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Overview of Emissions Impacts from
Grid-Connected Battery Energy Storage

Technical Brief — Environmental Aspects of Fueled Distributed Generation and Energy Storage

Energy Storage
landscape

Energy storage may be used to provide ancil-
lary’, energy’ and/or capacity® services to the
electrical grid (Forrester, 2017). Use of energy
storage may also contribute to grid infrastruc-
ture investment deferral through mitigation of
congestion and improvements to power quality.
Globally, capacity is now expected to grow
rapidly for the next decade, culminating
with 741 gigawatt-hours of cumulative
capacity in 2030 (Wood Mackenzie(l),
2020) In the U.S., 168 MW were deployed in
the second quarter of 2020, driven in part by a
very large front-of meter project that accounted
for more than 2/3 of the total MW deployed.
Residential behind-the-meter energy storage
experienced a record quarter, while commercial
and industrial storage had its third strongest
quarter ever (Wood MacKenzie(2), 2020).
Expectations for strong future growth remain,
with a forecasted growth in the U.S. from
523 MW in 2019 to 7.3 GW in 2025 (Wood
MacKenzie(2), 2020). Lithium ion batteries
controlled more than 90% of the grid-scale bat-
tery storage market by 2019 (EESI, 2019).
About 60% of grid-scale batteries were nickel-
manganese-cobalt (NMC) blends, also the
technology of choice for electric vehicles, (EIA,
2020). This is followed by lithium iron phos-
phate (LFP), lithium cobalt oxide (LCO) and
other chemistries. Battery energy storage (BES)
technologies such as flow batteries, sodium

sulfur batteries (NaS) and hydrogen fuel cells
are alternative storage technologies gaining
attention.

Figure 1. Common configuration for a
stationary grid-connected lithium ion battery
system in a container.

Short-Term Emissions
Impacts of Energy
Storage

Responding to the growing interest for grid-
connected BES to support the integration of
renewable generation, many researchers have
investigated how emissions of greenhouse gases
(GHG) and criteria air pollutants (e.g., NOx,
CO)* would be affected. Criteria pollutants
affect human health and ecosystems both
directly, due to exposure, and indirectly due to
their transformation into other pollutants and
deposition on vegetation or waterbodies.

Initial studies assessing grid-connected energy
storage generally relied on dispatch modeling
tools and found that emissions tend to increase
under basic operating conditions, such as
energy arbitrage in which operations are set to
reduce electricity costs.

The first driving factor is the round-trip effi-
ciency of the battery, which quantifies the
energy loss during charge-discharge cycles due
to battery internal inefficiencies. Round-trip
efficiency depends critically on the battery’s
internal components driven by the battery tech-
nology, such as type of electrodes, electrolyte
and/or other components (e.g., internal pumps
for flow batteries), and balance of plant compo-
nents (e.g., thermal management, power con-
version systems).

The second driving factor is the timing of the
BES charge-discharge. Generation fuel mix and
corresponding emissions vary during the day.
Most studies found that, unless batteries are
charged with cleaner generation than the gen-
eration they displace (to account for those
round-trip energy losses), short-term GHG and
air pollutant emissions will increase® (Hittinger,
2015) (Hittinger, 2017) (Craig, 2018) (Vande-
paer, 2018). For example, Hittinger et al. esti-
mated the amount of renewable energy needed
to offset the emissions produced by a
25 MW/100 MWh storage device when used
for energy arbitrage, depending on location and
operational mode. The results ranged between
0.03-4 MW of wind and 0.24-17 MW of solar

generation. Arciniegas et al. further investigated

! Services necessary to support the transmission of electric power from seller to purchaser to maintain reliable operations of the interconnected transmission system. They

can be divided into balancing and contingency services.

% Services providing energy arbitrage by charging during lower-cost off-peak hours and discharging during higher-cost on-peak hours.

? Services providing capacity similar to traditional generators, reducing the need for new generation investments.

4 The National Ambient Air Quality Standards (NAAQS) define criteria pollutants; https://www.epa.gov/criteria-air-pollutants

> Not applicable if the battery is fully charged with renewable energy that would be otherwise curtailed.


https://www.epa.gov/criteria-air-pollutants

what energy storage operations would be
required to reduce emissions while maximizing
revenue. They concluded energy storage could
reduce CO, emissions up to 25-50% in some
areas, with a minimum loss of revenue of 1-5%,
mostly by shifting the timing of operations to
reduce marginal emissions. Yet, the results var-
ied considerably by region and the authors rec-
ognized would be difficult to achieve in a
profit-seeking market unless enforced through
regulatory intervention (Arciniegas, 2018).

