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Executive Summary

Electric vehicles (EVs) have seen explosive growth worldwide since 2010, recently surpassing 1
million vehicles in the U.S. and 4 million globally in late 2018. Even in the Midcontinent
Independent System Operator (MISO) region, where EV sales have historically been about 34%
of the U.S. average, vehicles are expected to reach between 1.6 and 36 million by 2039, as
compared to ~50,000 EVs sold between 2011 and 2018. See Fig. ES-1.

MISO region vehicle stock (millions)

== | 0w case (EIA reference) == Base case (Fox-Penner low) High case (Fox-Penner high)

= Very High case

40

5
all

e

P P — P P P
2020 2025 2030 2035 2040

Fig. ES-1. Projected EV stocks (cumulative sales minus retirements) by scenario in the MISO
region.

Increasing renewable generation on the MISO gridd to between 22% and 39% of projected
future load in 2038, depending on scenariod will exacerbate daily load troughs and
morning/evening ramps that will require new grid resources to mitigate. Fig. ES-2 illustrates
these challenges. Uncontrolled EV charging (the type of charging available today) will
exacerbate daily peaks, contributing to these challenges. Fortunately, controlled EV charging
can mitigate both their own charging problems and the challenges of renewables integration. A
number of pilot studies in the U.S. and around the world are currently exploring the value of
controlled charging to electricity grids.
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grid operators.

This study was undertaken in order to quantify the effects of adding large numbers of EVs to the

MISO grid over the next 20 years (2019-2039). For each of four EV penetration scenarios, we

explored two renewable generation scenarios whose 2039 renewable generation varied by

approximately a factor of two. EVs were allowed to charge in an uncontrolled manner in one

scenario, and we explored four types of controlled charging optimizations, consisting of

uni direcltdoonaand( ibM di rect i onal (AV2GO0) charging op
optimization schemes: peakalshaydongeceomat t ely, fandi ng
(Arampo) control. We included a few sceiorerios whe
were revised. We also explored optimizations within two local resource zones (LRZs) for the

high-renewables scenario: LRZ 1 (consisting primarily of Minnesota, with parts of North Dakota,

South Dakota, Wisconsin and Montana) and LRZ 7 (Michigan). These two LRZs were chosen to

explore differences in the ratio of renewable generation to the number of EVs.

High-level results indicate that without controlled charging, EVs tend to add load during peak

periods of the day, exacerbating generation peaks and up- and down-ramps. In the extreme

case of the Very High EV penetration scenario near the end of the simulation period (e.g., in

2038), EV charging dominates loads throughout the day and adds >40,000 MW to peak loads.

Fortunately, we also find that all four types of controlled charging optimizations can have an

equally profound effect on changing MI SOb6s net | o0
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While V1G can be effective at keeping peak daily loads close to what they would be without EVs

even at small EV penetrations, by shifting load to other times of day (primarily nighttime load

valleys), V2G is able to have a much stronger impact on load shapes for the same numbers of

EVs because of its ability to return power to the grid, reducing loads below what they would be
without EVS. As a result, V2G optimizations are able to greatly reduce peak loads, and for

sufficiently large numbers of EVs, transform daily load variations into profiles that vary slowly

over mul ti pldea yd aoypst i (nfi zualttiio cade of thelVery HIghEV e xt r e me
penetration scenario in 2038, both peak-valley and ramp V2G control optimizations can produce
nearly flat loads over the week. But for smaller numbers of EVs, transformations approaching

this result are also obtained.

Fig. ES-3 provides an overview of the effect of V1G and V2G controlled charging for the Base
case of ~2.5 million EVs in 2032. Note the large differences in net load shape among the V1G
control algorithms (green and cyan curves) versus V2G peak-valley control (magenta) and V2G
ramp control (red). In the latter case, the optimization has become multi-day, where the
algorithm is able to adjust the initial net load shape across multiple days.
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The effect of increasing renewable penetrations on the MISO grid in the absence of EVs is to
reduce net loads and exacerbate differences between daily peaks and valleys. These changes
lead to somewhat diminished effectiveness of controlled charging on modifying net loads,
though the effects are fairly subtle; the conclusion is that while differences in load shape will
occur, the controlled charging algorithms are nearly as effective at high renewable penetrations
as at lower ones. Critically, controlled charging is able to greatly ameliorate the differences
between peaks and valleys caused by renewable generation, producing a net load that is much
easier for MISO to manage.

