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ABSTRACT

Advances in battery-powered electric motor systems, lightweight materials, and aircraft design have
resulted in the development of new electric aircraft that could gradually replace conventional fuel-powered
aircraft for certain use cases in the coming years. In the face of tight climate action goals and large airport
hubs facing capacity constraints, electric aircraft at regional airports could help respond to increased
regional travel demands. In this paper, we develop a framework for estimating future energy (annual MWh)
and power (average and peak MW) demand for electric aviation at regional airports. We apply our modeling
framework to two mid-size case study airports in Washington: Paine Field/Snohomish County Airport and
Grant County International Airport. Our method has three parts: assumptions on flight operations growth,
technical feasibility to serve these flights with electric aircraft, and actual adoption of electric aircraft to
serve feasible trips. The results reveal that, while electricity demand could rise substantially over time,
during the first decade of adoption utility companies are expected to be able to serve the energy and power
needs of electric aviation with available capacity at existing substations close to the airports in our case
studies.

Keywords: transportation electrification, electric aviation, energy demand, peak power
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INTRODUCTION

Aviation serves people’s desire and need to travel over long distances, including transcontinentally,
reducing travel times drastically compared to alternative modes of transportation. Global demand for
aviation is expected to increase in the coming years (1), as a result of increased access to commercial flights
for a larger share of the world’s population as well as more frequent flyers mostly in developed countries
(2). Although still comprising a relatively small share of global emissions, flight operations are one of the
fastest growing sources of climate-damaging CO- emissions (3, 4).

Constrained by the laws of physics and the chemistry of liquid fuels, fossil-fuel hydrocarbons are hard to
beat in terms of the energy density (both per mass and per volume) required for long-haul flights (5).
However, in recent years, several companies (newly formed and existing) have pursued the development
of electric aircraft, designed to serve certain aviation market segments (6). In addition, many large airport
hubs are approaching capacity constraints (7, 8). Coupled with increased regional travel demand, as well
as the fact that a significant share of flight operations are short- to mid-haul (9), this opens opportunities
for more regionalized air travel with new electric aircraft.

Given this potential for growth in regional aviation activity and the lead time needed to provide additional
electric capacity at any given site (10), planners need to assess the potential energy and power needs at
airports and understand how these demands may grow in the coming years. In this paper, we develop a
framework for estimating future energy (annual Megawatt-hours, MWh) and power (average and peak
Megawatt, MW) demand for electric aviation at regional airports.

In light of Washington State’s historic leadership position in the aerospace industry and strict climate action
goals (11), the state has evaluated the economic and environmental opportunities of electric aviation (12).
In Washington, aviation operations are highly concentrated at Seattle-Tacoma International Airport
(SeaTac), with about 90% of all annual enplanements in Washington counted there (13). However, SeaTac
is close to its maximum capacity (14), given geographic constraints on expansion. Spatially diversifying
commercial enplanements in Washington to different airports could alleviate some of these capacity
constraints. Moreover, utilizing electric aircraft for flights with a distance that allows electrification could
result in new aircraft operations aligned with climate goals (15). We thus apply our modeling framework
to two mid-size case study airports in Washington: Paine Field/Snohomish County Airport (PAE) and Grant
County International Airport (MWH?Y).

THE CONTEXT OF ELECTRIC AVIATION

The electric aircraft market

Numerous studies have explored the potential of electric and hybrid-electric aviation to reduce impacts such
as noise, local pollution, and greenhouse gas emissions from conventional aviation operations (12, 16, 17).
Electric aircraft have no direct emissions and generally produce less noise compared to comparably-sized
conventional aircraft (16).

In addition, electric aviation has performance advantages relative to conventional aircraft that could expand
the aviation market (12, 18). This holds especially true with respect to novel technologies, including electric
vertical take-off and landing (eVTOL) aircraft (19, 20). Multiple companies founded in the last decade are
pursuing the design, construction, and certification of novel eVTOL aircraft allowing for urban air mobility

! The 3-letter airport code being MWH should not be confused with energy demand units of MWh.
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(6). Seeley et al. note that “the cost advantages of electric propulsion systems are going to completely
disrupt the current aviation market and allow more point to point journeys” (21).

Scope of this paper

For this study, we focus on fully-electric aircraft, which are constrained to use on certain types of flights,
due to limited range. The Federal Aviation Administration (FAA) defines operation categories for tracking
purposes (22). Three of these categories represent viable markets for electric aircraft:

- Local Civil: Operations performed by civil (private or commercial, non-military) aircraft that
operate to or from the same airport within a 20-miles radius of the airport.

- Itinerant General Aviation (GA): Operations performed by all civil aircraft, except air carriers or
air taxis, that land at an airport arriving from outside the airport area, or depart from an airport and
leave the airport area.

- Itinerant Air Taxi (AT): Operations performed for hire by all aircraft with a 60-seat or 18,000 Ib-
payload maximum capacity, that land at an airport arriving from outside the airport area, or depart
from an airport and leave the airport area (following the definition in the FAA’s Operations
Network OPSNET (23)).

In addition, we define a fourth eV TOL category as follows:

- eVTOL: Operations of electric aircraft with the ability to take-off and land vertically, used for urban
air mobility applications. This is not an FAA-defined operating category at this time. We chose to
treat eV TOL operations as their own category, due to their novelty and unique aircraft design,
technology, and power requirements.

We exclude the FAA Air Carrier and Military categories because they involve long-haul passenger trips or
military uses that presently lack any electric alternatives. This is predominantly due to fundamental physical
constraints, since an electric aircraft’s range is proportional to the mass ratio of its battery to its total gross
weight (24). Table 1 includes examples of available electric aircraft on the market that can serve the four
aircraft operation categories amenable to electrification. In regards to the air taxi category, this includes,
but is not limited to, the 9-seat Eviation Alice that is currently under development as a commuter plane,
with its first flight in 2022 using two 640 kW engines designed to power the aircraft over an electric range
of up to 500 miles (25). This aircraft could feasibly serve certain commercial air taxi services. The way in
which the seating capacity of electric aircraft models in the air taxi segment could be different than of
conventional aircraft in that segment and thus impact the number of required flights for a given demand
was not considered in this work.

As of November 2022, no electric aircraft has passed all regulatory requirements for a complete certification
for commercial use cases; however, the FAA has recently announced a shift in its regulatory approach,
aiming to minimize delays in eVTOL certification processes (26).

