MICHIGAN OFFICE OF MICHIGAN DEPARTMENT OF
LABOR & ECONOMIC

FUTURE MOBILITY
& ELECTRIFICATION OPPORTUNITY

EV Charging Infrastructure Study

August 2025

Prepared for:
Michigan Office of Future Mobility & Electrification
Michigan Department of Labor &Economic Opportunity

Prepared by:
Michigan State University
Principal Investigator: Dr. Mehrnaz Ghamami
Associate Professor Civil and Environmental Engineering
428 S. Shaw Lane, East Lansing, MI 48824
Phone: (517) 355-1288, Fax: (517) 432-1827
Email: chamamim@msu.edu

Authors:

Dr. Mehrnaz Ghamami
Dr. Ali Zockaie

Sajjad Vosoughinia
Amirali Soltanpour

...\.\\“ r
r

MICHIGAN STATE
UNIVERSITY



mailto:ghamamim@msu.edu

Acknowledgement

The researchers at Michigan State University gratefully acknowledge the Michigan Office of
Future Mobility & Electrification (OFME) and Michigan Department of Labor and Economic Opportunity
(LEO) for sponsoring this research, recognizing the importance and timeliness of the topic, and supporting
this innovative approach to electric vehicle charging infrastructure planning. We extend our sincere thanks
to the OFME team, especially Shafiq Bari, for facilitating stakeholder meetings, which provided critical
information for our analysis. Finally, we deeply appreciate the many stakeholders listed below for their
active engagement, willingness to share data and insights, and their valued collaboration throughout this
effort.

Michigan Office of Future Mobility & Electrification (OFME)
Michigan Department of Labor and Economic Opportunity (LEO)
Michigan Department of Transportation (MDOT)
Michigan Public Service Commission (MPSC)
Utility Companies
e Consumers Energy
e DTE Energy
e Indiana Michigan Power Company
= (Cities and Communities
o Southeast Michigan Council of Government (SEMCOG)
e City of Detroit
= Auto Companies
» Charging Stations Companies



Table of Contents

ACKNOWLEDGEMENT ...cuuciiiiiniiicinnnnicsssssnsicsssssssessssssssssssssssssssssasssssssssssssssssssssssssasssssssssssssss 2
EXECUTIVE SUMMARY ...ccoiiiiiiiinnmeiiiiiicsssnnssssssssscsssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 5
INTRODUCTION.....ccocereerrrnsrccssnssecs 7
PROBLEM STATEMENT .....ottiiiiiiininnnnnneesiiiccsssssssssssssssscssssssssssssssssssssssssssssssssssssssssssssasssss 7
LITERATURE REVIEW ...uuiiiiiiniiiinnnnniicninnnniiossssssiosssssssessssssssssssssasssssssssssssssssssssssssasssssssssssssss 8
Charging Infrastructure SPECTIICAIONS .......ccuieiieiiieiieiieitte ettt sttt ettt e bt e sbeesaeesaeeeneeas 8
Charging Station LOCATION .....c.c.eiiuiiitiiitieiieee ettt sttt ettt e bt e sate st e et e e bt e bt e sbeesaeesaeeeneeeneean 8
Electrification Efforts in Other StateS........ccvevierierciiriieiieiereeseesre et eieesteesteesaessseesseesseesseesssesssessses 10
DATA COLLECTION .cuuuuieiiiiicininnssssnsssicccssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssss 12
Origin-Destination Travel Demand and Michigan Road Network ............ccccoeveviiiiiniiiiiieenicneecieenens 12
Seasonal Travel Variation and Monthly Demand EStimation............cccccveeeveevieenieeneeneesiesne e 13
Charging Station and Charger COSES ........ecuiiruierierierieeie ettt ettt e ste et ettt e steesbtesateeseeeteesbeesaeesneenas 14
UIEY PrOVISION COSES ....eitiiiiieiiieitett ettt ettt ettt sttt e eate e be e bt e saeesseesnteenbeenbeenbeebeesstesaeesnseensenn 14
Vehicle and USer CharaCteriSTICS .....uuuiiuieriierierierieereeteesseesseestaeseresseesseesseesssesssessseessessseesssesssesssesssens 16
Battery Range and Performance VAriation ...........c.ccciecueiiieiienieniieieeieeeeeteesieeieeseesaessaesaaesseesseessesssesssesssessenns 16
Electric Vehicle Market SNATE ..........cc.ieiiiieiieiieiieieeie ettt ete et e eteesteesteesbeesseessesssesaaesseenseesseessesssenseensenns 16
Land Use INTOIMAtION .......cccuiiiiiiiiiieeciieciee ettt ettt e ettt e et e e s beeestaeesabeeensaeesesesessseessseesnseeennseeas 17
TOUSIM DESTINATIONS ......veeeiiiieieiieetie et e eiee et e et e et e e et e eestteeeteeestbeesasesessseessseeensseesssesansssessseesssesensseens 17
INTERCITY CHARGING INFRASTRUCTURE .18
Problem StateIMENT ........cviieiiieeiie ettt ettt e et e et e e s be e e ta e e st e e etaeesebaeetaeesabeeenraeenareean 18
ANALYSIS FTAMEWOTK ......viiiiiiiiiiicciccie ettt e b e et e et e e staessaessbeessaesseessaesssesssenssens 19
Model ObJECtIVE FUNCHION .....ouiitiiiieieeie ettt ettt ettt e s et e bt e e e et eene e e s e e eseenteenseenneeneesneas 19
SOIULION APPIOACH ...ecvviiiiieiiceceee ettt ettt ettt et e e te e s b e s tbeesbeesbeesbeessaasssesssessseasseessensses 21
Demand-Related AQJUSTMENES .......c..ccvieiiiieeiieriietieieete sttt esteetestaeeteesseesbeesseessesssesssesssesseesseesseessesssesseessenns 21
Seasonal Variation il DEMANA.....................cccoccueiueiuieiieis et et esie ettt ettt et a e et eseeteeteestesseeseesseessessesseessesssassesssensenses 21
DEMANA FIUCTUATIONS ..ottt ettt ettt ettt ettt e st e e st e s e e st esbe e st ess e e s e esbeessesseeseenseessessesssesseeasesseeseensenss 21

Battery Charge ASSUIMIPLIONS ....c..eoueiuirtirieeiieiertete sttt et et eite e te sttt e ebeestese et e teste et e ebeeseeseensentesaeabeebeeseeneensenseneens 21
INLEION NOGE ASSUMPDIIONS ........ooeeeeves ettt ettt ettt ettt e ettt e st e e e st esseeseesbeestesse e s e esseessesseeseesseessessesseessesssesseessensenss 21

BOrder NOAe ASSUMPDIIONS ..............cc.oeieeeeiieieiee et et ete et eteetteste e st esseestessesseesseestasseesaesseessensesseesseessessesseessesssesseessensenss 22
Location and Number of Intercity Chargers ..........cceccvveeviiriierieniecieeie et eseeseesreeveesreesseesseesesesssessnes 22
SEASONAL VATTALIONS. ....eveieeiienieiet ettt ettt ettt sttt b e eh e es e ea et e st e bt s bt ebees e ene et et e besbeebeebeene et eneenbeee 22
Optimized Results for Charging Station Placement and Charger NUMDETS...........cceeeveiieiiereenieniienreereeeenieens 22
TOURISM CHARGING INFRASTRUCTURE.......niiiiiciinnrcnnnsssnecccsssssssnsssssssccssssssens 24
ProbIem StAtEIMENL ......ccviiiiiiieiieiiecte ettt ettt e teere e bt e b e e steestbessbeesbeessaessaesssessseasseasseesseesssesssensseasses 25
SOIULION APPTOACK ...ttt ettt ettt et s b e et s beebt et sbe et e s bt eatenaesbeens 25
Tourism Destination TTiP FOTECASE .......cotitiiiriiriiiiriiieetetet ettt et 26
Origin-DestiNation ANALYSIS .....coeeiriririeieterteerte ettt ettt ettt et ettt st sbe e bt e et et et saeebesbeebeeseentenbenaen 27