Similar conclusions have been reached by stud-
ies focused on behind-the-meter residential/
commercial applications. Operating these bat-
teries to minimize electricity prices led to
increased emissions (Fisher, 2017) (Babacan,
2018) (Olivieri, 2020). One study suggested
that internal energy losses associated to battery

round-trip efﬁciency may increase emissions
regardless of the timing of the charge/discharge
cycles (Fisher, 2017). The studies also demon-
strated batteries can be operated to minimize
emissions, though tariffs or incentives for cer-
tain operational regimes may be required.

Dispatch modeling serves an important pur-
pose, though by its nature is historical and not
prospective. Emissions changes resulting from
future capacity investments in the electrical
grid, such as those due to changes in fuel price
and the generation mix that storage deploy-
ments may influence, are unable to be incorpo-
rated. In recent years more complex analyses
have been performed that account for multiple
operational cycles and the important long-term
structural changes to the grid that storage can
facilitate. These will be reviewed next.

Emission Insights from Real-World Experience

Insufficient installation of grid-connected BES systems exists to clearly determine
impacts fo emissions. However, there are lessons to be learned from real-world
installations of behind-the-meter storage.

The California Public Utility Commission (CPUC) Self-Generation Incentive Program
(SGIP) provides economic incentives to install behind-the-meter self-generation tech-
nology to reduce peak grid demand. In the last few years, most of the program
funding has supported BES. Terms for consideration of GHG emissions were intro-
duced in 2010 (CPUC, 2010), and in 2015 a minimum round-rip efficiency eligi-
bility metric of 66.5% was required for all storage projects (CPUC, 2015). The
assumption was that the storage systems would charge with excess renewable
energy and release it during peak times. Instead, successive evaluations of the pro-
gram in through 2018 generally showed GHG emissions were actually increasing
as the BES were primarily operated for profit maximization, charging during off-
peak times with higher-emitting energy sources than the lower-emitting sources dis-
placed when discharging. To correct this issue the CPUC issued a rule in January
2020 (CPUC, 2020) requiring new commercial installations to demonstrate emis-
sion reductions of 5 kg CO, per kWh of storage capacity during 5 years fo receive
full funding. Residential customers are required to have a single-cycle round-rip
efficiency of at least 85% and enroll in a time-varying rate program. Residential
developers must submit GHG emissions reduction data twice per year on kWh
charged/discharged in every hour, in order to demonstrate their fleet reduces emis-
sions in aggregate (Fosterling, 2020). Software by WattTime® that provides 24-hour
forecasts of carbon intensity of the grid is available to facilitate the choice of optimal
operational cycles. CPUC annual program performance assessments will assess if
the new requirements were effective.

Insights from Long-Term

Modeling Approaches

Growth of energy storage in the grid will influ-
ence investments and/or retirement of other
assets in future years via its impact on wholesale
prices and thus asset revenues. Bistline et al.
(Bistline, 2020) evaluated scenarios with grow-
ing energy storage using EPRI’s capacity plan-
ning and dispatch model, US-REGEN’, across
the lower 48 states in the United States. Their
analysis considered both investment and dis-
patch costs to find the storage and generation
mix that minimized net present value of U.S.
electric sector costs. The authors note that,
although adding more storage while holding
other generation capacity fixed may lead to an
increase in CO, emissions, deployment of more
energy storage may increase the ability of the
grid to support greater amounts of zero-emit-
ting intermittent generation capacity in the
future, which could reduce CO, emissions.
These impacts are known as the dispatch and
investment effects, respectively. They found that
the investment effect dominated the energy dis-
patch effect under a range of sensitivity scenar-
ios tested. BES was more likely to reduce
emissions in locations where wind and solar are
more economically competitive relative to natu-
ral-gas-fired generation. Issues raised in studies
discussed in the previous section were addressed
in this study: Bistline et al. assumed a round-
trip efficiency of 91% and market participation
for arbitrage, capacity, spinning reserve services,
and inter-regional transmission deferral. This
analysis shows that the short-term emissions
increases found by previous analyses may be
justified by emissions decreases in the long-
term, in regions where wind and solar genera-
tion were economically competitive with

natural-gas-fired generation.