This study does not address the engineering design associated with installing adequate charging ports for
recharging aircraft batteries. It rather evaluates the electric power and energy needs as measured at the
utility meter for supporting electric aircraft and whether local utilities have sufficient capacity at the
substations adjacent to the airports.
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TABLE 1 Overview of representative electric aircraft available for different use cases, compiled
from publicly available information. Where there is a dash (-), no information could be found.

Categor .
. g_ y Power Max. Cruise
Operation |of available General
. Model(s) . . demand range speed | Source
category |electric information ; .
. [KW]  [mi] [mi/hr]
aircraft
- First introduced in 2015 50
- Optimized for local (cruise)
-~ Alpha flights
neral - -
GENeTa Diseat Pipistrel 0 v0 |- Received FAA Special (27)
Aviation fixed-wing Airworthiness Certificate
(localand | _ in 2018 (peak)
.. trainer
itinerant) Bye - First flight in 2018
eFlyer 2 |- FAA certification 110 253 83 | (28,29)
Aerospace targeted for end of 2022
- 1 pilot, 4 riders '
Joby - 6 motors
4-seat Aviation - Targeting FAA Part 135 150 117 (30)
eVTOL eVTOL Auir Carrier Certificate
commuter \nsisk - Designed to (eventually)
A Wisk Cora |be autonomous - 62 100 | (31, 32)
=10 - 12 independent rotors
. - First flight in Sep. 2022 '
9-seat Alice - 2,500 Ib maximum 1280
Air Taxi |fixed-wing Eviation (Commuter|payload : K 506 289 (25)
commuter Version) - 2 motors with 640 kW (pea )
peak power each

Regional airports as potential future electric aviation hubs

Several states and regions have been exploring the opportunities for electrified regional air travel. This
includes work done in Colorado (6), Utah (33), as well as the NASA Regional Air Mobility report (34). In
2018, the Washington State Department of Transportation’s (WSDOT) Aviation Division was tasked by
the state’s legislature to explore electric aircraft service in Washington. The work resulted in WSDOT’s
“Washington Electric Aircraft Feasibility Study” (12) from 2020, which stresses the potential impact of the
electrification of regional aircraft on commercial aviation. The report also set goals for aviation
electrification, which include the provision of charging infrastructure at commercial airports for aircraft up
to 10-15 passengers by 2030, for general aviation by 2040, and for all aircraft by 2050. These goals highlight
the importance of assessing potential charging demands for electric aircraft at airports that could feasibly
serve as regional hubs for electric aviation.

In this study, we analyze the potential for two mid-size airports in Washington to serve future electric
aviation operations: Paine Field/Snohomish County Airport and Grant County International Airport, at
Moses Lake. Paine Field is located in the Greater Seattle Area approximately 32 miles (51 km) north of
Washington’s largest airport (SeaTac). Grant County International Airport is situated in rural and central
Washington, approximately 140 miles (230 km) east of SeaTac, and is used frequently for military and
commercial flight test programs.
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Paine Field lies in the service area of the Snohomish County Public Utility District (35), and Grant County
International Airport is served by the Grant County Public Utility District (36). While the Snohomish
County Public Utility District explicitly estimated and accounted for a rising adoption and power demand
from electric cars and trucks in their integrated resource plan (37), the Grant County Public Utility District
did not do so. However, as a rural county, Grant County lags the state as a whole in electric vehicle adoption
(38). Upon conversation with systems planning engineers at both utilities and research on available capacity
increments, it became apparent that both utilities are able to rather easily provide capacity increments to
either of the two airports in the range of 2.5-10 MW peak electrical capacity. Such increments would not
require long-term planning efforts and could be provided from nearby substations in close proximity to the
airport’s buildings and hangars. Both airports are located well within one mile from at least one utility
substation, which have sufficient electrical capacity available (based on internal communication with both
utility districts).

Research question

The research question for this study can be formulated as follows: To what extent does the electric grid near
Paine Field and Grant County International Airport have the capacity to serve the potential energy (MWh)
and peak power (MW) needs of early electric aircraft operations in the next one to two decades? The
respective findings can be very useful for the airports and their managers directly, for utilities (that, for very
large projected capacity needs, might require longer planning horizons), and air carriers (which are
interested in understanding the market’s overall technical needs and their feasibility).

We will proceed by presenting our methods and data sources, followed by a presentation and discussion of
the relevant results. The paper closes by putting this study’s findings into a broader perspective and
discussing the implications they could have on electric aviation at regional airports.

DATA AND METHODS

Dimensions of analysis

Potential future electricity demand at the studied airports was estimated for different operation categories
and aircraft electrification scenarios. This section describes these analysis dimensions and the underlying
approaches and sources to quantify them. Given the nascent stage of the electric aircraft market, multiple
estimates rely on assumptions informed by the authors’ domain knowledge and general literature review
rather than observed charging behavior. All assumptions are made transparent in this section.

The six different analysis dimensions, along with their possible values, are the following:

- Airport: A € {PAE, MWH}

- Operation category: ¢ € {Local Civil,Itinerant General Aviation,Itinerant Air Taxi,eVTOL}
- Number of operations growth scenario: o € {low, medium, high}

- Feasibility rate scenario: f € {slow, medium, fast}

- Adoption rate scenario: a € {slow, medium, fast}

- Time (year): t € {2023,2024, ..., 2040}

Details are listed below. The corresponding indices (4,c,o, f, a,t) are used to signify which gquantity
depends on which analysis dimension(s).

Airport (A): The analysis is conducted for the two different Washington airports, PAE and MWH.
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Operation category (c): The electricity demand is estimated for each of the four operation categories listed
earlier. Each category features unique distributions of aircraft size and typical flight ranges, which impact
the electric power demand. One operation is either a take-off or a landing at the respective airport.

Number of operations growth scenario (0): We use three growth scenarios for the numbers of operations
for each operation category and at each airport (low, medium, and high). The scenarios are based on
projections presented in WSDOT’s “Washington Electric Aircraft Feasibility Study” (WA EAFS) (12). The
associated growth rates range from, on average, 1.9% (low growth) to 3.3% (high growth) for general
aviation, and from 5.0% to 8.0% for the air taxi category, varying by the year. Since the Local Civil category
was not explicitly included in the WA EAFS, the General Aviation growth rates were used for this category.