EV and Charging Demand EStMAatION .........cc.coiriiiiiriiiiientieneeeeeetet ettt ettt 27
Charger OPLIMIZATION. .....coueeueeuietitertert ettt ettt ettt ettt et et ettt be e bt es b et e te s bt e bt ebeebeessenteabesaeebesbeebeessentenbeneens 28
Location and Number of Tourism Destination Chargers.........c..ccuecveevreeneeneesieesreereereenveesseesneesneenes 29
URBAN AREA CHARGING INFRASTRUCTURE 31
CILY SCIECHION ... eeutieiieitie ettt et et et e bt e vt e steesteestbeetbeetbeesbeesbsasssesssessseasseassaessaasssessseesseessesssessssessseans 31
LEVEL 2 CRATZEIS ....eeviiiiieiiieiiieieeetteette ettt et e e st e st esebeeeb e e beesbeestaeesseesbeesseestaestsesssesssessseesseesssesssessseesses 32
Problem STATEINENT ........ooiiiiiiiiiei ettt ettt h e b e bt ettt e bt sbe e bt e bt et ettt satesbeenaeens 32



ANALYSIS FIAMEWOTK .....oiiiiiiiiieiiciieie ettt ettt ettt e et e st e saeesseeseenseesseesseesaesaenseensennsesnsennnas 32

Location and Number of Level 2 Chargers in Urban AT€as............ccveveeierierieesiiesieeeesieseesseesseesessesssessaenseens 33
DICFC STALIOMNS ...eutietieiieeie ettt et ettt ettt et et e bt e sb e e sbtesaeeeateenbe e bt e eseeeabeeaseembeenbeenseesseesneeeneean 34
Problem SAtEIMENT . ........iiiiitiitiee ettt et ettt e e a e s b e e bt e bt e bt e a et eat e bt e b e e bt e te e beenteeneas 34
ANALYSIS FIAMEWOTK ..ottt b ettt et e et e st et e e e e e emeesaeas 35
THAIFIC STMULATION.......c..ceiei et ettt et bttt h ettt et b e ettt e bt it e ste bt ebeeaeenae e 36

S1A1E Of CRATZE STMULALOT ..ottt ettt b ettt bt ettt et sbe et be e eee 38
OPHMIZALION MOTEL. ..ottt h et et b e bttt ettt e b et et s e et e enae e 39
SOIULION APPIOACK ...ttt ettt et e b e st e et et e e et e e bt e e bee b e embeenbeeseesseesaeenaeeneeenee 40
Location and Number of DCFC in UrDan ATEaS ........cccueiiiiiirieiiee ettt sttt et s saeenaeens 41
Interconnection of Intercity and Destination Charging for TOUTISIM..........cccvercvercieeerierreereerreeee e 45
Interconnection of Level 2 and DCFC in Urban ATeas...........cccouiiieeiiiiiiiiiie e 46
CONCLUSION ...ccccrvvnnnrecsssnnseccsnnns 47
REFERENCE........icvvveicrvuricscnncene 49




Executive Summary

The State of Michigan is committed to developing a robust charging infrastructure to enable
seamless Electric Vehicle (EV') travel across Michigan. This study analyzes intercity, urban, and tourism
trips to assess energy demand at various locations for Direct Current Fast Chargers (DCFC) and Level 2
chargers. To identify the optimum EV charger needs across the state, the Michigan Office of Future
Mobility and Electrification (OFME), launched this analytical study guided by stakeholder input.
Researchers at Michigan State University (MSU) were engaged to determine the optimal number and
locations for both DCFCs and Level 2 chargers while minimizing investment costs and user delays. This
report presents the results of a strategic plan to expand EV charging infrastructure in Michigan to support
light-duty vehicle travel under a 25% EV market share scenario®. The plan aims to support EV travel across
a wide range of trip types, including daily urban travel, tourism-related trips, and long-distance journeys,
both within Michigan and between Michigan, neighboring states, and Canada in both directions. Table 1
below summarizes the total EV chargers needed in the state.

Table 1: Estimated charger requirements and associated costs (based on a 25% EV market share scenario?)

Number of new required chargers

DCFC Level 2 Total
Intercity 1,724 - 1,724
Tourism - 6,167 6,167
Urban 4,791 53,920 58,711
Total 6,515 60,087 66,602
Total estimated infrastructure cost $677M $321 M $998 M

It is estimated that approximately 1,724 new DCFC chargers are required along major highways in
Michigan to meet the projected demand. These chargers will support intercity travel, tourism-related trips,
and the unserved charging demand from tourism destinations where users may detour to nearby DCFC
stations. In addition, an estimated 6,167 Level 2 chargers are needed at tourism destinations where visitors
typically stay for extended periods. The number of Level 2 chargers at these destinations is closely linked
to the required number of intercity DCFC chargers; fewer Level 2 chargers result in a larger portion of
charging demand being redirected to nearby DCFC stations, ultimately increasing the need for additional
DCFC infrastructure.

Urban Level 2 charging at residential locations plays a critical role in reducing the overall energy
demand for DC fast charging by enabling routine, overnight charging. However, DCFC remains essential
in cases where residential chargers are unavailable, charging time at home is insufficient, or users neglect
to plug in their vehicles. In Michigan, approximately 80% of residents live in single-family homes (7),
suggesting that the majority of residential charging will likely occur at these single-family residentials. It
is estimated that 90% of single-family homes and 50% of multi-family residences will need access to home
charging. Additionally, a winter scenario is considered, as urban travel patterns remain relatively stable
across seasons. However, colder temperatures reduce battery efficiency, increasing the energy demand for
chargers. For urban trips, it is estimated that 4,791 DCFC chargers will be needed in major urban areas
across Michigan to support daily travel, along with 53,920 Level 2 chargers at multi-family housing units.
Additionally, approximately 855,243 new Level 2 chargers are projected to be required at single-family

U In this study, the term ‘EV” specifically refers to Battery Electric Vehicles (BEVs).
2 The 25% market share represents the share of electric vehicles in all vehicles in operation.
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homes. However, since home charging is generally considered private property, these chargers are excluded
in the summary tables and associated infrastructure investment costs. It's important to note that the required
number of DCFC and Level 2 chargers are closely interconnected. Greater availability of Level 2 chargers
at trip origins and destinations increases the likelihood that users will begin their trips with a higher state
of charge or finish with a lower one, knowing they can charge at their destination. This reduces the need
for en-route DCFC use and subsequently lowers the number of DCFC chargers required.

The total infrastructure cost to support all EV trips based on 25% market share in Michigan is
estimated at $998 million, including $677 million for DC fast chargers and $321 million for Level 2
chargers. These costs include the cost of chargers as well as associated expenses such as grid infrastructure,
construction, and land.

Figure 1 present maps of the charging infrastructure needed to support intercity and tourism travel,
as well as urban trips across Michigan, under a 25% EV market share.
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Figure 1: Map of charging infrastructure in Michigan



Introduction

EV technology offers a critical means of addressing traffic-related air pollution and broader
environmental concerns by eliminating on-road emissions. In recent years, EV adoption has grown
substantially, largely driven by improved energy efficiency and zero tailpipe emissions. Factors such as
fuel costs, purchase prices, and demographic characteristics play a significant role in shaping the market
share of alternative fuel vehicles (2, 3). By the end of 2023, EVs and PHEVs' made up 0.76% of vehicles
in Michigan, compared to 4.85% in California and 1.52% nationwide. Meanwhile, Michigan had 3,133
public chargers, California 42,769, and the United States 159,842 in total, equating to 21, 35, and 27 EVs
per charger, respectively (4). The Michigan Future Mobility Plan aspires to accommodate 2 million EVs
by 2030, supported by the installation of 100,000 chargers (5). Nonetheless, concerns such as range anxiety,
long charging times, and limited charging infrastructure continue to impede widespread EV acceptance (6).
Building an extensive EV charging network is essential to overcome these barriers and boost market share,
requiring strategic integration of both slow and fast chargers to guarantee trip feasibility, reduce range
anxiety, and provide acceptable service levels for EV users (7).