The impact of revising the charging infrastructure assumptions (somewhat less home charging,
significantly less workplace charging, and a small increase in the amount of public charging) to
better reflect expected future implementation results in very similar V1G charging profiles, but
larger day-to-day load excursions among V2G charging profiles, indicating less load shifting
capacity overall. However, the load-shifting capacity is still very significant at a sufficiently high
EV penetration level.

Our exploration of local resource zones indicates that when renewables are sufficiently high as
for LRZ 1, net loads can fall below zero, resulting in either an export of excess renewable
generation to other LRZs, or renewables curtailment. The effect of the controlled charging
algorithms on load shapes is unaffected by the absolute net load level, even when it is negative,
and closely resembles results for MISO as a whole. Controlled charging (both V1G and V2G) is
able to reduce these negative valleys, and with sufficient numbers of EVs can eliminate them
altogether, obviating the need for either export of excess renewable generation or curtailment.

Fig. ES-4 illustrates these points, showing how a net load profile where load becomes negative
at several points throughout the week is converted to net positive load at all times with
controlled charging (both V1G and V2G). For the case where there are more EVs and less
renewable generation (e.g., LRZ 7, not shown here), negative net load does not occur, and the
controlled charging algorithms are more effective at shifting loads than for MISO as a whole,
due to locally higher numbers of EVs per unit of load.
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Fig. ES-4. Very High EV penetration scenario for LRZ 1 in June 2038.

In conclusion, we have demonstrated that controlled charging can be an effective tool at
mitigating both the peak exacerbation effect of large numbers of EVs, as well as increased
peak-valley differences (and potentially negative net loads) of high amounts of renewable
generation. Whether V1G or V2G, and peak-valley or ramp control, is optimal for MISO will
depend on many future assumptions and conditions, and likely a blend of these and other
control algorithms will be most suitable to the particular future needs of the MISO grid. However,
because of long lead times in deploying and integrating controlled charging equipment with
other grid service products, the time is now to start planning for large numbers of EVs on the
MISO grid with controlled charging to minimize grid impacts and maximize grid utility.
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1. Introduction
1.1. Electric vehicle trends

For the purposes of this report, electric vehicles (EVs) are defined as any light-duty passenger

vehicle that has an electric plug to recharge its onboard battery, and can be operated entirely on
electricity i f desi r eldctricvehcles(BEVS) and plugfinfhybrideslectribo at t er vy
vehicles (PHEVs), which can also run on gasoline or diesel fuel, are included as EVs.

Sometimes hydrogen-powered vehicles are referred to as fuel cell electric vehicles (FCEVs) and

included as part of EV sales, but as these vehicles generally do not have an electric plug and

cannot be powered by electricity, we exclude them in this context.

EV sales have been growing rapidly since 2010. Fig. 1 shows monthly sales in the U.S. and
cumulative sales in both the U.S. and in California, a state that has historically contributed
nearly 50% of U.S. sales. Cumulative U.S. sales surpassed 1 million vehicles, and 500,000
vehicles in California, in late 2018. Annual U.S. growth in sales was 75% in 2018, the highest
annual growth rate since 2013.
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Reference: www.hybridcars.com and www.insideeys.com

Fig. 1. Monthly U.S. and cumulative U.S. and California EV sales. Source: Veloz (2019), with
minor madifications made for clarity.
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Globally, sales have been even stronger, than in the U.S., with cumulative sales passing 4
million vehicles in Q3 2018, with 5 million cumulative sales forecast by 1Q 2019. See Fig. 2.

Figure 3: Cumulative global passenger EV sales, current and forecast
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Fig. 2. Cumulative global passenger EV sales. Source: Bloomberg (2018a).

Sales in China in particular were 175% higher than January of last year, representing 4.8% of
market share. Analysts estimate that sales in 2019 may surpass 2 million, compared to 1.1
million in 2018 (Kane, 2019).

Bloomberg New Energy Finance (Bloomberg, 2018b) forecasts that global EV sales will
increase to 11 million in 2025 and 30 million in 2030, with sales in China accounting for almost
50% of the global market in 2025 and 39% in 2030. By 2040, Bloomberg forecasts there will be
60 million EVs sold annually, representing 55% of new vehicle sales, adding up to 559 million
EVs on the road and 33% of the global car fleet (Bloomberg, 2018b).

In terms of number of models, there are 44 EV models currently for sale in the U.S.