The electrification of existing airport operations is assumed to comprise two processes:

Feasibility rate scenario (f): The technological feasibility to serve aircraft use cases with electric aircraft
is assumed to be able to develop at different possible paces. The three assumed scenarios vary by both the
temporal lag for technological feasibility to start ramping up as well as the speed of that process.

Adoption rate scenario (a): The adoption of electric aircraft on routes for which electric aircraft are
technologically available is also assumed to progress at different possible paces. The adoption rate is
intended to capture both the temporal lag induced by aircraft operators, owners, and airlines for adopting
such electric aircraft and the time it takes for the whole aircraft fleet to turn over, based on electric aircraft
adoption speed. The fact that this replacement of older aircraft by new aircraft can take a considerable time
and is largely uncertain is discussed in more detail below.

Time (year) (t): This is the year for which the estimation of electricity demand is made. The growth rates
in the WA EAFS are projected until the year 2039, so we stop our scenario estimates in 2040.

Electricity demand estimation
The chosen combination of the analysis dimensions’ possible values determines the estimated total annual

:::::

existing today (Local Civil, Itinerant GA, Itinerant AT), the estimate is the result of the following
calculation:

Eqcofat = %x (number of operations) ¢ @
X (feasibility rate). s X (adoption rate) q;
% Eé‘light

Here, E{ light corresponds to the energy demand (in kWh) for one average flight (different for each
operation category), calculated as the product of average power demand and flight duration:

Ef”ght = (average aircraft power demand), 2

X (average flight range). / (average cruise speed),
The factor% in equation (1) stems from the fact that each electric aircraft needs only be recharged for each
take-off, which is very well approximated by half the number of operations (take-offs and landings).
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From the total annual energy demand, the average power demand P,'7°"20% (in kW) can be derived as

follows:

fﬁifﬁﬁi = Epcorar / (365 % 24 hours) (3)

For utility providers and the airports as electricity rate payers, the peak power demand or capacity (in MW)
is relevant to prepare for substantial increases in demand and to provide sufficient electrical service. To

obtain an estimate for the peak power demand PAI,)S,‘(I){},a,t’ the average power demand is multiplied with a

seasonality factor (capturing the bigger number of flight operations in the summer months compared to
winter), a charging curve factor, and a factor representing the daily charging pattern:

Ppeak _ Paverage

Aeofat = Pacorat X (seasonality of operations) 4 (@)

X (charging curve factor) X 24 hours [/ (charging window)

No eVTOL operations exist as of today, meaning that we cannot leverage the same methodology for eVTOL
as for the existing airport operations. Instead, we estimate the number of potential annual eVTOL trips from
Paine Field to the SeaTac airport, based on the existing travel volume from the area around Paine Field
(land area within a 10-mile radius) to SeaTac (estimated to be around 1.1 million trips/year, based on the
annual number of passengers at SeaTac and the percentage of the Washington population that lives in the
Paine Field catchment area). For the initial eV TOL market, we assume that only residents with an annual
household income of $200,000 or more will be willing to take an eVTOL aircraft to travel from Paine Field
to SeaTac. This (rather strong) assumption is motivated by the observations made in the on-road electric
vehicle market, which, in its early phase, saw strong overrepresentation of affluent households and
environmentally conscious individuals (39). In the eVTOL case, companies face high development and
certification costs which may further increase prices charged to initial users. We leverage these households'
share of all households and high-income households’ increased propensity for air travel (23% of air
travelers have income of $100,000 or more per year, representing only 15% of all Americans (40)) to
calculate the share of trips between Paine Field and SeaTac that are from high-income households.
Assuming Joby Aviation’s estimate of an average occupancy of 2.3 passengers per trip (41), we yield a
potential market size of about 215,000 annual eVTOL flights between Paine Field and SeaTac (both ways).
The segmentation of eVTOL estimates into different growth scenarios is based on the assumptions of (1) a
temporal lag until the maximum growth rate is achieved (operations growth), (2) a year in which regulatory
certification for eVTOL operations is achieved (feasibility), and (3) a maximum achievable market share
of the potential market size (adoption). The specific assumptions are listed in Table 2. We do not include
eVTOL flights from Grant County International Airport to SeaTac under the assumption that such flights
will be captured in our estimates of the electrification of the existing air taxi category.

A visual representation of the combined methodology for existing airport operations and the new eVTOL
operations is provided in Figure 1. All input variables used in the above equations are defined in Table 3
and will be further described below. All references to miles (mi) in this paper imply the use of the statute
mile, as opposed to the nautical mile.

TABLE 2 Assumptions behind the different eV TOL scenarios. Using these assumptions, a logistic
curve as outlined in Eq. 5 is created, representing the adopted market share of the total potential
market size of about 215,000 trips between Paine Field and SeaTac.
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Analysis No. of ops. A .
. y . P Feasibility Adoption
dimension growth
Years until .
. Start year for ~ Share of potential
Parameter | maximum growth
. eVTOL ops. market
(to In EQ. 5)
Low 10 2040 35%
Medium 8 2035 50%
High 5 2030 85%
243
Scenarios: Low, Medium, High
EXIStI!'!g Opeistions Feasibility rate Adoption rate
Operations growth
eVTOL Max Share of
Start Year
3 PAE<>SEA Growth rate PAE<>SEA
Total annual Average Peak
energy demand power demand power demand
[MWh] [kw] kw]
E = = x no. of operations pree =k / (365 x 24) l preek = prweree
2 o x seasonality of operations
x f(!nsﬂ)fht.\  rate x charging curve factor
x adoption rate x 24h / (charging window)
x E{l.lighl
244
245

FIGURE 1 Schema of the utilized methodology.
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TABLE 3 Input variables and the dimensions of analysis they vary along (indices). The lower three
variables are used to convert the projected average power demand into a peak power demand.