In recent years, EV adoption has become an effective means of advancing sustainability and
fostering economic development. Despite these potential gains, many consumers remain hesitant to
purchase EVs due to perceived limitations (8). Consequently, it is crucial to examine these constraints from
both supplier and user perspectives and develop strategies to overcome them (9). A comprehensive EV
charging infrastructure—encompassing residential setups, urban public stations, and facilities for intercity
travels plays a pivotal role in supporting sustainable transportation by ensuring convenient, low-impact
options. In this report, an EV charging station refers to a specific location where one or more individual
chargers or charging ports are installed to replenish an electric vehicle’s battery (Figure 2). As EVs continue
to gain popularity among users, the strategic placement of charging stations along travel corridors, at
tourism hotspots, and in everyday community settings becomes increasingly important for ensuring
accessibility and promoting environmental-friendly practices.

EV Charging Station

2 Chargers

Figure 2: Example of an EV charging station with two chargers.

Problem Statement

Despite the growing adoption of EVs in Michigan, the state's charging infrastructure remains
inadequate to support the ambitious goals set forth in the Michigan Future Mobility Plan, which aims for 2
million EVs and 100,000 chargers by 2030. Limited charging availability, range anxiety, and concerns over
charging time continue to hinder widespread EV adoption, requiring a strategic approach to infrastructure
deployment. To address these challenges, this study aims to:

e Estimate the number and types of chargers required in the state, considering the projected 25% EV
market share on the road and other relevant assumptions.

! Plug-in Hybrid Electric Vehicles (PHEVSs)



e (Categorize the charging stations by various accessibility and use case types to ensure efficient and
equitable deployment.
Map the estimated charging station locations by dividing the state into appropriate regions of interest.
e Conduct a comparative analysis of EV infrastructure deployment strategies in other states to identify
best practices.
e Assess electric grid capacity and identify gaps that could impact the scalability of EV charging
infrastructure.
By integrating data-driven analysis and industry best practices, this study will offer actionable
recommendations to enhance Michigan’s EV charging network, supporting a seamless transition to
sustainable transportation.

Literature Review

This section reviews the literature on charging infrastructure specifications, charging station
location, and other states’ efforts on electrification to provide context for the current study.

Charging Infrastructure Specifications

EV charging infrastructure worldwide is generally categorized into three levels, each defined by its
voltage and charging duration. Level 1, the slowest option, adds roughly 40 miles of range in about eight
hours. By contrast, Level 2—commonly found in both residential and public settings—can deliver around
100 miles in the same timeframe. Level 3, also referred to as DCFC, can restore up to 80% of a battery’s
capacity in 30 minutes or less, making it especially suitable for extended trips (10, /7). Although DCFC
significantly cuts charging time, it involves higher installation costs and can accelerate battery degradation
through increased currents and temperatures. Level 2, on the other hand, is more affordable and places less
strain on the battery (/2, /3). By combining Level 2 chargers with DCFC stations, a more adaptable and
well-rounded charging network can be established to address the diverse needs of EV drivers. Figure 3
illustrates the details of different charger types.

Charger Type Charger ™\ Charging  Charging

Cost Time Price

. . 1.2-1.9 $0.2K - 8-16 0.02 -0.06

Level-1 Residential KW $1.5K hours $/mile
Residential 2.6—-19.2 S0.5K — 0.02 - 0.06

e & Public kw > $5K e $/mile
Level-3 . 50— 350 $28K - ri?n'u f& 0.12-0.25

DCEC kw S140K (80%charge) S/mile

Figure 3: Summary of charging infrastructure specifications'

Charging Station Location

The increasing adoption of EVs is essential for reducing vehicle emissions and mitigating air
pollution (14, 15). However, EV adoption faces significant challenges due to limited range, insufficient
charging infrastructure, and long charging times compared to conventional vehicles (/4, /6). Range anxiety,
particularly during long-distance travel, further hinders widespread EV use (/7, 18). DCFC stations offer a
solution by substantially shortening charging times, facilitating longer trips and encouraging broader EV

! The charger costs shown in the table represent average estimated values based on data from various companies across the U.S.
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adoption. Nevertheless, these fast charging stations have higher implementation and operational costs than
slower chargers (/9, 20), making efficient infrastructure planning critical.

Many studies have focused on optimizing the allocation of EV charging stations while balancing
total costs and level of service. Lee and Han (2/) employed a flow refueling location model (FRLM) that
considered probabilistic EV travel ranges due to variable traffic and weather conditions, indirectly factoring
in station waiting times. Guo et al. (22) proposed a network-based optimization framework for competitive
environments, highlighting investor and user interactions and recommending it for future market impact
studies on public charging infrastructure. Nie and Ghamami (/6) presented an optimization model exploring
EV travel along corridors, emphasizing the trade-off between investments in charging stations and larger
battery sizes for intercity travel, concluding that DC fast charging stations are essential. Ghamami et al.
(23) further extended this model to minimize the total system costs, including infrastructure, battery, and
user costs.

Micari et al. (24) developed a bi-level optimization model addressing EV charging infrastructure
sizing and siting, incorporating EV demand, battery, and charging technology considerations. Similarly,
Zang et al. (25) proposed another bi-level framework using queuing theory and metaheuristic algorithms,
considering slow public charging infrastructure's impact on EV user travel patterns, social costs, and
satisfaction.

Routing problems due to limited EV ranges have also been investigated, focusing on route selection
considering EV constraints (26). User equilibrium models, reflecting realistic selfish travel behavior and
leveraging modern routing technologies, have been applied extensively to intercity networks (27-30),
building upon Wardrop’s (3/) foundational concepts.

Technological advancements in battery capacities and charging rates significantly influence EV
infrastructure needs. A Washington State study using data from conventional gasoline vehicles forecasted
future EV charger demand and power requirements (32). Another U.S.-wide study utilized genetic
algorithms for long-term DC fast charging station planning over a 15-year horizon, examining sensitivity
to battery sizes and charging times (33). He et al. (34) investigated the entire U.S. network for EV charger
placement, noting significant impacts of vehicle ranges on required charging infrastructure. Another study
calibrated queuing models based on Swedish and Norwegian charging behaviors, finding substantial
reductions in charging events as vehicle ranges increased from 62.5 miles to 125 miles, beyond which
additional increases had minimal impact (20).

For urban charging infrastructure, data-driven studies leveraged various datasets to optimize
charging station locations. Andrews et al. (35) utilized metropolitan travel survey data, while Dong et al.
(15) applied activity-based models to household travel data. Taxi trajectory data has been extensively
employed to identify hotspots for charging stations, maximizing electric vehicle miles traveled (36-38) and
minimizing infrastructure investment costs (39). Workplace EV charging demands were also considered in
optimization models minimizing infrastructure costs (40).

Origin-Destination (OD) models have been instrumental in capturing travel behaviors for charging
infrastructure allocation. Several studies modeled travel patterns independently of infrastructure presence
(41-47), while others considered infrastructure impacts explicitly (14, 29, 48-50). Large-scale urban
networks pose computational challenges, leading many researchers to adopt fixed travel patterns for
practicality.

While traditionally urban EV trips have received less attention due to shorter travel distances, recent
studies have increasingly recognized their importance (57, 52). Baouche et al. (52) used travel surveys, and
Kang and Recker (53), alongside Nie et al. (54), adopted activity-based approaches for charging station
locations.

Tourism often involves long-distance travel and extended stays, requiring tailored EV charging
infrastructure planning. Proper planning can reduce costs for both providers and users, and influences EV
users' itinerary (55). An effective approach to planning chargers for EV tourism combines DCFCs for
intermediate charging during long-distance trips with Level 2 chargers at tourist destinations, where visitors
stay longer. Thus, an integrated framework is needed to optimize the placement and capacity of both Level
2 chargers and DCFCs within tourist regions.



Research on EV tourism is still emerging. Wang and Lin (56) used set- and maximum-coverage
models with mixed integer programming to locate chargers based on vehicle refueling patterns, applying
their approach to Penghu Island and considering tourist sites for Level 2 chargers. Wang et al. (57)
addressed tourist trip design for EVs, factoring in time windows and range constraints. Suanpang et al. (58)
employed reinforcement learning for EV-charging recommendations, using Chiang Mai, Thailand, as a
smart tourism city case study. Xu et al. (59) developed a model for selecting EV charging station sites using
kernel density analysis of urban populations, including tourist areas, to maximize EV user satisfaction.
Knowles et al. (60) created an EV readiness index assessing 94 road trip itineraries related to Canada’s
national parks.