Storage value stacking, or the use of an energy
storage system to provide multiple local or grid
services simultaneously may effectively increase
battery use and economic benefits and poten-
tially reduce emissions (Fitzgerald, 2015). To
date, regulatory barriers have hindered use of

¢ WattTime uses artificial intelligence to combine EPA data on power plant emissions, information on wholesale market prices, fuel costs, wind and weather data and

other inputs to produce day-ahead forecasts of carbon intensity of the grid.

7 'The U.S. Regional Economy, Greenhouse gas, and ENergy (REGEN) model is a capacity planning and dispatch model that projects electric sector pathways given
assumptions about policies, technologies, and markets, minimizing total system costs subject to the applied technical and economic constraints.
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storage value stacking. This is discussed further
in the Policy Review section below. However,
several forward-looking studies investigated
how value stacking could impact emissions and
other environmental impacts in the future.
Craig et al. evaluated energy storage systems
participating in energy only, reserve only and
energy and reserve markets in the ERCOT sys-
tem from 2015 through 2045 for CO, emis-
sions reduction targets of 50% and 70% below
2015 levels by 2050. The study concluded that,
in the long term, storage systems reduced emis-
sions the most when participating on both
energy and reserve markets by facilitating a
stronger shift from coal generation to more effi-
cient natural gas and renewable generation and
a greater reduction of renewable curtailment -
25-50% for wind and 0-100% for solar (Craig,
2018). More recently, Kern et al. showed that
value stacking led to significant reductions in
battery energy losses and capacity required to
perform multiple services, with consequent
reduction in environmental impacts (Kern,

2019).

Climate

change

Figure 2. Ongoing research and real-world
experience will help determine which energy
storage scenarios can minimize emissions.

life Cycle Assessment
Studies Confirm Use
Phase Emissions are

Important

Environmental Life Cycle Assessments (LCAs)
facilitate the identification of particular BES
technologies, system designs or operational
changes that can reduce overall emissions while
optimizing other metrics, such as minimizing
costs. LCAs calculate total emissions and other
environmental impacts across a range of tech-
nology life cycle phases, such as materials

extraction, manufacturing, use, and end-of-life
management, rather than just during use phase
as dispatch and capacity models do. The suite of
available LCA studies of stationary BES systems
that considered emissions includes both front-
of-the-meter grid and residential or commercial
behind-the-meter applications. Lithium ion
chemistries, as well as NaS$, vanadium redox
flow batteries, hydrogen fuel cells and other
technologies, have been assessed.

LCA studies that included both manufacturing
and use-phase impacts for stationary BES con-
sistently find that use-phase impacts are a, if not
the, major contributor to environmental end-
points such as emissions (Baumann, 2017)
(Ryan, 2018) (Vandepaer, 2018). Hiremath et
al. considered several battery technologies pro-
viding six different grid services in the German
electricity mix and recommended the deploy-
ment of batteries with higher round-trip effi-
ciency, such as lithium ion batteries, to reduce
overall GHG impacts (Hiremath, 2015). Ryan
et al. stressed the importance of considering
both round-trip efficiency and type of energy
mix used for charging (Ryan, 2018). Another
study found that use must be maximized to
reduce emission impacts with respect to the
manufacturing phase (Le Varlet, 2020). Simi-
larly, Baumann et al. and Peters et al. recom-
mended maximizing the life cycle of the
batteries to reduce environmental impacts
(Baumann, 2017)(Peters, 2017). An exception
is Arbazadeh et al., who found higher impacts
from the manufacturing phase when batteries
were operated for power reliability, because this
storage application requires a limited number of

charge/discharge cycles (Arbabzadeh, 2017).

Policy Review

The technical assessments described above sug-
gest BES value stacking provides an opportu-
nity to recoup investments while maximizing
battery use and minimizing environmental
impacts. In the current regulatory environment
investors may not be able to collect compensa-
tion from multiple sources when providing ser-
vices that fit into two or more of the traditionally
defined utility functions of generation, trans-
mission and distribution. These traditional
functions allow for compensation of invest-
ments through the regulatory framework (e.g.,
charges across utility customer bills) or the free

market. Responding to this issue, the Federal
Energy Regulatory Commission (FERC) issued
ordinances that culminated with Order 841
(FERC, 2019) which adjusted the previously-
inflexible rules designed with traditional gener-
ators in mind. Likewise, California and New
York (ESA, 2018) implemented rules to facili-
tate the utilization of energy storage for value
stacking. The federal appeals court has recently
upheld Order 841 and rejected a suit to chal-
lenge the authority of its implementation
(GTM, July 10, 2020). Thus, the potential for
additional emissions reductions through value
stacking will result.