Possible

Input variable Description values/unit

(number of operations), ., The number of operations (take-offs and landings) Absolute number

projected in different growth scenarios for the of annual flight
different operation categories operations
(feasibility rate) r The percentage of all operations that are 0-100%

technically feasible to electrify with appropriate
electric aircraft

(adoption rate) ¢ q ¢ The percentage of all technically feasible 0-100%
operations that will actually be electrified, i.e. the
rate at which electric aircraft are used for feasible

trips
(average aircraft power  Assumed operation category-averaged aircraft kw
demand), power demand averaged over a typical flight
(average flight range).  Assumed typical operation category-averaged mi
flight range
(average cruise speed).  Assumed typical operation category-averaged mi/hr

cruise speed

seasonality of operations Ratio of peak vs. average monthly number of 1.7
operations

charging curve factor Ratio of peak to average charging power during 18
one typical charging process (since charging
power tapers towards the end of a charging cycle)

charging window The number of hours during a day in which all 2,4,6,8,...,24
charging events of that day (hypothetically) occur  hours

The underlying assumptions and sources for each of these inputs are:

1. (number of operations), ., ¢: The number of operations at each airport and for each operation
category are taken from the FAA’s Operations Network OPSNET (23). For each year starting with
2023, the growth rates found in the WA EAFS (12) were applied to the previous year’s numbers of
operations, for each of the three growth rate scenarios. We use the 2019-2021 average as the
baseline because the Covid-19 pandemic has caused a substantial disruption in the trend in
operations at the two studied airports, especially in 2020 (-20% total operations at Grant County
International Airport, -10% at Paine Field, with a rebound in 2021 to numbers above the pre-
pandemic values).

2. (feasibility rate).r.: We estimate the technological feasibility of electric aircraft to serve
existing aviation operations using a combination of estimates of battery technology improvements

10
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259 (the most constraining factor for electric aviation (42)) and a frequency distribution of flight
260 distances for single-engine and multi-engine aircraft. In research and industry, there exists a variety
261 of estimates for the technological advancement in battery technology. With a maximum achievable
262 energy density of around 200 Wh/kg (Watt-hours per kilogram) today, projections range from a
263 20% increase in energy density by 2030 (43) to potentially more than 600 Wh/kg that year (42). In
264 addition, there is uncertainty among experts as to which battery chemistries have the highest energy
265 density potential (44). For the medium scenario, we use a projection of a linear 50% increase in
266 battery energy density over 10 years (slow scenario: 30%, fast: 70%). This would improve the
267 electric range of single-engine (multi-engine) aircraft from about 250 mi (506 mi) today (see
268 Table 1) to an estimated 400 mi (810 mi) in 2035. We further assume certification of appropriate
269 electric aircraft for general aviation and air taxi flights by 2026 (slow: 2028, fast: 2024), and thus
270 no electric flight operations before that. Lacking any more recent, complete data on typical
271 distances of flights (by operation category), we leverage a 2001 NASA study to estimate flight
272 lengths (in miles) of single-engine and multi-engine aircraft (9). Assuming the flight distance
273 distributions (Weibull-shaped) did not change substantially since then, the share of technically
274 feasible flight operations for electric aircraft is given by the integral under the Weibull distribution
275 of flight distances until the maximum achievable flight range in each year. We assign air taxi
276 operations the multi-engine range trends and use the single-engine projections for general aviation
277 flights (Local Civil and Itinerant GA). Following this methodology, Figure 2 depicts the estimated
278 feasibility rate in the medium scenario. Here, certification is assumed to occur in 2026, and the
279 majority of flight operations are found to be feasible immediately, due to the Weibull-shape of the
280 distribution of flight distances (skewed towards longer distances). Table 4 shows the years in which
281 the feasibility rate reaches a threshold of 95% of all flight operations.

= Single-engine == Multi-engine

100%
90%
80%
70%
60%
50%
40%
30%
20%
10%

0%

282 2025 2030 2035 2040 2045 2050

283 FIGURE 2 The estimated share of single-engine (Local Civil and Itinerant GA) and multi-engine

284 (Air Taxi) flight operations that could feasibly be served using electric aircraft, used as the

285 “feasibility rate” in this study, in the medium scenario.

Feasibility rate
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286 3. (adoptionrate).,.: The penetration of electric aircraft on the aviation market is assumed to
287 follow an S-shaped adoption curve, as has been observed and modeled in many cases of new vehicle
288 technologies before (e.g. (45)). The adoption rate of existing aircraft operations is thus estimated
289 using the logistic function
290 p(t) = 1+e—g><(t1—2022—t0)’ ()
291 where g determines the maximum growth rate and t, is the temporal lag (years from 2022 until the
292 rate reaches 50%). The two variables were assumed to reasonably capture the large level of
293 uncertainty around how soon and how quickly the electric aviation market will replace conventional
294 aircraft. Table 4 lists the years at which the adoption rates are assumed to reach 95% (thus an
295 almost complete market penetration), under the different scenarios (fast, medium, slow). The
296 adoption of electric aircraft on flights that can be feasibly served by electric aircraft is assumed to
297 be driven by multiple factors, most of which are highly uncertain. Previous research on the adoption
298 of new aircraft technologies has found varying results. Findings range from as much as 30 years
299 for a 50% turnover of a generic aircraft fleet (5) to e.g. only about 10 years for the almost complete
300 adoption of regional jets around the end of the 20th century (46). Regulation could determine how
301 quickly public aircraft fleets or flight schools will have to transition to electric aircraft. Private
302 aircraft for general aviation have historically had very long replacement cycles (the FAA estimates
303 the average age of active GA aircraft at about 40 years, see (47) and (5)), since owners tend to stick
304 with the working aircraft, especially when they only use them infrequently. Higher upfront
305 purchase prices for electric aircraft might also slow the rate of adoption of such aircraft, as the
306 potential cost savings from operations and maintenance do not outweigh the price premium very
307 quickly. In general, it should be noted that, even upon accelerated adoption of electric aircraft, it
308 takes time for the entire fleet to turn over. Our estimated adoption rates thus represent a large span
309 of possible developments, with 95% adoption levels reached as early as 2035 (Local Civil, fast
310 scenario) or 2051 (GA and AT, slow scenario), as shown in Table 4. Figure 3 shows the resulting
311 adoption rate curves, by way of example for the General Aviation category.
== Fast == Medium Slow
100% —

75%

50%

25%

0%

312 2020 2030 2040 2050
313 FIGURE 3 The estimated adoption rate curves for the General Aviation operation category, as an
314 example. A 95% threshold is shown with the black horizontal line. The intersections of the curve
315 correspond with the years shown in Table 4.
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TABLE 4 Overview of assumptions on the input variables. The years in which the two different
electrification rates reach 95% are color-coded, with earlier years being greener and later years

redder. The rightmost column (Eﬁ”ght) is the result of the three abutting columns.