Optimizing charging infrastructure requires balancing different objectives, such as minimizing
investment costs (39, 6/-63), access times (64), or urban travel times (65). Studies aiming to minimize total
system costs, considering infrastructure investments and user delays, provide a balanced approach (29, 66—
69).

Electrification Efforts in Other States

A key component of this research is examining how other states have approached similar initiatives.
Our focus includes neighboring states such as Illinois, Indiana, Ohio, and Wisconsin, as well as states
recognized for their proactive or well-funded efforts in EV planning, including California, Washington,

Massachusetts, Texas, and Florida. Table 2 provides a summary of these states and their approaches.

Table 2: EV charging station regulations by state

State NEVIYIntercity ~ Residential Workplace Tourism Utility Involvement
Lake Michigan ComEd installs new charging
One at minimum, OHT(.EV capa‘?le Electric Vehicle stations on Chicago's south
every 50 miles parking §pot or . . creates an EV side, Ameren Illinois is
. . each residential ~ Nothing specific . . S .
Illinois along designated . ; charging corridor ~ working to grow EV charging
. . unit that has a statewide. - .
EV corridors in desionated along Lake by modernizing the electric
Ilinois. arking space Michigan grid to accommodate for new
p & space. coastline. chargers.
There are no There are no
ordinances for the ordinances for Lake Michigan
state. some utilit the state, some Electric Vehicle Duke Energy, Northern Indiana
corr; anies havey utility creates an EV Public Service Company, and
Indiana - incre)n tives for companies have  charging corridor other large Indiana utility
installing EV incentives for along Lake companies are engaged in
charaors ii oy installing EV Michigan NEVL.
iomes Y chargers for the coastline.
’ workplace.
TE;Z:ZZ:O There are no
At least one station . . statewide . . AEP Ohio has an electric
. ordinances, City ) . The installation of . . .
every 50 miles ordinances, City vehicle charging station rebate
. of Columbus, chargers every 50
. along 1,854 miles of Columbus, . . program, and other smaller
Ohio of Ohio's Tallmadge, and Tallmadge, and miles will support utility companies have
. Painesville have . macee, tourist journey . ty P .
Alternative Fuel . Painsville have . incentives for installing EV
. ordinances based . through Ohio.
Corridors. ordinances for chargers.

on the number of
dwelling units.

the workplace.

! National Electric Vehicle Infrastructure (NEVT)
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State NEVIYIntercity ~ Residential Workplace Tourism Utility Involvement
A uniform
Local statewide Lake Michigan
At least one station commercial Electric Vehicle . . . .
every 50 miles governmen t building code creates an EV W1scops1n PUb.hc Service helps
Wisconsin along Wisconsin's cannot require a and prohibits charging corridor r.e51den.t s Wlth. the cost of
. private developer S installing their own EV
Alternative Fuel . municipalities along Lake
. to install EV . Lo chargers.
Corridors. from adopting or Michigan
chargers. . . :
enforcing their coastline.
own standards.
The completeness . h
of major highway Requires at least At. least one The Ma.ssac usetts
corridors with EV 1 space per home  parking space in Elect.rlc Vehicle Eversource, National Grid, and
chargers or a minimum of any new Incentive Program Uniil each offer programs that
financiall ;elf- 10% of spaces in commercial (MassEVIP) support EV chareer
Massachusetts sus tain}i/n a new multi- construction provides grants for de lopr;nent by bro \%i din
haanats . family parkinglot  withover 15 60% of the cost of ey a1
s tatgiongs will be ’ be provided with parking spaces Level 1 or Level 2 infrastruc turz and customer
readily available to electric wiring to must be made- EV chargers, up to rebates
trave}l/ers for lon allow for future ready for EV $50,000 per street ’
distances & EV charging. chargers. address.
Tri-City Development brings
public EV charging stations to
Atgfarlc gg;i‘?gg()f under served corridors. Utility
At least one station 10% of new build 10% of new spaces need EV ElectJr;fglclztlo? r;glzlgreglrenés, by
every 50 miles parking spaces build parking charging stations, combina:i}:)n’utili tiés W%ll be
r};lon reserved for EV spaces reserved EV ready parking required to file an inteerated
Washington Washin éon's charging, and for EV charging, spaces, and EV s sqtem lan with the U%ili ties
Alternative Fuel 20% need to be and 20% need to capable parking Y ang Transportation
Corridors charger station be charger spaces based on Commission tlfat details the
’ ready. station ready. occupancy of new ey ;
construction utility’s plans for reaching
buildines required targets for gas
£s- decarbonization and
electrification.
For public Southern California Edison is
parking Assembly Bill committed to expanding access
Establish standards facilities, 1236 and to public charging through
for charger o . minimum EV Assembly Bill 970  various programs over the next
. 40% of parking .
operators to inform charger pre- (2021) mandate several years. San Diego Gas &
spaces must be oy i, . .
customers about capable of wiring that cities and Electric along with other
California the availability and p installation counties adopt investor-owned utilities,

accessibility of
public EV
charging

infrastructure.

supporting a low-
power Level 2
EV charger.

requirements are

based on the
number of
parking spaces,
per parking
facility.

ordinances to
expedite the
permitting process
for EV charging
stations.

received approval from the
California Public Utilities
Commission for a total of $54.5
million to install up to 800
charging ports at parks,
beaches, and schools.
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between ci tiesg ' by city or charging. charge their vehicles at home.
’ county.
Data Collection

Data is one of the vital components of any research project, serving as the foundation for analysis

and decision-making. This section explains the different data used in this study and their sources.

Origin-Destination Travel Demand and Michigan Road Network
The Michigan road network was provided to the research team by the Michigan Department of

transportation (MDOT) in TransCAD format and includes 37,125 links and 16,976 nodes. The links
comprise 11,516 freeways or highways, 20,742 arterials, and 4,867 ramps, while the nodes include 4,237
signalized intersections.

Additionally, MDOT supplied OD travel demand data, which is derived from periodic travel

surveys. These survey results serve as inputs for MDOT's travel planning models, generating a travel
demand table for approximately 3,000 traffic analysis zones (TAZs) for a typical weekday in the fall. Figure
4 illustrates the Michigan road network and TAZ.
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a) Road network b) TAZ
Figure 4: State-wide Michigan network

Seasonal Travel Variation and Monthly Demand Estimation

Continuous vehicle counts (24/7) are available from 122 counting stations provided by MDOT.
These counts help estimate travel demand while accounting for fluctuations in traffic patterns throughout
the year. The travel demand for each OD pair is derived based on these variations, ensuring it accurately
represents existing travel demand conditions. These estimates serve as inputs for the charging location
model, helping evaluate the adequacy of proposed charging station placements and the number of chargers.
To achieve this, Continuous Counting Station (CCS) data from Michigan roads is utilized as a priori
information, under the assumption that a proportional relationship exists between traffic counts and OD
demands.

A heuristic method is developed to estimate monthly travel demands by incorporating data from
CCSs. This approach relies on monthly factors derived from each counting station, representing the
proportion of annual travel demand allocated to each month. These factors serve as the primary input for
the estimation process. OD base demands are used as reference values, which are multiplied by the
corresponding monthly factors to determine the monthly travel demand for each OD pair. The estimation
process consists of multiple steps: calculating an average monthly factor for each link with at least one
detector, determining the share of OD pair travel demand traveling on each link, identifying OD pairs
without assigned CCSs and allocating adjacent count stations to them, and finally, estimating monthly
factors for all OD pairs in the network.

Since multiple counting stations may be present on a single link in the network, an average value
of the monthly factors (f;™) is calculated to represent the traffic pattern of link i for each month m. No
factor is assigned to links without any detectors. Additionally, the share of OD base travel demands for
each link is determined using a traffic assignment approach. In this process, OD base travel demands serve
as input to the traffic assignment model, and the proportion of each OD travel demand that utilizes a specific
link is denoted as pP”, where i represents the link number and OD represents an origin-destination pair.
Once the set of paths for each OD pair is established, it must be verified that all OD pairs have at least one
counting station along their route to serve as an estimation factor. If an OD pair lacks a direct counting
station, detectors located on links leading to the origin or departing from the destination are used as an
alternative estimation factor. Finally, monthly factors are estimated by incorporating the demand share of
each link and the average factors of the links, as described in the equation below.