(EVAdoption, 2019). Globally, the number of available models was set to increase from 155 at

the end of 2017 to 289 by 2022, according to Bloomberg (2018b). Several companies, including

VW, Dai ml er , Ni ssan, Volvo and Changbéan have made
next 10 years (Bloomberg, 2018b).

Battery costs, the single most expensive component in an EV that accounts for most of the cost
difference with conventional combustion vehicles, has been falling from $1,000/kWh in 2010 to
~$200/kWh in 2017, and is projected to fall below $100/kWh in 2025 (Bloomberg, 2018b). See
Fig. 3. In 2017, Bloomberg forecast that EVs will reach upfront cost parity with combustion
vehicles on an unsubsidized basis starting in 2026, and every year since this crossover point
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forecast has been moving up in time; its latest 2019 analysis suggests that it will now occur in
2022 (Bullard, 2019).

Lithium-ion battery price, historical and forecast
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Fig. 3: Lithium-ion battery price history and forecast. Source: Bloomberg (2018b).

Eleven countries including China, India, France and the United Kingdom, representing nearly 3
billion people or 39% of global population have announced phase-outs of internal combustion
engine vehicles between 2021 and 2040, and an additional 20 cities and territories have
announced similar bans, at least for diesel vehicles (Wikipedia, 2019). Such phase-outs will
likely further accelerate the adoption of EV sales.

1.2.  Electric grid trends

In the U.S., the share of electricity provided by non-greenhouse gas emitting sources has been

steadily growing, and now stands at 1,487 billion kilowatt-hours (terawatt-hours or TWh)

annually, or 38% of total electricity generation. Of this, 54% is nuclear power and 19% is
conventional hydropower , neither of which is cons
provide 10.5% of total electricity generation, with wind power reaching 289 TWh/yr or 7.3% of

electricity generation in 2019, surpassing hydropower for the first time (EIA, 2019). Today, much

of that wind power is concentrated in the Plains States that fall within MISO 6 feotprint, with the

following four states each generating more than 60% of its electricity from renewables: lowa

(92%), Minnesota (66%), Nebraska (61%) and South Dakota (94%) (DOE, no date).
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Because of an expected reduction in overall nuclear capacity, renewables will surpass nuclear
generation in 2021, and their continued growth will put them on track to reach 15% of electricity
generation in the late 2020s, dominated by wind power (~60%) and solar photovoltaics (PV)
(~30%) (EIA, 2019). Twenty-nine states, including lllinois, lowa, Michigan, Minnesota, Missouri,
Texas and Wisconsin within the MISO footprint, have Renewable Portfolio Standard (RPS)
policies that require a certain fraction of energy to be supplied by renewables by certain target
years, and an additional eight states have voluntary renewable energy targets. Most states
target between 10% and 45% renewable electricity generation, whereas seven statesd
California, Hawaii, Massachusetts, New Jersey, New York, Oregon, and Vermontd plus
Washington, D.C. have requirements of 50% or greater (National Conference of State
Legislatures, 2019).

Globally, renewable generation is skyrocketing, with total installed capacities of renewables in
2017 at 1,081 GW, dominated by wind power (50%) and solar PV (37%). Hydropower provides
an additional 1,114 GW of capacity. Most generation occurs outside the U.S., and China now
dominates in both wind and solar PV, contributing 31% of total renewable capacity, roughly
double that of the U.S. Nearly 90 countries have RPS or similar renewable energy targets that
are as if not more aggressive than those of many U.S. states (REN21, 2018).

With the expected increases in renewable generation come concerns about balancing
increasingly variable supply with demand, and much has been written on this subject. The
general conclusion is that with more renewables comes a greater need for flexible loads, if the
reliance on fossil-based dispatchable generation technologies is to be avoided. Such flexible
loads include traditional demand response opportunities associated with large electricity-
consuming devices in the commercial and industrial sectors, as well as smaller, more distributed
loads such as electric heat pumps and electric vehicles in the commercial and residential
buildings sectors (Greenblatt, 2017).

1.3. Controlled charging

Unlike most rechargeable devices that begin charging as soon as they are plugged in, and stop
charging as soon as the battery is full, controlled charging provides flexibility in the time
evolution of vehicle charging, with potential benefits to both the electric grid (in terms of reduced
operational costs through managing total loads) and the vehicle user (in terms of reduced
charging costs).