Year in which feasibility| Year in which adoption [AVErage Average Average

Operation reaches 95% reaches 95% aircraft flight  cruise |g/toht
category power range speed
Fast Mediu Slow | Fast Mediu Slow demand
m m [kW] [mi]  [mi/hr] | [KWh]
Local Civil 2043 2052 >2052 | 2035 2040 2047 80 63 83 61

Itinerant GA 2043 2052 >2052 | 2037 2044 2051 110 253 83 335
Itinerant AT 2029 2032 2038 | 2037 2044 2051 680 350 289 822
eVTOL (PAE) - - - - - - 200 40 108 74

4. (average aircraft power demand)., (average flight range)., (average cruise speed).:

The average power demand, flight range, and cruise speed during one typical flight are estimated
separately for each operation category. The estimates rely on publicly available data on the different
electric aircraft (that are commercially available or under development), assigned to the
representative operation category they would realistically be used in (see Table 1). For instance,
the Pipistrel Alpha Electro can be used for GA purposes (local and itinerant), whereas the Eviation
Alice will serve Itinerant Air Taxi trips. In addition, for the flight range and cruise speed, estimates
are revised and confirmed using findings from the aforementioned NASA study from 2001 (9). The
average aircraft power demand for air taxi services was estimated at 680 kW, combining
information on peak power capabilities of the Eviation Alice and a similar electric aircraft model
(Bye Aerospace eFlyer 800, take-off power demand of 750 kW (48)) as well as the Eviation Alice’s
planned battery capacity (820 kwWh). The resulting values used for the subsequent electricity
demand estimates are shown in Table 4, too. The values were vetted against information in ACRP
Research Report 236 (17). While each quantity assumes values varying greatly from one flight and
aircraft model to the next, we emphasize that it is the average of these variables’ individual values
for all annual operations that will determine the annual energy demand and thus the desired
outcome variable.

The assumptions for the three input variables used to calculate the peak power demand are as follows:

seasonality of operations: The seasonality was calculated using past numbers of operations (for
2015-2021, as taken from the FAA’s OPSNET data) at both studied airports. Peak monthly
operations were typically found in July and were about 70% higher than the annual average monthly
operations.

charging curve factor: The recharging cycle of an electric battery does not follow a linear
increase in the battery’s state-of-charge (SOC) over time. Instead, charging power tapers towards
the end of the charging cycle (49). Based on the available literature (50) as well as data found by
automotive battery testers (51), the peak charging power of an average direct-current fast charging
process is about 80% higher than the average over the entire charging duration (20-80% SOC).
Specifically, this value was confirmed in a charging analysis of the 2021 Tesla Model S Plaid road
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vehicle (350 kW peak power, compared to 137 kW averaged over the charging duration) (52).
Based on direct communication with electric aircraft manufacturers, the industry appears to aim for
high-power fast charging of their aircraft in between flight operations (e.g. within one hour at 350
kW peak power), which highlights the importance of factoring in the charging curve factor as
described. We recognize that this assumption further relies on the type and size of the battery used,
and is subject to changes based on future advancements in battery and charging technology.
However, we assume that charging strategies will be similar to those of electric cars, given the
reportedplans of electric aircraft companies to use lithium-ion batteries and prior research that drew
comparisons to the battery technology in electric cars (53, 54).

- charging window: The charging pattern of electric aircraft has the potential to significantly
determine the potentially required electrical capacity. If all charging on a given day is assumed to
be equally distributed within 24 hours, then electrical capacity needs are given by the average power
demand. If all charging at a given airport, however, occurs within only 8 hours of the day, then the
peak power demand (for charging the electric aircraft) effectively triples, since the same amount of
energy needs to be transferred to the different aircraft in only a third of the time. The authors deem
8 hours a reasonable assumption, based on a typical work day’s duration and direct communication
with aircraft manufacturers and airport operators. This method assumes that aircraft operations and
charging session initiations are uniformly distributed within the charging window. The
methodological framework allows for a modification of this parameter in order to allow the user to
test different charging patterns.

Interactive tool

This publication comes with an interactive tool that was made available under https://electric-
aviation.streamlit.app/, to explore the electricity demand projections made in this study. The corresponding
GitHub repository can be accessed at this link: https://github.com/s-t-lab/WWSDOT-Electric-Aviation. The
tool utilizes the Python Streamlit package (55), allowing users to dynamically update the projections based
on the chosen scenarios. Figure 4 shows a screenshot of the tool.

Plausible Electricity Demand for
Electric Aviation at PAE and MWH [.1 ()

Output variable (annual energy/average power/peak power)

Peak power [MW)] -

Airport

Operation category:
PAE - m Itinerant General... X
Itinerant Air Taxi x | evToL x |

Scenarios:

No. of ops. growth scenario: Feasibility rate scenario: Adoption rate scenario;

Medium - Medium - Medium -

All charging occurs in how many hours?

8

FIGURE 4 Screenshot of the interactive tool published along with this paper. The screenshot shows
the drop-down menus that can be used by the viewer to determine the specific scenario.

14


https://www.zotero.org/google-docs/?jQD04K
https://www.zotero.org/google-docs/?jQD04K
https://www.zotero.org/google-docs/?jQD04K
https://www.zotero.org/google-docs/?NNJuJJ
https://www.zotero.org/google-docs/?NNJuJJ
https://www.zotero.org/google-docs/?NNJuJJ
https://www.zotero.org/google-docs/?NNJuJJ
https://www.zotero.org/google-docs/?NNJuJJ
https://electric-aviation.streamlit.app/
https://electric-aviation.streamlit.app/
https://github.com/s-t-lab/WSDOT-Electric-Aviation
https://www.zotero.org/google-docs/?jCgmZa
https://www.zotero.org/google-docs/?jCgmZa
https://www.zotero.org/google-docs/?jCgmZa

376
377
378
379
380

381
382

383
384

385
386
387
388
389
390
391
392
393
394
395

396
397
398
399
400
401
402
403
404

Coenen, Malarkey, MacKenzie

RESULTS AND DISCUSSION

Airport operations

Figure 5 shows the numbers of operations at the two studied airports for the years 2015-2021, grouped by
operation category. While Paine Field is serving more operations on a total basis (nearly 140,000 in 2021),
Grant County International Airport has a much more diversified spectrum of operation categories.

100,000

o

60.000

40,000

Number of operations

Local Military
Local Civil

20,000

o Itinerant Military

2015 2016 2017 2018 2019 2020 2021
Itinerant General Aviation

I r ir T,
50,000 tinerant Air Taxi

Itinerant Air Carrier

60,000
40,000

DIIIIIII

20,000
2015 2016 2017 2018 2019 2020 2021

[raw ]

Number of operations

FIGURE 5 The numbers of operations at Paine Field (PAE) and Grant County International
Airport (MWH) in the years 2015-2021, by operation category. Note the different vertical axes for
PAE and MWH.