Yiekop i POP (1)

Monthly Factorg}, = S poD
l€Xop " L
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where kp represents the set of all links that carry a positive share of travel demand for the origin-
destination pair, OD, as determined by the traffic assignment model using the base travel demand as an
input.

Charging Station and Charger Costs

The costs associated with charging stations and chargers were sourced from various charging
infrastructure providers, including Greenlots, ChargePoint, Ford Pro, RED-E, and Consumers Energy.
Charger cost refers to the expense associated with purchasing each individual EV charging unit. This cost
varies depending on the charger type (e.g., Level 2 or DCFC), power capacity, and manufacturer
specifications. Charging station costs encompass a broader range of expenditures, including electrical panel
and switchgear installation, engineering and design, permitting, and project management. Utility provision
costs for each candidate location', which are further detailed in the following subsection, were obtained
from utility providers. Additional details regarding the necessary grid upgrades are provided in the
following section. Table 3 presents the details of charging station and charger costs for each charger level.

Table 3: Estimated charging station installation and charger costs used in this study

DCFC Level 2
Installation Charger Installation Charger
Min $55,881.00 $58,131.50 $3,158.61 $2,668.33
Max $80,125.00 $76,249.50 $5,465.00 $4,443.23
Ave. $69,032.74 $71,407.63 $4,311.80 $3,555.78
Std. Dev. $11,187.44 $7,681.93 $1,153.19 $887.45

Utility Provision Costs

The state of Michigan is divided into multiple regions, each managed by different utility providers,
including Investor-Owned, Cooperative, and Municipal Utilities, that have supplied cost estimates for
delivering electricity at specific power levels to designated charging locations. Five distinct energy levels
were evaluated separately for Level 2 and DCFC stations. These utility costs account for expenses related
to acquiring, installing, and maintaining the necessary power grid infrastructure to meet different levels of
energy demand at charging stations.

Utility costs exhibited significant variation due to differences in grid conditions and land
development, ranging from rural landscapes to densely populated urban centers. While some locations
maintained stable costs across all energy levels, others experienced sharp cost increases as the energy
demand grew, often due to required grid capacity expansions or technological upgrades. To capture this
variability, the study developed a step function that models utility costs across different hourly energy
demand ranges. Figure 5 illustrates the distribution of these costs for each energy level.

! Candidate locations refer to potential sites for installing charging stations.
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Figure 6 illustrates the average utility upgrade costs for Level 2 chargers and DCFCs across TAZs.
In cases where utility provision cost data is unavailable for a specific TAZ, the estimated cost from the
nearest available TAZ is assigned to ensure a comprehensive cost assessment. Figure 7 shows the hosting
capacity maps of Consumers Energy and DTE Energy, two major utility providers in Michigan.
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Figure 6: Average utility cost distribution across Michigan
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Vehicle and User Characteristics

To effectively meet the projected growth in EV travel demand, this study considers a range of key
factors, including vehicle battery range, performance variations under different weather conditions, and the
anticipated evolving EV market share. Designing a robust and efficient charging infrastructure requires a
thorough understanding of both vehicle capabilities and user characteristics. Since the primary goal of the
system is to support drivers in operating their EVs reliably and conveniently, careful consideration of these
factors is essential. The following subsections provide a detailed breakdown of each of these elements and
their implications for charging system design.

Battery Range and Performance Variation

The battery size assumption in this study is set at 70 kWh, based on stakeholder feedback from
major automobile manufacturers. While a variety of battery capacities exist in the market and are expected
to expand in the future, the average recommended battery size by auto manufacturers is 70 kWh.

Battery efficiency is also expected to improve over time. Stakeholders suggested an average battery
performance of 3.5 miles/kWh in summer. However, temperature fluctuations will continue to impact
battery efficiency. For this study, winter battery performance is assumed to be 70% of summer performance
(70). Consequently, an EV with a 70 kWh battery is expected to have a range of 137-196 miles, depending
on the season. These estimates assume that users utilize only up to 80% of battery capacity before
recharging and that they charge up to 80% at public charging stations.

Electric Vehicle Market Share

The adoption rate of EVs has steadily increased over the past decade. Based on stakeholder
feedback and market projections, Michigan’s EV market share is expected to reach 25% by 2030 (71).
Stakeholders, including automobile manufacturers and transportation agencies, anticipate continued growth
in EV adoption, influenced by advancements in technology, policy incentives, and infrastructure
development.
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Land Use Information

Land use data has played a crucial role in various aspects of this project, including estimating the
initial State of Charge (SoC) and planning for residential charging infrastructure.

The initial SoC is influenced by users’ access to available chargers, which is strongly tied to land-
use. To assess this relationship, land-use data was collected from both MDOT and various cities and
communities. In cases of discrepancies between sources, local city or community data was prioritized over
MDOT data to ensure higher accuracy. The land-use categories considered in this study include residential
(single- and multi-family), industrial, and commercial.

For urban residential charging infrastructure planning, information on the distribution of single-
family housing (SFH) and multi-family housing (MFH) units was gathered from the American Community
Survey (ACS) database (/). Figure 8 illustrates the SFH and MFH distribution across Michigan, where
more than 3 million SFH units and over 800,000 MFH units are recorded. Both housing types exhibit higher
densities in the Lower Peninsula, particularly in major urban areas, highlighting key locations for residential
charging infrastructure deployment.
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Figure 8: Distribution of single-family and multi-family housing units across Michigan

Tourism Destinations

One objective of this study is to develop a charging network that supports tourism trips by
prioritizing long-term stay locations as potential sites for slower (level 2) EV chargers. These locations,
where visitors typically stay for more than six hours, include hotels, motels, and rental cabins. As shown in
Figure 9, 5,055 candidate points fall into this category. Destination charging, typically provided through
Level 2 chargers, offers several important advantages that make it a valuable component of a comprehensive
EV charging strategy. First, it is generally more cost-effective to install and operate compared to high-
powered DC fast chargers, making it a practical option for widespread deployment at tourist destinations.
Second, by allowing drivers to charge their vehicles while engaged in other activities, it helps alleviate
range anxiety by providing convenient access to energy without requiring dedicated charging stops. Finally,
slower charging rates are known to reduce the rate of battery degradation, helping to extend battery lifespan
and maintain long-term vehicle performance. These benefits make destination charging a strategic
complement to fast-charging infrastructure, particularly in urban and tourist destinations.

17



Legend
é [X4 ¢ Tourism Candidate Points

e Y L) . * .
e A NRES Y ”5- [ MRS
: (3 o, ”?n. 3. 4
X .:,# ) 3 '3
¢ AT
t‘s S Y%

Figure 9: Candidate points for EV chargers supporting tourism

Intercity Charging Infrastructure

This section outlines the required locations and quantities of DCFCs' needed to support intercity
travel in Michigan. It begins with the problem statement, followed by the modeling framework, and
concludes with results and discussion.

Problem Statement

With the growing adoption of EVs, ensuring reliable intercity travel remains a challenge due to
limited battery range and the uneven distribution of charging infrastructure along major highways. While
advancements in battery technology have extended driving ranges, many EVs still require recharging on
long trips. Michigan's DCFC network is not uniformly distributed, creating critical gaps that deter long-
distance EV travel and contribute to range anxiety, detours, and delays. Without a well-planned charging
network, these issues will continue to hinder widespread EV adoption. To address these challenges, a
strategic, cost-effective, and timely approach to placing charging stations is essential. Given the
involvement of various stakeholders, including transportation agencies and utility companies, and limited
resources, an optimization model is necessary to ensure efficient infrastructure deployment. This model
must balance investment costs and user convenience, ensuring chargers are placed at optimal locations to
minimize travel detours and congestion at charging stations.

This section focuses on identifying the best locations for DC fast charging stations along Michigan
highways to enable feasible intercity EV travel. The analyzed trips include both tourism and
nondiscretionary intercity travel, such as commuting between home and work or school, essential trips for
medical care or family obligations, business-related travel, and everyday utilitarian trips like shopping,
errands, or attending appointments. It aims to reduce both total investment costs and various travel delays
including detour, queue waiting, and recharging delays. Specifically, it addresses these key questions:

e  Where should charging stations be located along Michigan highways to support tourism and intercity
EV travel?

e How many chargers should be installed at each station?

e What is the estimated investment cost for developing the proposed infrastructure?

