Figure A2 shows the LMP data used in the study for
each 5-min period from March 2018 through March 2019. Figure A1
shows that LMPs and MOERs are positively correlated in ISO-NE.
The Clean Peak multiplier data are an array of 5-min multipliers
based on the guidelines established in the Clean Peak policy proposal. As discussed in Section 2.2.1, the proposed policy provides a
baseline incentive for discharge during an afternoon “Clean Peak
window.” The policy calls for a higher incentive during the summer
and winter as well as additional incentive to discharge during the
hour of the day each month when peak load occurs. We determined
the actual monthly system peak load hour based on the system load
information from ISO-NE for the study period. Figure A3 shows
these multiplier values for each 5-min interval over the year.
The values shown in ﬁgures throughout the rest of the paper are
deﬁned in Table 1. The table gives formal and informal descriptions
of each variable and indicates where more information on the
variable can be found in the paper.

3. Results

2.4. Analysis

3.2. Clean Peak policy and emissions rates

The model returns vectors containing the optimal values for Eout
and Ein for every 5-min interval in the year. Subtracting these two
values for each timestamp results in a useable variable, Esolved .
Esolved is negative when the battery is charging and positive when
the battery is discharging.

Fig. 3 shows how emissions change under the Clean Peak policy.
In this ﬁgure, baseline emissions are indexed to 1, and the ﬁgure
shows emissions relative to this baseline for different levels of incentives coming from Clean Peak credits. Table A.1 shows the level
of emissions in each of the cases discussed below.
The policy as written calls for a $30 credit price. For every season
aside from winter, the Clean Peak incentive does very little to
reduce emissions. Even paying $30 per MWh leads to only a 5%
reduction in emissions compared to the emissions under the
baselinedroughly equivalent in effectiveness to a $1 carbon tax.
The emissions improvement is smallest in spring due to the very
ﬂat intra-day emissions proﬁle during that season. For almost all

Esolved ðtÞ ¼ Eout ðtÞ  Ein ðtÞ

3.1. Baseline storage and emissions rates
We ﬁrst report baseline results from adding bulk storage to the
grid but without any change in policy. As in Hittinger and Azevedo
[3]; Arciniegas and Hittinger [16] and related work, an increase in
bulk storage increases emissions compared to the baseline scenario. Without additional policies, bulk storage of the size and efﬁciency considered in this paper would be expected to increase
emissions by about 3 tons of CO2 per day (see Table A.1 for a
breakdown of the emission increase by season). This increase occurs despite relatively low average emissions by Massachusetts
electricity generators.
Fig. 1 shows the marginal emissions rate in over the course of
the day and year during the sample period. The marginal emissions
rate is often close to 0.5 tons of CO2 per MWh. In the spring and fall,
the emissions proﬁle over the course of typical day is also relatively
ﬂat, meaning that there is not much potential for storage to shift
emissions between two points during the day. In such a case,
emissions will increase with the introduction of bulk storage in
large part due to round trip efﬁciency losses as the storage charges
(usually with natural gas as the marginal fuel) and discharges
(again usually offsetting natural gas as the marginal fuel).
Fig. 2 shows typical storage behavior at baseline. For most of the
year, the storage provider builds up stored energy during the night
from about 3 a.m. until 8 a.m. This stored energy is then discharged
during the morning as a local peak in demand occurs. Storage is
recharged in the middle of the day in preparation for discharge in
the late afternoon as another peak in demand occurs. Behavior
during the summer is slightly different because demand remains
high throughout the day, causing the storage operator to charge
during the night and typically only discharge during the peak demand period in the afternoon.