For the estimates of future numbers of operations, the growth rates found in the WA EAFS study were used
and applied to the 2019-2021 averages. For eVTOL, depending on the chosen feasibility scenario,
operations only commence in 2030, 2035, or 2040 (see Table 2). Under the three different growth scenarios
(based on the WA EAFS), the total number of operations in the three existing airport operation categories
(Local Civil, Itinerant GA, Itinerant AT) increases from about 122,000 to between 169,000 (low estimate),
180,000 (medium), or 214,000 (high) at Paine Field by 2040. eVTOL, in our estimates, has the potential to
account for up to about 180,000 flights by 2040, though subject to significant regulatory and technological
uncertainties. At Grant County International Airport, estimates for the total number of operations in 2040
range from about 103,000 (low) to 157,000 (high), a large increase from about 60,000 in 2019-2021. This
increase is largely due to relatively high projected growth rates for the air taxi segment, which could
increase from about 14,000 to nearly 95,000 annual operations by 2040.

Electricity demand projections

When translating the projected numbers of operations and various assumptions about the electrification rate
of these operations into electricity requirements, the annual energy demands are found to vary greatly,
depending on the chosen scenario composition and owing to the large uncertainty associated with the
nascent stage of the electric aviation market. Using the medium scenarios for the operations growth,
feasibility rate, and adoption rate, the annual energy demand to support electric flight operations at Paine
Field could be as high as 19,000 MWh by 2040. The majority (77%) of that can be attributed to general
aviation (10% local and 67% itinerant) operations, in line with the very high share of GA operations at
Paine Field. At Grant County International Airport, air taxi operations account for more than 84% of the
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nearly 28,000 MWh of annual electricity demand in 2040 projected in the medium scenario. This is the
combined result of AT operations (1) making up for a relatively large portion of projected operations for
that year (54%) and (2) being associated with considerably larger energy demands for each flight operation,
due to the typically larger flight distance and bigger airplane power demands (see Tables 1 and 4).

Figure 6 shows the annual electricity demands converted into estimates for the peak power demand (in
MW), following equations (3) and (4), for all scenarios set to low (shown on the left) and high (right). As
can be seen there, the estimated peak power demands at the two airports are not expected to exceed 10 MW
before 2030, even in the highest of all deployed scenarios. This is relevant for the local utility companies
as well as the respective airport managers, as such capacity increments can be provided in the normal course
of utility business. After the first electric flight operations have begun and data and experience was gathered
around typical charging practices, electric flight distances and the suitability of electric aviation for different
aviation use cases, planners will be able to make much more informed projections about electricity demand
from electric aircraft in the 2030s and beyond.

The amount to which commercial air taxi services at Grant County International Airport will start
electrifying their airplane fleets will largely determine the overall future electrical capacity needs at that
airport. Historically, the airport has been heavily utilized for testing new aircraft, equipment, and other
technologies (56). This could put the facility in a unique position to be a forerunner for electric aviation,
especially in terms of testing new aircraft.

The extent of eVTOL operations and their electricity demand will largely depend on Washington’s
priorities in terms of the development of commercial air mobility services from Paine Field to SeaTac.

At this point, we can conclude that the provision of sufficient electrical service down to the substation level
at the two studied airports will not inhibit the adoption of electric aircraft in the coming years. The
potentially required capacity increments are available at nearby substations and would not induce
infrastructure investments aside from ordinary costs including line extension charges or for transformers.
Since such costs are part of every capacity project, they would furthermore only impact the capital costs of
the project and not the utility’s electricity rate. Beyond the next 10 years, the electricity needs for electric
aviation are difficult to forecast with today’s knowledge resulting in wide ranges between our low and high
estimates. Data collection after electric flight operations begin will allow for more informed estimates of
electric energy and power demand in the future.
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FIGURE 6 The estimated peak power demands (in MW) for electric aircraft operations at Paine
Field (PAE) and Grant County International Airport (MWH), by operation category. Shown are a
low (left) and a high (right) scenario for electric aviation, with all three scenarios (number of
operations growth, feasibility, and adoption) assumed to be either low or high. The golden and
purple horizontal lines denote thresholds of 2.5 and 10 MW, respectively.

IMPLICATIONS FOR SUPPORTING ELECTRIC AVIATION

The framework model presented in this paper allows for the efficient calculation of potential future energy
demand at any regional airport, constrained by the availability of data on historic operations and plausible
future growth rates.

The findings represent the first quantitative estimation of potential future electricity needs for electric
aviation operations at Washington airports, both in terms of annual energy demand as well as peak power
requirements. The results show that utility companies at the two studied airports can serve the increase in
electrical demand induced by electric aviation in the coming decade, using available grid capacity at nearby
substations. The methodological framework can easily be applied to different airports across the United
States, based on their mix of aircraft operations and expected electrification rates.

There are a variety of future research opportunities related to forecasting the growth of electric aircraft and
their charging requirements. It would be useful to develop a comprehensive fleet turnover model that
captures the relationship between adoption of electric aircraft and phasing out conventional airplanes,
considering the typical use cases of such aircraft and different incentive systems for owners and operators
to switch to electric aircraft. Updating the model’s parameters with data from actual charging behavior of
electric aircraft in the different use cases will help reduce uncertainty in the model.

ACKNOWLEDGMENTS
The authors would like to thank and acknowledge the WSDOT Research Office for funding this project
and the support of the WSDOT Auviation Division for helping to connect with the electric aviation industry.



459
460
461
462
463
464

Coenen, Malarkey, MacKenzie

AUTHOR CONTRIBUTIONS

The authors confirm contribution to the paper as follows: Steffen Coenen: review of electric aviation market
and available electric aircraft, method conception and execution, conducting interviews with airports and
industry leaders, draft manuscript preparation; Daniel Malarkey: conducting interviews with airports and
industry leaders, eVTOL methodology, manuscript editing; Don MacKenzie: study conception, manuscript
editing. All authors reviewed the results and approved the final version of the manuscript.