! This study assumes that DCFCs are available for 14 hours per day.
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Analysis Framework

This study adopts a unique modeling framework that captures travel time variations, while also
tracking the state of charge for vehicle groups between different OD pairs. It specifically addresses the
limited driving ranges of EVs, ensuring that long-distance trips are feasible through strategically placed en-
route infrastructure. At the same time, it minimizes both investment costs and overall travel delays. The
framework also differentiates potential locations along major roads based on factors such as land acquisition
costs and electric power availability.

Optimizing EV charging station placement across a broader intercity network where multiple
corridors intersect and run parallel is a key challenge. A traffic assignment module is integrated with a
facility location algorithm to enhance station placement efficiency. The framework also accounts for user
preferences such as detour and waiting time through a value of time parameter.

The problem is formulated as a mixed-integer nonlinear programming model. Due to its NP-hard
nature, a heuristic bi-level solution algorithm is developed to address computational complexity.
Specifically, a Simulated Annealing (SA) algorithm is employed to solve the problem efficiently despite its
non-linear constraints.

The mathematical model employs a decision-making framework to strategically allocate a budget
for constructing charging stations that support intercity EV travel. It accounts for EVs' limited range by
identifying optimal station locations that minimize rerouting delays. Additionally, the model determines
the required number of chargers at each station to reduce wait times, ensuring that each charger provides
adequate space for both vehicle parking and charger installation.

The model uniquely tracks the state of charge for all EVs by incorporating their spatial trajectories.
This approach ensures that charging stations are not placed solely based on high traffic volumes but are
also located in areas with a greater need for recharging. Considering both travel trajectories and battery
levels, the model identifies optimal sites where EV users actually require battery replenishment. For
instance, even though city boundaries experience significant inbound and outbound traffic, they may not
be ideal for intercity charging because EVs typically reach a critical charge level only after traveling
considerable distances away from these boundaries. Thus, when planning charging station locations, it is
essential to consider not only the overall travel volume but also the mix of short-range trips that do not
require recharging and long-range trips that do.

To adapt the model for Michigan, several key input parameters needed accurate estimation.
Realistic parameters were established with stakeholder input, including charger power and cost, electricity
provision cost, EV range, battery performance under adverse weather conditions, intercity travel demand
and seasonal variations, and EV market share penetration. Stakeholder data was essential in tailoring the
methodology and model to the specific context of Michigan.

Model Objective Function

The goal is to minimize the overall system cost, comprising both the investment in DC fast charging
stations and the travel delays experienced by EV users during recharging. However, because every traveler,
including EV drivers, chooses routes solely based on minimizing their own travel time, a user equilibrium
must be integrated into the system optimization. In other words, the problem seeks to determine the optimal
locations for charging stations within a network where vehicles are trying to minimize their individual travel
time (including recharging delays for EVs) and are affected by traffic flows and the placement of chargers.

In this section, we formulate the problem as a mixed-integer program with nonlinear constraints
and solve it using a metaheuristic algorithm. The road network consists of a set of links (e € E) and nodes
(i € I), which are divided into two main subsets: existing refueling stations (N{™ < I) and candidate
locations for new refueling stations (N3* < I). The notation (m € M) represents different vehicle classes in
the network, including various alternative fuel vehicles (AFVs) such as EVs with specific battery capacities.
This modeling framework allows the State of Michigan to analyze other AFV types in the future if needed.

Any node within the set of existing or candidate refueling stations may be visited by users either
for refueling or simply as a midpoint along their route. These two scenarios must be distinguished, as they
have different effects on the vehicle's fuel state. To address this, two sets of dummy nodes are introduced.
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The first set (N'T") is a duplicate of the existing refueling stations and represents those stations when visited
specifically for refueling. The second set (N'5") is a duplicate of the candidate refueling stations and denotes
those stations when used for refueling. If a dummy node (N'T* or N'}') is visited, refueling occurs.
Conversely, if only the regular nodes (NJ™ or NJ") are visited, they serve solely as travel midpoints.

The objective function below aims to minimize both the investment costs, including chargers, grid
infrastructure, construction, and land, and the costs associated with user refueling, detours, and waiting
times. Table 4 provides a detailed overview of the model variables.

Min Z Z Corx™ + Ux™ + 2" C* + v ( Z w; +TTy) ()
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Table 4: Intercity model variable description and definitions

Variable Description Unit/Value

(o Charging Station Cost $/day’

cm Charger Cost $/day

ur Utility Cost $/day

Vi Value of Time $/hour

T Delay time for waiting and refueling at charging stations hour

TT, Total Detour Travel Time Required for Refueling hour

x" Charging Stations Decision Variable build or not € {0,1}
z" Size of a charging station number of chargers

The objective function comprises two main components. The first component accounts for
infrastructure investment costs, including the fixed cost of establishing a charging station at a location, the
variable utility cost determined by the number of chargers and power capacity at each site, and the variable
cost of chargers (which includes the charger price, construction expenses, and land acquisition costs). The
cost of installing charging stations is calculated by multiplying the number of stations by C;* (measured in
dollars per station). Similarly, the cost of chargers is determined by multiplying the number of chargers by
CJ* (measured in dollars per charger). The second component represents the monetary value of the total
time spent by users on waiting, refueling at charging stations, and detouring to access a station. The total
time is multiplied by y;, the value of time, which is assumed to be $18 per hour (72). The decision variables
include whether to establish a charging station at a candidate location and the number of chargers at each
station, represented by x;" and z[", respectively. The total delay consists of two parts: the waiting and
refueling time at charging stations 7; and the additional travel time required for detours to reach a charging
station TT,, which represents the extra time EV users spend on the road to access a charging facility.

The key constraints of this model include:

e EV Trip Feasibility: Ensuring that all OD pairs are reachable for EVs while accounting for their
limited driving range.

e Traveler Route and Charging Station Selection: Capturing user behavior based on the user
equilibrium principle, where each traveler chooses routes and charging stations to minimize their own
travel time. Given that users’ route choices influence the optimal placement of charging
infrastructure, and that the location of charging infrastructure, in turn, affects future route decisions.

o Site Differentiation: Distinguishing candidate charging station locations based on socioeconomic
factors (i.e., utility make ready cost) that may influence feasibility and placement decisions.

! In this study, the infrastructure lifetime is assumed to be 10 years, and the associated costs are divided by the total number of days in that period
to enable comparison with other variables in the objective functions.
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Solution Approach

The optimization model developed in this project is a mixed-integer problem with nonlinear
constraints. Michigan’s road network is large-scale, making it computationally demanding for existing
solvers. To address this challenge, a metaheuristic algorithm is implemented, specifically designed to
efficiently handle complex optimization problems of this nature.

The metaheuristic algorithm proposed in this project is based on the SA algorithm, which follows
a two-step process. First, it explores the feasible set of integer solutions by starting from an initial feasible
solution and transitioning to a neighboring feasible solution. Second, it evaluates and compares the
objective function values of the current and new solutions. If the new solution improves the objective
function, it is accepted with a probability of one. If the new solution is worse, acceptance is determined by
a probability function based on the relative difference between the objective values of the current and
neighboring solutions. This probability decreases gradually as the algorithm progresses through iterations,
approaching zero by the end to prevent the acceptance of inferior solutions. When modifying the solution,
several decision rules guide the changes: locations with higher traffic flow are more likely to be selected
for the addition of new stations, while those with lower traffic volumes are considered first for removal.
Similarly, when increasing the number of chargers at a station, preference is given to sites with higher delay
levels, whereas stations with minimal delays are more likely to undergo reductions in charger count.SA
allows the acceptance of solutions with higher objective function values (worse solutions) compared to the
current solution, helping to prevent the algorithm from getting stuck in local optima. This feature is
particularly beneficial for problems with multiple local optima due to nonlinear constraints. SA has been
shown to efficiently solve flow-capturing mixed-integer programs.

