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A common narrative about energy storage:

Wind and solar are variable and intermittent and will be
unleashed only after we develop and deploy sufficient
energy storage.

Thus, cheap and effective energy storage is the “holy
grail” of renewable energy.

It also does other things that are useful (but we like it
because it is a critical green technology).



This isn’t just a story — it is being written into policy

The “Storage Technology for Renewable and Green Energy Act of
2013 (STORAGE)” was introduced in 2013

California, Arizona, and Massachusetts considering “Clean Peak”
standards

Germany has launched a subsidy program for energy storage linked
to residential-level Solar PV

The US Investment Tax Credit will subsidize the addition of storage if
that storage mainly charges from solar

https://www.utilitydive.com/news/massachusetts-governor-seeks-clean-peak-standard-with-14b-bond-bill/519254/
http://www.greentechmedia.com/articles/read/Germany-On-The-Verge-Of-A-Subsidy-For-Energy-Storage 5
http://www.energy.senate.gov/public/index.cfm/democratic-news?|D=de6b4c62-e987-4ba9-933b-d52f82ff0309




However, operation of bulk energy storage has
two effects that can increase emissions

1. Inmany places, “dirty” electricity replaces “clean” electricity.
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That is a fine idea, but how does it work out using

actual price and emissions data?

2. Storage is less than 100% efficient —an energy-consuming device.
Image: http://greensmith.us.com/applications/peak-shifting/




We modeled the operation of energy storage (buy low, sell
high) in 20 eGRID regions and compared it to the emissions
of the marginal generator in each hour
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Average US coal plant emissions: 950 kg CO,/MWh e
Average US natural gas plant emissions: 500 kg CO,/MWh

Emissions Reference: Jaramillo et al, Comparative Life-Cycle Air Emissions of Coal, Domestic Natural Gas, LNG, and
SNG for Electricity Generation, Environ. Sci. Technol. 2007, 41, 6290-6296



Importantly, this effect still holds when you charge your
storage from renewable energy sources

Scenario A Scenario B

Solar produces 100 MWh at noon, which is put into
Solar produces 100 MWh at noon storage until 5PM

Thus, storage that always charges from renewables

may increase electricity system emissions unless that
renewable energy would otherwise be curtailed.

generator = 500 kg/MWh
Emissions benefit of solar =
100*500 = 50 tonnes of CO,

Emissions rate of marginal generator
= 550 kg/MWh

Emissions benefit of stored solar =
80*550 = 44 tonnes of CO,
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How much new wind/solar do we need to add
to offset these storage-induced emissions?
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Realistic renewable generation plus storage
projects will decrease emissions

Existing and proposed renewable/storage projects tend to have storage that
is small compared to the wind/solar:
Laurel Mountain: 98 MW Wind & 32 MW (8 MWh) Li-ion
Solana Generating Station: 280 MW Solar & 280 MW (1680 MWh) thermal storage
(proposed) Pathfinder Wind: 2.1 GW Wind & 1.2 GW CAES

If Pathfinder Wind was built as proposed, our analysis suggests that the
wind+storage project would reduce emissions 93% as much as a wind-
only project.

If the CA storage mandate (1.3 GW) induces more than 325 MW of additional
solar, then that mandate also has emissions benefits.



If we add enough wind/solar, storage will eventually start
reducing emissions. But when does that happen?

Sample Summer Day in MISO
With Addi'liqnal Wind Capacity, With and Without 20
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We have also done some cursory calculations for grids without
much coal (CA, NE, NY): if storage can get ~5% of its charging

energy from renewables that would otherwise be curtailed,
then it reduces emissions

15 16 17 18 19 20
Wind Capacity (GW)
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Can we eliminate the emissions effect by
changing the operational strategy for storage?
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By rearranging charging/discharging schedules, the emissions effect of
storage can be greatly decreased with little loss of revenue

$2.0 M
CV=36 Cv=0 . . .
$1.5M cvz100 S 1 This is an effective cost of
Ly o about $15/tonne to reduce
$1.0M [ - . .
‘ . — o +egERCT storage-related emissions by
sos M} P v ** | 50% across the US.