18



465

466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500
501
502
503
504
505
506
507
508
509
510
511
512
513
514
515

Coenen, Malarkey, MacKenzie

REFERENCES

1.  Franz, S., M. Rottoli, and C. Bertram. The Wide Range of Possible Aviation Demand Futures after
the COVID-19 Pandemic. Environmental Research Letters, Vol. 17, No. 6, 2022, p. 064009.
https://doi.org/10.1088/1748-9326/ac65a4.

2. Gossling, S., and A. Humpe. The Global Scale, Distribution and Growth of Aviation: Implications
for Climate Change. Global Environmental Change, Vol. 65, 2020, p. 102194.
https://doi.org/10.1016/j.gloenvcha.2020.102194.

3.  Hasan, M. A., A. A. Mamun, S. M. Rahman, K. Malik, M. I. U. Al Amran, A. N. Khondaker, O.
Reshi, S. P. Tiwari, and F. S. Alismail. Climate Change Mitigation Pathways for the Aviation
Sector. Sustainability, Vol. 13, No. 7, 2021, p. 3656. https://doi.org/10.3390/su13073656.

4. WWEF. Cutting Aviation Pollution. World Wildlife Fund.
https://www.worldwildlife.org/initiatives/cutting-aviation-pollution. Accessed Jul. 22, 2022.

5. Schéfer, A., J. B. Heywood, H. D. Jacoby, and I. A. Waitz. Transportation in a Climate-
Constrained World. MIT Press, Cambridge, MA, USA, 20009.

6. Schwab, A., A. Thomas, J. Bennett, E. Robertson, and S. Cary. Electrification of Aircraft:
Challenges, Barriers, and Potential Impacts. Publication NREL/TP-6A20-80220, 1827628,
Mainld:42423. 2021, p. NREL/TP-6A20-80220, 1827628, Mainld:42423.

7. Reichmuth, J., P. Berster, and M. C. Gelhausen. Airport Capacity Constraints: Future Avenues for
Growth of Global Traffic. CEAS Aeronautical Journal, Vol. 2, No. 1, 2011, pp. 21-34.
https://doi.org/10.1007/s13272-011-0034-4.

8. FAA. FACTS: Airport Capacity Needs in the National Airspace System. 2015.

9. Long, D., D. Lee, J. Johnson, and P. Kostiuk. A Small Aircraft Transportation System (SATS)
Demand Model. Publication NASA/CR-2001-210874. NASA, Hampton, Virginia, 2001.

10. Reuters. EV Rollout Will Require Huge Investments in Strained U.S. Power Grids. Reuters, Mar 05,
2021.

11. Boyte-White. The Climate Commitment Act: Washington’s Path to Carbon-Neutrality by 2050.
https://ecology.wa.gov/Blog/Posts/February-2022/The-Climate-Commitment-Act-Washington-s-
Path-to-Ca. Accessed Jun. 20, 2022.

12.  WSP. Washington Electric Aircraft Feasibility Study. WSDOT Aviation Division, 2020, p. 228.

13. WSDOT. Aviation - Passengers & Cargo Moved. Tableau Software.
https://public.tableau.com/views/DEV-CCR-AAW-AV-Passenger/CCR-AAW-AV-Passenger.
Accessed Jul. 8, 2022.

14. Chan, K. Seattle Looking for Suitable Site to Build Second Major International Airport | Urbanized.
Daily Hive. https://dailyhive.com/vancouver/seattle-second-international-airport. Accessed Jul. 8,
2022.

15. Puget Sound Regional Council. Regional Aviation Baseline Study. Final Report, 2021.

16. Riboldi, C. E. D., L. Trainelli, L. Mariani, A. Rolando, and F. Salucci. Predicting the Effect of
Electric and Hybrid-Electric Aviation on Acoustic Pollution. Noise Mapping, Vol. 7, No. 1, 2020,
pp. 35-56. https://doi.org/10.1515/noise-2020-0004.

17. Research Report 236: Preparing Your Airport for Electric Aircraft and Hydrogen Technologies.
Transportation Research Board, Washington, D.C., 2022.

18. Méenpag, A., H. Kalliomé&ki, and V. Ampuja. Potential Impacts of Electric Aviation in the Kvarken
Region : Stakeholder Views in 2020. Vaasan yliopisto, 2021.

19. Goyal, R., C. Reiche, C. Fernando, J. Serrao, S. Kimmel, A. Cohen, and S. Shaheen. Urban Air
Mobility (UAM) Market Study. Publication HQ-E-DAA-TN65181. 2018.

20. Cohen, A. P., S. A. Shaheen, and E. M. Farrar. Urban Air Mobility: History, Ecosystem, Market
Potential, and Challenges. IEEE Transactions on Intelligent Transportation Systems, Vol. 22, No. 9,
2021, pp. 6074-6087. https://doi.org/10.1109/TITS.2021.3082767.

21. Seeley, B. A., D. Seeley, and J. Rakas. A Report on the Future of Electric Aviation. 2020.
https://doi.org/10.7922/G2BC3WTV.

22. Federal Aviation Administration. OPSNET Reports: Definitions of Variables.

19


https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV

516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536
537
538
539
540
541
542
543
544
545
546
547
548
549
550
551
552
553
554
555
556
557
558
559
560
561
562
563
564
565
566

Coenen, Malarkey, MacKenzie

23.
24.
25.
26.
27.
28.
29.
30.
31.
32.
33.
34.
35.
36.
37.
38.
39.

40.

41.

42.

43.

44,

45,

46.

47.

https://aspm.faa.gov/aspmhelp/index/OPSNET _Reports__Definitions_of Variables.html. Accessed
Jun. 23, 2022.

Federal Aviation Administration. The Operations Network (OPSNET).
https://aspm.faa.gov/opsnet/sys/Airport.asp. Accessed Jun. 9, 2022.

Hepperle, M. Electric Flight — Potential and Limitations. 2012.

Eviation. Eviation Alice. https://www.eviation.co/. Accessed May 9, 2023.

FLYING Magazine. FAA ‘Modifying’ Approach to EVTOL Certification.
https://www.flyingmag.com/faa-modifying-approach-to-evtol-certification/. Accessed Jul. 1, 2022.
Pipistrel. Alpha Electro. https://www.pipistrel-aircraft.com/aircraft/electric-flight/alpha-electro/.
Accessed Jun. 25, 2022.

Bye Aerospace. Electric Training Aircraft - EFlyer 2. https://byeaerospace.com/electric-airplane/.
Accessed Jun. 25, 2022.