Federal tax incentives also exist to support
development of energy storage systems owned
by a private (i.e., tax-paying) entity, but not if
owned directly by a public entity (NREL,
2018). The Investment Tax Credit (ITC) has
provisions that specify storage installed along
with solar can count towards the ITC in many
cases. Battery systems that are charged with
renewable generation more than 75% of the
time are credit-eligible. The exact value depends
on the amount of renewable charging and the
year of operation. The last extension of the ITC
program phases out the residential ITC by
2022, although commercial sites will still be eli-
gible for a 10% federal credit. It is possible the
program will be renewed in a modified form in
future years. Battery systems that are not
installed with a renewable energy system may
also be eligible for a Modified Accelerated Cost
(MACRS)

Recovery ~ System depreciation

deduction.

Several states have also developed policies to
encourage energy storage development, gener-
ally to support their low carbon/climate change
goals. According to the Pacific Northwest
National Laboratory energy storage database
(PNNL, 2020), 24 states adopted energy stor-
age policies by 2020 that involve procurement
targets, regulatory adaptation, demonstration
programs, financial incentives and/or consumer
protections (Twitchell, 2019). Some states,
such as Hawaii (Hawaii.gov, 2014) or Oregon
(gov.oregonlive, 2019), attached at least a por-
tion of their energy storage procurements or
targets to renewable generation + storage sys-
tems. Yet, only a few are adopting or exploring
strategies to ensure that use of energy storage
carbon  emissions.

effectively  reduces
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California’s SGIP has already been discussed.
Massachusetts approved in 2018, and is still
developing, the Clean Peak Energy Portfolio
Standard (Mass.gov, 2020) to ensure that (1) a
portion of the peak-hour electricity comes from
clean energy sources®, and (2) energy storage
used under the program will be charged primar-
ily with renewable energy (Mass.gov, 2020). For
that purpose, electricity providers must obtain
“clean peak certificates” to demonstrate the

renewable sources’. New York is working
towards a carbon pricing policy that would
indirectly penalize BES charging with fossil fuel
energy (NYISO, 2018) (Tierney, 2019), but the
program is still being evaluated. And, Oregon
loosely attached the requirement that energy
storage procurements must include consider-

ation for GHG emissions reductions (gov.ore-
gonlive, 2015).

Figure 3. 23 states and the District of Columbia have policies to support the development of energy

storage systems. Four of these (hashed) are exploring various storage implementation strategies fo

reduce carbon emissions.

Conclusions

Battery energy storage technologies are becom-
ing more cost-effective and efficient, and poli-
cies and markets continue to adjust in order to
support increased future deployment. The ques-
tion remains as to how to most-effectively
design and operate BES systems to maximize
future environmental benefits. A key environ-
mental metric is emissions of GHG and air pol-
lutants from the electricity system, which are
directly and indirectly affected by BES deploy-
ment, and often a driving factor for BES
deployment. The major drivers of emissions
changes from BES are 1) the battery round-trip
efficiency, 2) the marginal electricity generation
mix used to charge the battery vs. what is dis-
placed during discharge (i.e., the dispatch

effect), and 3) changes in capacity investment
into zero-emitting intermittent generation (i.e.,
the investment effect). While the first factor
rests on battery internal inefficiencies and bal-
ance-of-plant components and operations and
is straightforward to determine and optimize to
the intended use, the last two factors exhibit a
higher degree of complexity. Grid topology,
share of renewable energy and wholesale elec-
tricity market configuration and pricing struc-
ture, as well as battery operational profile and
type of service(s) provided, are all contributing
factors. Thus, studies that focus on specific
regional markets or test systems may not be easy
to extrapolate to other regions and/or set of
conditions.

Energy storage provides a variety of crucial ser-
vices that are needed for grid modernization,
even if system inefficiencies lead to short-term
emissions increases. Robust research, demon-
stration projects and real-world experience will
all have an important role in continuing to
investigate and optimize the impact of policies,
technologies, operations and strategies to facili-
tate a smooth transition with minimal environ-

mental impact to a low carbon economy.
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