Alternately, a system price on carbon would eliminate

this issue, internalizing this cost in the energy prices.

Change in Annual Emissions
(Tonnes of CO,) 11



What kind of technology is energy storage?

Energy storage is a valuable technology for improving
operational and economic efficiency of electricity
systems.

Energy storage provides flexibility and helps to better
utilize whatever resources are available.

Energy storage is one option among many for integrating
wind/solar and achieving other electricity system
goals.



For the voracious reader, we have four research
papers on emissions effects of storage operation
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The Approach

In each location, assume co-located renewable / energy
storage system

— Wind data from NREL Wind Integration National Dataset

— Solar data from NREL Typical Meteorological Year 3 Dataset

— Storage modeled as 4-hr discharge, 75% round-trip efficiency
Using hourly market clearing price data from local or nearest

market, determine the revenue-maximizing operation of
storage (LP optimization)

— Both perfect and imperfect price information
— With and without charging limited to renewables

Use “marginal emission factors” (MEFs) to determine the net
emissions resulting from operating the storage



Bledtricity Price (3/MA\R)

Power Output (M)

Under perfect information, storage is
charging/discharging frequently, taking
advantage of every price fluctuation
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Blectricity Prioe (¥M\h)

Power Qutput (M)

Without knowledge of future energy prices,
storage is more conservative and operates less

frequently
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Hectricity Price (3/MAR)

Power QOutput (M)

When storage is also constrained to charge only
from wind/solar, this further limits its ability to

cycle
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Emaissions effects are calculated
using “Marginal Emissions Factors”

NGRS,

Marginal Emissions Factors for the LS. Electricity System

Kyle Siler-Ervans, " Inds Lima Avevedo,” and M Granger Morgan”
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/ NOX (kg / MWh)

Marg. SO2
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Source: Siler-Evans, Azevedo, Morgan, 2013.
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Storage revenue varies as a function of

electricity price variability
| Storage
Revenue

($M/ year)
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1.6
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If constralned to local wind, storage earns
79% less. 0.8
If constrained to local solar, storage earns 0.6
83% less. s o
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Renewables+storage emissions:
Some Good News and Some Bad News



The Approach

For each US EPA eGRID subregion:

Get hourly market clearing price data! and time-
varying marginal emissions data? (converted to
hourly)

Use a linear programming (LP) optimization to
determine optimal storage operation, at different
levels of “carbon value”

Collect and compare the net storage revenue and
emissions at different locations and with different
level of carbon value

1. N.C. Horner, “Powering the Information Age: Metrics, Social Cost Optimization Strategies,

and Indirect Effects Related to Data Center Energy Use,” Carnegie Mellon University, 2016.
2. From Carnegie Mellon: https://cedm.shinyapps.io/MarginalFactors/




Annual Revenue (USD)

The trend is qualitatively similar across the US,
though significant regional variation exists
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Revenue (USD)

Improved storage efficiency increases revenue,
but has a more beneficial effect on emissions
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Annual Revenue (USD)

Improving the charge/discharge rate of storage tends
to exaggerate existing revenue and emissions effects
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The “cost” of emissions reductions through
alternative storage operation is low

$?D T T

£ # ; i; % r
oty S RFCW
S5 i

$60 [

$50 [

$40 -

$30 -

(USD/Tonne of COZ)

$20 -

CO2 Emissions Reduction Cost

$10 | CAM

§ 0
0% 25% 50% 75% 100%

Percent of Storage Emissions Reduction



Takehome Thoughts

While profit-maximizing storage operation
consistently increases US grid emissions, this
is not a necessary result of storage adoption
and operation.

Even without any changes to electricity system
structure or operation, alternative operational
patterns for storage can reduce induced
emissions at a low “cost of carbon”.

However, the implementation of this in policy or
market rules is challenging and problematic.



Regions with significant variability in both prices
and emissions can most easily reduce storage-
related emissions at low cost
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