(8)

Revenue for each 5-min period was calculated for both scenarios
by multiplying Esolved by the real time wholesale energy price in
dollars per MW-5min. Emissions were similarly calculated by
multiplying Esolved by the corresponding MOER for each 5-min
period, in units of tons of CO2 per MW-5min.
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Fig. 2. Storage Level For Baseline. Notes: The ﬁgures show the average level of storage (as a fraction of battery capacity) for each hour of the day for the four Clean Peak seasons. The
storage is for the baseline scenario with no carbon tax and no Clean Peak incentives. Table 1 provides more formal deﬁnitions of terms used in the ﬁgure.

reduction in emissions of about 15%. This effect is still small relative
to what is achieved by a moderate carbon tax. A carbon tax of $50/
tondroughly the current value of the Interagency Working Group’s
Social Cost of Carbondwould result in a 65% reduction in emissions
relative to the no-policy baseline [18]. To reduce emissions from the
introduction of storage down to zero or below, the carbon tax
would need to be greater than $100/ton.
Table A.3 shows the effects of a $30 Clean Peak credit price and
$30 carbon tax under alternative assumptions about the relative
charge and discharge efﬁciency of the storage. In the baseline
model, charge and discharge efﬁciency were assumed to be the
same (see Equations (2) and (7)). In the table, we consider two cases
where the round-trip efﬁciency is the same as in the baseline but
where either the charging or the discharging is relatively more
efﬁcient. In all cases, you can see that relaxing this assumption has
small overall effects on the performance of either policy. The Clean
Peak credits lead to a roughly 12% reduction in emissions on
average, and the carbon tax leads to a roughly 50% reduction on
average. For Clean Peak, relatively efﬁcient charging is slightly more
effective than the baseline model because the storage operator
needs to draw slightly less power from emitting resources to ﬁll the
storage unit in this case.

Fig. 3. Emissions Under Clean Peak Standard Relative to Baseline. Notes: The ﬁgure
shows emissions from storage under different policy scenarios relative to baseline for
each season of the year. The solid lines show how emissions change as the incentive to
discharge during the Clean Peak window increases. The dashed, black line shows the
emissions reduction from a $1 carbon tax for comparison. Table 1 provides more
formal deﬁnitions of terms used in the ﬁgure.

hours of the day in spring, the marginal generator is a gas power
plant with an emissions rate just below 0.5 tons/MWh. Energy
storage cannot deliver substantial emissions reductions during
these seasons because it is not possible to shift supply between
high- and low-emitting times of day.
Relative emissions fall more strongly in the winter. Recall from
Fig. 1 that winter exhibits the strongest and most coherent peak in
marginal emissions. In winter, some high-polluting fuels are on the
margin in the afternoon. The Clean Peak policy causes storage operators to discharge more during this period, resulting in a

3.3. Clean peak reinforces pre-existing storage incentives
Clean Peak does not cause substantial reduction in emissions
because it largely reinforces pre-existing incentives faced by the
storage provider. Fig. 2 shows that at baseline, storage was already
being used to meet peak demand because peak demand periods are
also likely to be periods with high prices. Small reductions in
emissions occur in the Massachusetts case because periods with
7
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Fig. 4. Storage Behaviors in Response to Clean Peak and Carbon Tax Relative to No Policy. Notes: The ﬁgures show average charging and discharging behavior by a storage operator in
response to either the Clean Peak policy (left column) or a carbon tax of $30 (right column) relative to the no-policy baseline. Positive values indicate that the policy is causing
additional energy to be discharged relative to the baseline, and negative number indicate relatively more charging. The grey shaded bars show Clean Peak windows. Table 1 provides
more formal deﬁnitions of terms used in the ﬁgure.
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Fig. 5. When Do Peak Emissions Occur? Notes: The ﬁgures show the probability of a day’s peak emissions occurring within any given hour of the day in the baseline scenario. Each
panel shows a different Clean Peak season. The grey bars are the Clean Peak windows based on average peak demand. Table 1 provides more formal deﬁnitions of terms used in the
ﬁgure.

occur throughout the day as the storage provider works to offset
high emission resources. As we discuss below, these resources
routinely come online outside of the late afternoon period covered
by the Clean Peak window. The behavior under the carbon tax also
shows that in the Massachusetts case, pre-existing incentives
coming from wholesale prices are already doing a good job of
directing storage to offset late afternoon generation and emissions.
If anything, the Clean Peak incentive is causing “too much” afternoon discharging by storage resources.