In terms of charging speeds, level 1 (L1) charging uses the existing wall outlet (120 V) to
provide up to 1.4 KW of power. Level 2 (L2) uses a specialized plug that operates at higher
voltage (208-240 V) and current to deliver up to 20 kW of power. Level 3 (L3), also known as
DC Fast Charging (DCFC), uses even higher direct-current voltage (480 V) to provide 50 kW or
more power. Fig. 4 shows these three levels along with some additional information.
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L1 Level 1 Charging E ‘ Up to 1.4 KW

Up to 2 miles, 30 minutes

L2 Level 2 Charging - 6.6-20 kW

Up to 10 miles. 30 minutes

L3 DC Fast Charging E ‘ 50+ kW

(DCFC) Up to 75 miles, 30 minutes
Fig. 4. Comparison of charging speed standards used with EVs. Source: Authors.

There are basically two types of controlled charg
(AV2Go). V1G allows the flow of power from the gr
charging session. This power flow can be dictated by a simple timer, a price signal from the grid

operator, or more complex rules of when to charge or not charge according to certain grid

conditions. V2G operates the same way, but power is also able to flow from the vehicle to the

grid, helping alleviate grid stress particularly during peak power demands. As can be seen from

Fig. 5, the dynamic power range of V2G is twice that of V1G for a specified charging level.

7 kW
A A
5kW
—_— 6.6 lfW anqllary
services bid
1 KW |18 13.2 kW
v ancillary
I | services bid
-1 kKW
A
-3 kW
-5 KW Reimbursement
to vehicle owner
-7 KW
Car with charge-only capability Car with vehicle-to-grid capability
(Bi-directional charger)

Fig. 5. Differences between V1G and V2G charging. Source: Newmotion (no date) with
modifications made for clarity.

While neither V1G nor V2G is commercial yet, a number of controlled charging pilot studies
have been conducted or are ongoing, some of which are summarized in Table 1.
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Table 1. A sampling of controlled charging pilots

13

Location | Partner(s) Type Direction- | Status Comments
ality
Los Los Angeles Air Ancillary V2G, Completed [ 29 EVs using
Angeles, | Force Base, services vehicle- (2016- automatic
CA gerlf[ﬁley Lab, (freqlu?_nC))/ :)o-'ld' 2017) generation control
outhern regulation uildings
California Edison, | market, load- | (V2B) fr-om C.A ISC; f S
California 1SO shifting in signal input*
(CAISO), buildings,
California Energy | demand
Commission, response
Kisensum, LLC
Los Los Angeles Air Study V2G, V2B | Ongoing Second-life
Angeles, | Force Base, batteries and
CA Berkeley Lab accelerated
degradation?
Alameda | Alameda County, | Peak-shaving | V1G Completed [ >40 fleet EVs
County, Berkeley Lab, peak demand (2013- using level 1 and
CA Prospect Silicon management 2018) level 2 charging.
Valley, Innovative public
ChargePoint, interface to gather
Kisensum, LLC information on
charge duration,
spreading of
recharging®°®
California | BMW, UC XBOS-V¢ V1G Close to Trying to find
Berkeley building and completion | value proposition?
smart vehicle
control
California | Nuvve, UC San Research V2G Ongoing Have great field
Diego site, working on
second-life
batteries,
microgrids?
California | ChargePoint, San | Direct V1G Completed | Mostly rewarding
Diego Gas & customer overnight
Electric interface with charging®
price signals
California | eMotorWerks, Proxy V1G Announced | Aggregation of
CAISO demand (end of 1000s of chargers
resource® 2018) and EVs?
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bidding into
CAISO
United Nissan Unclear V2B Ongoing Trying to
States commercialize
V2G?
Colorado | eMotorWerks, Study Pre-V1G Announced | Study driver
Platte River (March behavior of 250
Power Authority 2019) smart chargersf
(CO)
Nether- ElaadNL, Unclear V1G, V2G | Ongoing First smart
lands Greenflux, 12 (2017- charging project in
partners from 6 2020) Europe using
EU countries communications
open standards?
Amster- NewMotion, Unclear V2G Announced | Part of a Europe-
dam, Alliander, (March wide project called
Nether- | Enervalis, 2019) City Zen"
lands Amsterdam Smart
City
United Smart Power Unclear V2G Launched Seeking
Kingdom | Systems, commercial
Flextricity, adopters for 6
Flexisolar, Turbo sites, 150 V2G-
Power Systems capable EVS'
United EDF Energy, Market V2G Announced | 1,500 chargers,
Kingdom | Nuvve participation (October EVs provide up to
during peak 2018) 15 MW storage’
energy use

Sources: 2D. Black (pers. commun., 2019), "Black et al. (2017), “Black et al. (2019), “Lipman
and Calloway (2017), ®CAISO (2019), 'Evarts (2019), °ElaadNL (2019), "FleetEurope (2019),
'Smart Energy International (2019), IBusiness Wire (2018).