Demand-Related Adjustments

Seasonal Variation in Demand

The project initially analyzed the MDOT travel demand matrix using aggregate demand models.
This travel demand represents typical travel patterns on a fall weekday. However, to reflect seasonal
changes, adjustments were made. Michigan experiences significant travel demand fluctuations due to
factors like cold weather in winter and scenic views during the spring, fall, and summer, which alter traffic
patterns throughout the year. Additionally, colder temperatures impact the performance of Li-lon batteries,
reducing their efficiency and leading to changes in EV user charging behavior (70). To capture these effects,
the researchers used data from CCS across Michigan. The CCS collect traffic data 24 hours a day, thus
reflecting any seasonal variation at different locations around the state. Using this data solutions are
developed for each month based on temperature and travel demand variations.

Demand Fluctuations

Following stakeholder recommendations, the model was adjusted to increase the number of
chargers by 10% above the minimum required. This adjustment accounts for fluctuations in travel demand
and potential maintenance issues, ensuring sufficient charger availability.

Battery Charge Assumptions

Interior Node Assumptions

The network-level model sets the initial SoC at 60%, based on stakeholder feedback, to reflect real-
world EV user behavior. This value strikes a balance between drivers pre-planning for longer trips and the
common practice of starting shorter trips with approximately 60% SoC. This assumption does not apply to
urban (within the city) trips, which will be addressed in a subsequent section. The model ensures that EVs
reach their destinations with at least a 20% battery charge, accounting for users’ range anxiety (/6). To
achieve this, EVs may need to charge en-route, depending on the trip length. During charging events, the
battery is typically charged up to 80% of its capacity, as recharging time increases exponentially in the last
20% of battery capacity. For the last charging stop in each trip, the model assumes the battery is only
charged to the minimum level needed to reach the destination. For trips with out-of-state origins or
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destinations, the model only applies this charging strategy to the portion of the trip that occurs within
Michigan. Border nodes are treated separately and are discussed below.

Border Node Assumptions

This study's modeling framework is designed to support intercity trips within Michigan, ensuring
that all EVs can reach their destinations within the state with at least 20% battery charge by providing
sufficient charging opportunities. Additionally, the model recognizes the importance of supporting
interstate and international travel to and from Michigan. Boundary nodes, which connect Michigan to
neighboring states and Canada, are treated as the potential origin or destination points. The state of charge
at these boundary nodes is crucial for considering the feasibility of interstate and international trips.

For trips outside Michigan, the model ensures that EVs leave the state fully charged and can
recharge at the nearest available charging point when entering or exiting the state. These trips are classified
as external travel demand. While the model ensures that EVs arrive at their destinations with a minimum
charge (including border nodes for external demand), there may not be enough charge to continue the
journey beyond the border nodes. To address this, adjustments were made to ensure the feasibility of EV
trips for external travel demand.

In this study, the external outgoing traffic flows for each boundary node in Michigan are estimated
using the nationwide OD matrix. The closest charging station to each boundary node is identified to estimate
the fuel state at these nodes. Based on the fuel state and charging demand, the model determines the required
number of charging spots at each boundary node to ensure that EV drivers can leave Michigan with a full
charge.

Location and Number of Intercity Chargers

Seasonal Variations

During summer Michigan highways experience higher travel demand compared to winter due to
increased number of trips for tourism and other activities. However, battery efficiency decreases in winter
due to colder temperatures, leading to a shorter available battery range despite lower overall travel demand.
As a result, additional charging stations and chargers are necessary during winter months to accommodate
travel demand.

Since only one charging station configuration can be implemented, it is essential to test the
performance of charging stations and charger configurations under different seasonal travel demands. It
was observed that during winter a greater number of charging stations and chargers are required due to
reduced battery efficiency in colder temperatures, while during summer despite having higher travel
demand, EV travel benefits from longer battery range (70). To evaluate the feasibility of the winter
configuration under summer conditions, the optimized charging station configuration for winter is tested to
accommodate summer travel demand. The results indicate that the winter charging infrastructure
sufficiently supports summer charging needs, even though some charging station locations do not perfectly
align with summer travel demand patterns (70). While this configuration slightly increases average delays
for summer EV travel, it does not impact trip feasibility. In contrast, if the charging infrastructure are
designed to support summer travel and battery performance, the designed charging infrastructure will be
inadequate for winter travel demand, making it an impractical choice for year-round use. Therefore, the
charging station configuration will be designed to support winter travel, ensuring EV trips remain feasible
throughout the year, despite the minor increase in summer delays.

Optimized Results for Charging Station Placement and Charger Numbers

This section details the project findings. Table 5 summarizes the number of charging stations,
chargers, and the required charging infrastructure investment, considering EVs with 70kWh batteries and
150kW DCFC stations under 25% adoption scenario. It is important to note that the reported cost is
conservative because the model assumes only one charging station per location. Under this assumption,
$14.85 million are allocated for station construction, and $134.80 million are allocated for chargers,
resulting in a total of $149.64 million. In practice, chargers may be installed at multiple stations within a
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five-mile radius along the corridor, potentially raising both infrastructure and installation expenses. As a
result, the final, real-world distribution of chargers could lead to slightly higher overall costs depending on
the availability of site-hosts.

Table 5: Summary of the currently available, planned and required intercity chargers

Total required Existing chargers New required

Tesla Non-Tesla

Number of charging stations' 55 38 17
Number of chargers 2136 124 288 1724

Figure 10-12 show the total required chargers, existing chargers, and newly required chargers for
each location, respectively. The size of the circles in the figures represents the number of chargers needed
at each location. Figure 11 specifically highlights the current 150kW DC fast chargers in Michigan, which
are available for intercity travel. To qualify as an existing intercity charging station, a charger must be
located within 1 mile of an Interstate exit or a highway intersection along designated corridors. Charging
stations that do not meet this criterion are excluded from the intercity study.

As shown in Figure 12, Brighton, located near Detroit, has the highest charger requirement, with
200 chargers. This is due to the high travel demand entering and exiting Detroit. Since Detroit serves as
either the origin or destination for these trips, there is less need to install a large number of chargers within
the city itself to support intercity travel. Instead, ensuring adequate charging infrastructure along highways
connecting Detroit to neighboring cities is crucial for supporting the high intercity travel demand. The next
highest charger requirements are in Benton Harbor, Reed City, Newport, and Muskegon. This is primarily
due to the significant travel demand toward Chicago, around Lake Michigan and to Upper Peninsula
destinations.
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Figure 10: Total required chargers to support intercity trips in Michigan

! The total number of existing charging stations (sites) is 38. Out of the 38 existing charging stations, one station includes only Tesla chargers, 25
stations have only non-Tesla chargers, and 12 stations are equipped with both.
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Figure 12: New required chargers to support intercity trips in Michigan

Tourism Charging Infrastructure

This section outlines the required locations and quantities of Level 2' chargers needed to support
tourism travel in Michigan. It begins with the problem statement, followed by the solution approach, and
concludes with results and discussion.

! This study assumes that Level 2 chargers are available for 24 hours per day.
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Problem Statement

This section aims to propose a framework for identifying both the optimal sites and required
number of slow (Level 2) chargers at tourism destinations in Michigan. The framework has two main goals:
(i) pinpointing the best placement and quantity of Level 2 chargers at candidate destinations, and (ii)
ensuring that unserved projected charging demand of Level 2 network, if any, can be satisfied by available
DCFCs, while minimizing detours for users.

The study formulates an optimization problem, structured as a mixed-integer linear program
(MILP), and offers a heuristic solution approach. A node-based approach is adopted to model charging
demand for the Level 2 charging infrastructure. A queuing model is deemed unsuitable, as level 2 charging
can require several hours per session. Trip feasibility remains a key constraint. This framework evaluates
charging infrastructure from three perspectives:

e Transportation network: Reducing unserved charging demand and detours.

e Grid network: Controlling costs linked to necessary grid expansions triggered by the additional EV
charging load.

e Charging infrastructure cost: Minimizing investment outlays for both charging stations and
chargers.

Solution Approach

As illustrated in Figure 13, the proposed modeling framework is divided into four principal sections,
each covering a sequence of steps: (i) Tourism Destination Trip Forecast, (ii) Origin-Destination Analysis,
(iii) EV and Charging Demand Estimation, and (iv) Charger Optimization. Each of these steps addresses a
specific part of the modeling process, ultimately enhancing the framework’s accuracy and effectiveness,
including the selection of optimal Level 2 charger locations and quantities.