high demand also happen to be periods with high marginal emissions rates. Figure A1 shows that locational marginal prices are
positively correlated with marginal emissions rates. This correlation need not be positive, and in cases where the correlation is
negative, a Clean Peak policy will likely lead to further increases in
emissions over and above what is already caused by the introduction of bulk energy storage.
Fig. 4 shows how storage providers respond to a $30 Clean Peak
incentive and a $30 carbon tax relative to baseline (we use $30
carbon tax for comparability, but a $50 carbon tax, closer to the
current Social Cost of Carbon, would only make the differences
even more stark). One can see that in all seasons, Clean Peak causes
storage providers to shift discharge to correspond with the Clean
Peak window. This shift is on top of the high levels of discharge that
are already occurring during this time window at baseline, as
shown in Fig. 2. This extra discharge comes from increased charging
just before and after the Clean Peak window. Charging just before
or after the Clean Peak window further dampens any potential
environmental gains from the policy because the storage is
charging from resources that are almost as dirty as the resources
displaced during the Clean Peak window.9
A carbon tax induces substantially different behavior. Fig. 4
shows that under a carbon tax, storage charge and discharge will

3.4. Peak emissions routinely occur outside of the Clean Peak
windows
Aside from reinforcing pre-existing incentives, the Clean Peak
policy is also ineffective because it is a static policy in a highly
dynamic environment. Fig. 5 shows the baseline frequency that a
day’s peak emissions occur within a given hour of the day. The
ﬁgures show empirical probability densities for each season, so
each area under the curve integrates to 1. From the ﬁgure, it is clear
that peak emissions often occur outside the Clean Peak periods. The
winter peak is the most coherent and best captured by the policy,
but in all other seasons, the policy does a poor job capturing hours
with peak emissions.
The most likely single hour for peak emissions is captured by the
window in each season. But in two out of four seasons, the window
does not even capture the three highest emitting hours of the day.
In three out of four seasons, the window also captures substantially
less than 50% of peak emissions periods. In spring and summer,
peak emissions occur during the Clean Peak window about onequarter of the time. In other words, the policy misses peak

9
To receive Clean Peak credits under the Massachusetts policy, a storage operator must qualify by meeting one or more criteria. One way to qualify is by charging
during solar and wind power generation periods at night and in the morning [29];
Section 21.05). Clean Peak causes increased charging outside of these qualifying
windows, but the overall shift is small enough that generators would still qualify
based on their unchanged nighttime charging behavior (see Fig. 2).
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4. Discussion

emissions periods 75% of the time during those seasons. The policy
does slightly better in the fall, with peak emissions occurring during the Clean Peak window 40% of the time. The only season where
the policy captures peak emissions more than half the time is
winter, when peak emissions occur during the Clean Peak window
69% of the time.