FutureFlight. Bye Aerospace EFlyer. https://www.futureflight.aero/aircraft-program/eflyer.
Accessed Jun. 1, 2022,

Joby Aviation. Electric Aerial Ridesharing. https://www.jobyaviation.com/. Accessed Jul. 21, 2022.
Wisk. Wisk | We’ve Arrived. Wisk. https://wisk.aero/. Accessed Jul. 21, 2022.

Electric VTOL News. Wisk Aero Cora (Generation 5). https://evtol.news/kitty-hawk-cora. Accessed
Jul. 21, 2022.

Utah Advanced Air Mobility Infrastructure and Regulatory Study.

NASA. Regional Air Mobility. 2021.

Snohomish County PUD. Snohomish PUD - Energizing Life in Our Communities.
https://www.snopud.com/. Accessed Jun. 23, 2022.

Grant PUD. Grant PUD - Powering Our Way of Life. Grant PUD. https://www.grantpud.org/.
Accessed Jun. 23, 2022.

Snohomish PUD. 2021 Integrated Resource Plan. Snohomish PUD, p. 273.

State of Washington. Electric Vehicle Population Size History by County.
https://data.wa.gov/Transportation/Electric-Vehicle-Population-Size-History-by-County/q5qv-gkcz.
Accessed Nov. 20, 2022.

Archsmith, J., E. Muehlegger, and D. S. Rapson. Future Paths of Electric VVehicle Adoption in the
United States: Predictable Determinants, Obstacles, and Opportunities. Environmental and Energy
Policy and the Economy, Vol. 3, 2022, pp. 71-110. https://doi.org/10.1086/717219.

Brandon, J. Airline Travelers Have Higher Household Incomes.
http://www.globalonboardpartners.com/airline-travelers-incomes/. Accessed Jul. 21, 2022.

Joby Aviation. Commercializing Aerial Ridesharing - Joby and Reinvent.
https://drive.google.com/file/d/1KVilZufQAZ7Q8T7vh79VIuUHVW-
nZp3CN/view?usp=embed_facebook. Accessed Jul. 1, 2022.

Viswanathan, V., A. H. Epstein, Y.-M. Chiang, E. Takeuchi, M. Bradley, J. Langford, and M.
Winter. The Challenges and Opportunities of Battery-Powered Flight. Nature, VVol. 601, No. 7894,
2022, pp. 519-525. https://doi.org/10.1038/s41586-021-04139-1.

Reuters. Tesla Supplier Panasonic Sees 20% Jump in Battery Density by 2030. Autoblog.
https://www.autoblog.com/2022/07/16/panasonic-battery-energy-density-2030/. Accessed Jul. 21,
2022.

Gao, M., H. Li, L. Xu, Q. Xue, X. Wang, Y. Bai, and C. Wu. Lithium Metal Batteries for High
Energy Density: Fundamental Electrochemistry and Challenges. Journal of Energy Chemistry, Vol.
59, 2021, pp. 666-687. https://doi.org/10.1016/j.jechem.2020.11.034.

Zoepf, S., and J. B. Heywood. Characterizations of Deployment Rates in Automotive Technology.
SAE International Journal of Passenger Cars - Electronic and Electrical Systems, Vol. 5, No. 2,
2012, pp. 541-552. https://doi.org/10.4271/2012-01-1057.

Kar, R., P. Bonnefoy, and R. J. Hansman. Dynamics of Implementation of Mitigating Measures to
Reduce CO2 Emissions from Commercial Aviation. 2010.

Harrison, E. D. A Methodology for Predicting and Mitigating Loss of Control Incidents for General

20


https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV

567
568
569
570
571
572
573
574
575
576
577
578
579
580
581
582
583
584
585
586
587
588

Coenen, Malarkey, MacKenzie

48.

49.

50.

51.

52.

53.

54.

95.
56.

Aviation Aircraft. Georgia Institute of Technology, Nov 09, 2018.

Lincoln, A. Bye Aerospace EFlyer 800 Program Advances. https://byeaerospace.com/bye-
aerospace-eflyer-800-program-advances/. Accessed Jul. 21, 2022.

Trivedi, N., N. S. Gujar, S. Sarkar, and S. P. S. Pundir. Different Fast Charging Methods and
Topologies for EV Charging. Presented at the 2018 IEEMA Engineer Infinite Conference
(eTechNxT), 2018.

Battery University. BU-409: Charging Lithium-lon. Battery University.
https://batteryuniversity.com/article/bu-409-charging-lithium-ion. Accessed Jul. 1, 2022.
InsideEVs. Tesla Model S Plaid Fast Charging Results Amaze: Analysis. InsideEVs.
https://insideevs.com/news/515641/tesla-models-plaid-charging-analysis/. Accessed Jul. 2, 2022.
InsideEVs. 2021 Tesla Model S Plaid Fast Charging Analysis (3 Cars Compared). InsideEVs.
https://insideevs.com/news/549335/three-tesla-plaid-charging-analysis/. Accessed Jul. 21, 2022.
Rajashekara, K. Parallel between More Electric Aircraft and ElectricVVHybrid Vehicle Power
Conversion Technologies. IEEE Electrification Magazine, Vol. 2, No. 2, 2014, pp. 50-60.
https://doi.org/10.1109/MELE.2014.2312460.

Alexander, R., D. Meyer, and J. Wang. A Comparison of Electric Vehicle Power Systems to Predict
Architectures, Voltage Levels, Power Requirements, and Load Characteristics of the Future All-
Electric Aircraft. Presented at the 2018 IEEE Transportation Electrification Conference and Expo
(ITEC), 2018.

Streamlit Inc. Streamlit. https://streamlit.io/. Accessed Jul. 7, 2022.

Port of Moses Lake. The Center of Washington Aviation.
https://www.portofmoseslake.com/aeronautics/. Accessed Jul. 1, 2022.

21


https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV
https://www.zotero.org/google-docs/?Z4uDGV

	ABSTRACT
	INTRODUCTION
	THE CONTEXT OF ELECTRIC AVIATION
	The electric aircraft market
	Scope of this paper
	Regional airports as potential future electric aviation hubs
	Research question

	DATA AND METHODS
	Dimensions of analysis
	Electricity demand estimation
	Interactive tool

	RESULTS AND DISCUSSION
	Airport operations
	Electricity demand projections

	IMPLICATIONS FOR SUPPORTING ELECTRIC AVIATION
	ACKNOWLEDGMENTS
	AUTHOR CONTRIBUTIONS
	REFERENCES