Oof note is that in Japan, Ni ssan LEAFs wused
warranty, whereas this is still the case in the U.S. (D. Black, pers. commun., 2019).

1.4. Project objectives
The project objectives consisted of the following:
1. Provide defensible future projections of renewable generation and EV load profiles for 20

years into the future (2019-2039) in the MISO footprint, based on historical data,
expected load growth trends, and renewable energy mandates.

f

or
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2. Quantify the influence of EVs on the MISO grid for different assumptions about:

a.
b.
c.
d

e.

f.

g.

Numbers of EVs deployed by year

Charging infrastructure availability, types of uncontrolled vs. controlled charging
Share of renewable energy generation

Local resource zone (LRZ) conditions, e.g., numbers of EVs and renewable
generation share

How/when people charge their vehicles, e.g. home vs. work vs. public charging,
L1 vs. L2 or faster charging

Battery capacities (e.g., 24, 60 or 85 kwh)

Type and fleet mix of EVs that are deployed (e.g. EVs and PHEVS)

3. Quantify the value of grid-integrated EVs by estimating the capital cost of EV charging
and battery degradation due to controlled charging.

The project explored the impacts of items 2a through 2e. The last two items initially outlined in
the proposal (2f and 2g) did not end up being pursued during this initial year of funding, but
could become the focus of future work.

2. Analytical approach

2.1

Overview

Fig. 6 shows an overview of the analytical approach we took for the MISO project, which
consists of the following components: net load forecasts, numbers of EVs, and travel itineraries
individual vehicles in the MISO region are provided as inputs to the V2G-Sim modeling
framework. This model consists of automatic drive-cycle generation, a vehicle powertrain model
to simulate electricity consumption with realistic physics under variable driving conditions, a
detailed battery model including simulating the effects of battery degradation, and a control
algorithm to determine optimal EV charging according to a user-specified objective function. The
resulting output is an optimized net load time series for every timestep in the simulation.
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Fig. 6. Evaluating the influence of EVs on the future net load in the MISO area, using Berkeley
L a b\@6&-Sim model. Source: Authors.

2.2.

The Vehicle-to-Grid Simulator (V2G-Sim) is a unique simulation tool developed using Lawrence
( Ber k eahd®gveldpmdnt) 6 s
(LDRD) funding. V2G-Sim quantifies second-by-second energy use for any number of different
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EVs while operating under varying driving conditions, or while connected to the grid and
charging (or discharging).

With V2G-Sim, stakeholders in the electricity grid industry, automobile industry, and policy and
regulatory sectors can predict how different vehicles will perform for different drivers, and how
different vehicles will interact with the electricity grid. Grid operators and regulatory agencies

can use V2G-Sim to forecast the amount of electricity demand for any time interval throughout

the day. V2G-Sim will also help industry and policy stakeholders better understand how electric

vehicles can integrate renewable energy sources, such as wind and solar, with the electricity

grid by storing excess energy produced during windy or sunny periods, or providing energy back

to the grid during peak demand periods. Fig. 7 summarizes how V2G-Sim can be applied by

various stakeholders in vehicle- grid integration.

Lab
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Fig. 7. Overview and example applications of V2G-Sim. Source: Authors.
2.3.  Electric vehicle projections in the MISO region

Projections of EVs for the MISO region utilized three data components, illustrated in Fig. 8. The

first data component was state-level EV sales data from Auto Alliance (2018) to provide total

sales of battery-electric and plug-in hybrid EVs between 2011 and 2018 by U.S. state. City-level

data from Slowik and Lutsey (2018) was also examined to corroborate the state-level data but

was not used in the final analysis. The second component was state-level customer data
provided by MI SO, used to scale each statebds EV
The third component was U.S.-wide EV sales forecasts from EIA (2018) and Fox-Penner et al.

(2018), which itself was a compendium of several EV forecasts ranging from conservative to

aggressive. These were used to scale the MISO-region sales fractions to overall U.S. sales.

Finally, EV sales were converted to EV stock using a vehicle retirement function (EIA, 2018).

Fig. 8. Schematic of EV forecasting approach used for MISO. Source: Authors.




































































































