Driven by the goal of reducing emissions from the power sector,
policymakers are discussing and implementing rules to govern the
behavior of energy storage providers. The results in this paper show
that care must be taken to ensure that these policies actually achieve their environmental goals. The Clean Peak Standard provides
weak incentives for pollution abatement. The Clean Peak policy in
Massachusetts is roughly as effective as a $1 carbon tax.
The case we analyze is also likely to be one of the best-case
scenarios for a Clean Peak policy. Massachusetts has a relatively
low-emission grid. And in most seasons, there are clear and
consistent periods during the day when marginal operating emission rates are high (Figs. 1 and 5). These periods of peak marginal
operating emission rates are also periods of peak demand
(Figure A1). In areas that have different generation mixes or
different daily emissions proﬁles, the effect of the policy can be
worse. In particular, in power grids where low cost power is being
provided by coal while peak demand is being met by natural gas,
then a Clean Peak-style policy will incentivize storage operators to
increase demand for coal power while offsetting generation by gas
power. This would lead the policy to increase emissions relative to
baseline. In places with even ﬂatter marginal emissions proﬁles, a
Clean Peak policy will capture fewer hours of actual peak emissions.
The policy can be improved in a few ways. The simplest
improvement would be to align the Clean Peak window with periods of peak marginal emissions rather than peak demand. Differences in emissions due to even small changes in the Clean Peak
windows highlight the importance of updating those windows over
time as the grid mix changes and marginal emissions rates potentially move to other hours of the day. At the same time, a change to
align the window with marginal emissions rates does not alter the
overall conclusions about this policy.
Reducing emissions from storage operations further would
require policy that better handles real-time changes in marginal
emissions. As discussed in Section 3.2, a carbon tax is substantially
more effective at reducing emissions in this setting. The carbon tax
is effective, in part, because it incentivizes the storage operator to
discharge whenever a high-emitting resource is on the margin.
Other policies that link revenue opportunities directly to behavior
based on marginal operating emission rates can also achieve these
types of improvements. For example, California’s SGIP provides
real-time marginal operating emission rate signals for storage operators to internalize pollution externalitiesdjust like a carbon tax
does. The incentive payments energy storage can get are directly
linked to them successfully reducing emissions based on these
signals. In other words, to get the incentive payments, energy
storage has to operate similarly to how it would operate under a
carbon tax [22], but without needing to pay the tax.
Clean Peak Standards do have a potential advantage in terms of
simplicity and predictability. Storage operators might prefer a Clean
Peak-style policy to a carbon tax because capturing the gains from a
carbon tax relies on the storage operator effectively forecasting
when a high emitting resource will be on the margin. A Clean Peakstyle policy provides more certainty to the storage operator
because the periods of time when Clean Peak certiﬁcates can be
generated is ﬁxed and known in advance. Regulators will need to
assess whether this increased certainty is worth the loss in environmental performance.

3.5. Alternative policies
We also examine a series of alternative policies that keep the
basic feature of the Clean Peak policydﬁxed windows where
discharge is incentivizeddbut try to improve the policy’s effectiveness. The most basic improvement would be to align the 4-h
Clean Peak windows with periods of peak marginal emissions
rates rather than peak demand. As Figure A1 shows, in Massachusetts peak demand corresponds closely with periods of peak marginal emissions, so this would entail a small shift in the windows.
The spring window would shift 1 h later, the summer window
would shift 2 h later, and the fall and winter windows would be
unchanged.
Figure A4 shows that in spring and summer, aligning the windows with periods of peak emissions would reduce CO2 emissions
by one percentage point more than the state’s proposed Clean Peak
windows. This is a large difference relative to the modest improvements in emissions that the state’s policy achieves. But the
overall effectiveness is still low.
Given the relatively coherent periods of peak marginal emissions shown in Fig. 1, another alternative would be to expand the
size of the Clean Peak windows. To capture 50% of the peak emission periods, the windows in each season aside from winter would
need to be expanded. The spring window would need to include
the 6 h from 6 to 8 a.m., 6e9 p.m., and 11 p.m. The summer window
would need to be 7 h long and cover the period from 5 p.m. until
midnight. The fall window would need to be 6 h long and include
6e8 a.m. and 4e8 p.m. Even with these extended windows, the
policy would just reach half of the peak emission hours during our
sample period in each season. Figure A5 shows the emission reductions relatively to baseline for a version of the policy that expands the Clean Peak windows. One can see that the change makes
the policy substantially more effective in summer, leading to
emission reductions roughly as large as those seen in winter. The
change has small effects in spring and fall.
Seasonal Clean Peak policies could potentially be more effective
than an annual policy. Fig. 3 shows that the policy as written leads
to substantially greater reduction in emissions in winter than in the
other seasons. If the policy is being discussed in locations where
Clean Peak causes increases in emissions in some seasons and decreases in other seasons, the policy could be limited to the most
effective seasons to enhance its outcomes.
The results show, however, that a carbon tax achieves much
greater relative emission reductions from storage. For energy
storage systems to be deployed in a manner that can reduce
emissions, their operating incentives based on revenue opportunities must align with the opportunities to reduce emissions based
on marginal emission rates. A carbon tax, by increasing the energy
market prices at times when higher-emitting generators are on the
margin, automatically aligns energy arbitrage incentives with the
emission reduction potential based on marginal operating emission
rates.
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As the electricity sector continues to decarbonize, renewable
energy resources will be on the margin more often. Storage technology will be useful for matching supply and demand in these
cases. Many projections of electricity generation in a world with
high renewable penetration emphasize the importance of having
large amounts of bulk energy storage [30]. Policymakers could,
therefore, want a Clean Peak-style policy to spur construction of
bulk storage. The policy does provide a strong incentive for construction of storage, because storage providers will be paid extra for
generation during periods when they are already receiving high
prices. If the policymaker believes that storage construction will be
a slow process, then encouraging more or faster investment might
be worthwhile. At the same time, in the short-run, more storage
will lead to even higher emissions.
Here, we have analyzed a single storage operator. Adding more
storage would have two effects. On the margin, additional storage
would lead to the same emissions increases we have discussed
above. For non-marginal increases in storage, different results
could occur. If enough stored energy is released during a period of
peak demand, for instance, then the baseline marginal generator
could be entirely displaced. The effect on emissions would then be
determined by marginal and non-marginal generating units. These
units might have different emissions proﬁles, and careful attention
to the size of storage needs to be paid to fully capture emissions
effects in this case.

Fig. A1. Price and Marginal Emissions Are Positively Correlated. Notes: The ﬁgure
shows the relationship between locational marginal price (LMP) and marginal emissions rate. The values are averages for each hour of the day in the sample period.
Table 1 provides more formal deﬁnitions of terms used in the ﬁgure.

5. Conclusion
As electricity production transitions toward intermittent renewables, grid operators and policymakers are looking for way to
incorporate more energy storage. Recent work has shown that,
absent effective policy, energy storage can lead to substantial increases in emissions. A policy that encourages storage to charge
during periods of low marginal emissions and discharge during
periods of high marginal emissions would help mitigate this increase. Unfortunately, currently popular policies to address this
issue do not incentivize this type of behavior. This paper has shown
that a particularly popular “Clean Peak” policy that incentivizes
storage to discharge during periods of high demand is largely
ineffective at reducing emissions. In areas where electricity production is higher emitting during periods of time with low demand,
this policy could even lead to increases in emissions. The analysis
highlights the importance of crafting effective policies to address
the emissions caused by grid storage. Fortunately, examples already
exist of policies which are effective in this regard. Both a conventional carbon tax, and the Self-Generation Incentive Program’s
emissions cap, successfully internalize the externality of emissions
and are more effective at reducing emissions. States considering
“Clean Peak” policies should either consider these alternative policies or decide whether successfully reducing emissions is in fact a
policy priority in their energy storage regulations.

Fig. A2. Wholesale Electricity Prices (LMPs) Over Time. Notes: The ﬁgure shows the
LMP at the ISO-NE SEMA pricing node during the study area. Color indicates the level
of the price, with orange and red colors indicating higher prices while green and blue
colors indicate lower prices. The white area on the upper left is due to daylight saving
time. Table 1 provides more formal deﬁnitions of terms used in the ﬁgure.

Declaration of competing interest
The authors declare that they have no known competing
ﬁnancial interests or personal relationships that could have
appeared to inﬂuence the work reported in this paper.

11

J.G. Shrader, C. Lewis, G. McCormick et al.

Energy 225 (2021) 120115
Fig. A5. Emissions Under “Expanded Clean Peak” Windows. Notes: The ﬁgure shows
emissions from storage under different policy scenarios relative to baseline for each
season of the year for a modiﬁcation of the Clean Peak policy that expands the Clean
Peak windows so that they cover 50% of the peak emission hours during the day. The
solid lines show how emissions change as the incentive to discharge increases. The
dashed, colored lines show how emissions change under the Clean Peak Standard as
written. These lines are the same as in Fig. 3. The dashed, black line shows the
emissions reduction from a $1 carbon tax for comparison. Table 1 provides more

Table A
1: Level of Emission Increase Under Policy Alternatives
Baseline
Season
Spring
Summer
Fall
Winter

2.69
3.25
3.41
3.2

Clean Peak Standard

Carbon Tax

$10

$20

$30

$1

$30

$50

2.65
3.15
3.32
2.84

2.61
3.12
3.29
2.78

2.6
3.08
3.25
2.75

2.53
2.85
3.3
2.97

1.68
0.93
2.22
1.7

1.25
0.17
1.64
1.24

Notes: The table shows the daily average increase in emissions (tons of CO2) from the
introduction of a single storage unit in each season. The baseline makes no change in
policy over the status quo. The Clean Peak Standard columns use three levels of
Clean Peak credit incentives. The Carbon Tax columns use three levels of carbon tax.
Table 1 provides more formal deﬁnitions of terms used in the ﬁgure.

Fig. A3. Clean Peak Credit Multiplier Over Time. Notes: The ﬁgure shows Clean Peak
Credit multiplier over the time period of the study. The multiplier scales the incentive
earned by storage operators for discharging during Clean Peak windows. The color
indicates the level of the credit, with red, orange, or yellow indicating higher multipliers while blue indicates lower multipliers. The white area on the upper left is due to
daylight saving time. Table 1 provides more formal deﬁnitions of terms used in the
ﬁgure.

Table A
2: Emissions Using Different Charge and Discharge Efﬁciency Values
Carbon tax:

$0

$1

$30

$100

Baseline
Relatively efﬁcient charging
Relatively efﬁcient discharging

3.16
3.12
3.20

2.98
2.93
3.02

1.61
1.59
1.63

0.28
0.29
0.28

Notes: The table shows average daily emissions (tons of CO2) from the introduction
of a single storage unit in 4 different carbon tax scenarios and 3 different charging
efﬁciency scenarios. All charging scenarios have the same round trip efﬁciency. The
relatively efﬁcient charging scenario has a charging efﬁciency of 0.95 and a discharging efﬁciency of 0.8947 (for a round-trip efﬁciency of 0.85, as in the baseline).
The relatively efﬁcient discharging scenario uses the reverse values. Table 1 provides more formal deﬁnitions of terms used in the ﬁgure.

Fig. A4. Emissions Under “Marginal Clean Peak” Windows. Notes: The ﬁgure shows
emissions from storage under different policy scenarios relative to baseline for each
season of the year for a modiﬁcation of the Clean Peak policy that shifts the discharge
incentive windows to correspond exactly with the 4 h of peak marginal emissions. The
solid lines show how emissions change as the incentive to discharge during the
“Marginal Clean Peak” window increases. The dashed, colored lines show how emissions change under the Clean Peak Standard as written. These lines are the same as in
Fig. 3. The dashed, black line shows the emissions reduction from a $1 carbon tax for
comparison. Table 1 provides more formal deﬁnitions of terms used in the ﬁgure.

Table A. 3
Fraction of Emissions Relative to No-policy Scenario for Three Different Charging
Efﬁciency Assumptions
Symmetric

$30 Clean Peak credit
$30 Carbon tax

Relatively

Relatively

efﬁciency

efﬁcient

efﬁcient

(baseline)

charging

discharging

0.8830
0.5100

0.8821
0.5117

0.8831
0.5090

Notes: The table shows the emissions reduction relative to the no-policy case from
the introduction of a single storage unit in 2 different policy scenarios and 3
different charging efﬁciency scenarios. All charging scenarios have the same round
trip efﬁciency. The relatively efﬁcient charging scenario has a charging efﬁciency of
0.95 and a discharging efﬁciency of 0.8947 (for a round-trip efﬁciency of 0.85, as in
the baseline). The relatively efﬁcient discharging scenario uses the reverse values.
Table 1 provides more formal deﬁnitions of terms used in the ﬁgure.

formal deﬁnitions of terms used in the ﬁgure.
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