The first two components quantify tourism travel within the study region, an essential step given
the lack of dedicated tourism travel demand data, such as origin-destination matrices specific to tourism
trips. The EV and charging demand estimation section outlines the assumptions used for evaluating
charging needs, while the charger optimization section introduces the mathematical formulation of the
problem and its respective solution techniques.
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Figure 13: Modeling framework for tourism destination charging

Tourism Destination Trip Forecast

To begin, candidate sites for destination chargers are grouped according to their respective zones.
By matching each site’s business type with the land use categories defined in the Trip Generation Manual
by the Institute of Transportation Engineers (ITE) (73), it becomes possible to estimate the number of trips

26



attracted to each location. The manual presents trip generation rates for various land uses, typically based
on a facility’s total floor area or number of employees. This makes it feasible to calculate the number of
trips drawn to each destination zone.

For the purposes of this study, long-term stay locations such as hotels and motels serve as candidate
sites. According to the manual, hotels generate an average of 14.34 trips per employee per day, while motels
account for 12.81. Given a 50% split between arriving and departing trips, these figures convert to 7.17
daily trips per employee for hotels and 6.40 for motels.

Origin-Destination Analysis

After determining the number of trips drawn to each destination zone, the next step is to identify
their points of origin. The distance traveled plays a crucial role in an EV’s SoC: longer journeys lower the
SoC upon arrival and can necessitate intermediate charging. Additionally, trips originating from more
distant locations are more likely to terminate at long-term stay establishments (e.g., hotels). As such, the
trip distribution factor should incorporate these aspects. On the other hand, fewer long-distance OD trips
occur compared to shorter ones, so the distribution factors must strike a balance between OD demand and
travel distance.

aj 4y
0 S d
P,(i€1,j€]|d; > 85mi) = EJ;’;{ Z]d; (3)

*

Zi(Zj qij Xj dij)

Equation (1) presents the method for calculating the trip distribution factor for each destination
zone, excluding trips shorter than 85 miles, as these are less likely to end at long-term stay accommodations.
In this equation, the probability that zone i is the origin for trips directed to zone j (P;j) depends on two
ratios: (1) the travel demand between zones i and j (g;;) relative to the total demand attracted by zone j
(Xj qij), and (2) the distance between zones i and j (d;;) relative to the total distance from any zone to j
(Xj d;j). This combined ratio captures the joint effect of travel demand and trip distance on the distribution
process.

EV and Charging Demand Estimation

This step follows the processes outlined in Figure 14. Key assumptions regarding EV market share,
initial SoC, and desired SoC are established to assess the need for intermediate fast charging and determine
the final charging demand at the destination. Using travel patterns and accounting for the energy supplied
by existing Level 2 chargers, the total EV charging demand is estimated.
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EV market share*: Indicating the proportion of trips made by EVs.

/’initial SoC*: ‘
Trips longer than 150 miles = set the initial SoC to 100%

(underlying assumption: travelers have pre-planned their trips and charge their EVs
accordingly) \

Trips shorter than 150 miles = set the initial SoC to 60% (average).

7
e T
Initial SoC adequacy*: ‘
The initial SoC is adequate = travelers will reach their destination with the remaining
battery charge. \
The initial SoC is insufficient = charge EVs at a DCFC station during the trip to ensure they
reach the destination with a minimum of 20% battery charge.
A s

Desired SoC*; ‘
Set the desired SoC at the destination to 60%.

Those who arrive at the destination with a SoC lower than 60% will charge their EVs to reach |
the desired 60% level.

(Indicates the energy required to charge EVs using Level-2 chargers at each destination.)

EV and energy demand: Calculate the number of EVs needed to be charged

Calculate the total energy demand by summing up the energy demands from all TAZs in the
LMC area.

=

Existing chargers: A portion of energy demand is served with existing Level-2 chargers

Subtract the amount of energy supplied by existing chargers from the total energy demand.

-

" Levels are set based on stakeholders feedback

Figure 14: EV and charging demand estimation process

Charger Optimization

This step presents the tourism charger optimization framework, which determines the optimal
placement and number of Level 2 chargers, at tourism destinations, to minimize overall system costs. The
objective function, as presented in the following equation, accounts for both capital expenditures, including
station and charger installation costs (Cs and C,), land acquisition (C, lj), and utility upgrades (Cuj), as well
as user-related costs, such as detour delays (TTjd) and additional expenses incurred when charging at a

DCFC station due to insufficient Level 2 chargers at the destination (A Y j¢; E ]ynser”e‘i).

1
min zz@x]- +PCezj+ Cx; + Cy)) + Z(TTjdEVj“”S"’”’ed) + AZ Epneerved
i€l j€l j€l
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To ensure feasibility, the framework incorporates key infrastructure and operational considerations.
It accounts for budgetary limitations, preventing charger allocation to locations beyond the available
investment capacity. The model also determines the necessary utility upgrades based on the number of
chargers installed at each site while ensuring that when existing chargers meet local energy demand,
additional installations are not required. Furthermore, the framework evaluates unserved charging demand,
estimating the number of EVs that would need alternative charging solutions if Level 2 availability is
insufficient (EV*™*¢7v%),

To solve this problem efficiently, multiple solution approaches were developed and assessed based
on computational time and accuracy. An exact optimization method was initially implemented using a
commercial solver capable of handling mixed-integer programming problems. However, due to
computational challenges in large-scale networks, a heuristic approach was introduced to generate near-
optimal solutions within a practical timeframe.

The heuristic method prioritizes charger placement by evaluating detour times, charging demand,
and available infrastructure. Charger allocation follows an incremental process, adding chargers to locations
where they provide the greatest benefit.

Ultimately, the framework balances cost-effectiveness and service coverage, ensuring that
unserved charging demand is either met through strategically placed Level 2 chargers or redirected to the
nearest available DCFC station. The selected optimization method provides a scalable and adaptable
solution for expanding charging infrastructure while considering both financial constraints and user
convenience.

Location and Number of Tourism Destination Chargers

This section presents the location and number of level 2 chargers needed at tourism destinations to
support eco-tourism. The default parameter values for the base case are provided in Table 6, while location-
specific variables, such as land acquisition and utility upgrade costs, are excluded due to their extensive
variability. The total tourism charging demand across Michigan amounts to 1,313.98 MWh, of which
177.26 MWh is already supplied by existing Level 2 chargers. This leaves 1,136.72 MWh requiring
additional charger installations. To quantify user inconvenience, the value of time and charging cost
differential are incorporated into the analysis, ensuring a balanced assessment of cost-effectiveness and
service efficiency.

Table 6: Tourism destination charging parameters

Description Value
EV market share 25%
Battery efficiency 3.5 Mile/kWh
Battery Capacity 70 kWh
Charger efficiency 1.18
Study period 24 hours
Value of time $18.00/hour
Total number of EV trips ending at tourism destinations 50,063 vehicles
Total charging demand 1,313.98 MWh
Total energy provided by existing Level 2 chargers 177.26 MWh
DCEFC to Level 2 charging cost differential $ 0.25/kWh
Infrastructure Lifetime 10 years
Level 2 station cost per station $5,465.00

Level 2 charger cost per charger per power

403.93 ($/kW)

29



The results in Table 7 compare various technology advancement scenarios each featuring different
Level 2 charging powers (ranging from 7 kW to 19 kW) and evaluates their impact on infrastructure costs,
charging performance, and user experience. While the 7 kW chargers yield the lowest objective function
value, they may not provide sufficient energy to charge an EV battery up to the desired SoC within the
typical duration of stays at tourism destinations. This limitation affects the practicality of 7 kW chargers in
ensuring reliable charging for EV travelers. Consequently, while the 7 kW charger is included for
comparison, it is not considered a viable option for the final network design.

Among the remaining scenarios, a trade-off exists between infrastructure costs, energy supply, and
user delays. As charging power decreases, the number of chargers required increases, rising from 4,084
chargers at 19 kW to 7,412 chargers at 9 kW. This increase in charger installations allows the network to
better accommodate charging demand, reducing the number of unserved EVs and ensuring energy
availability remains stable across all power levels.

Although higher-powered chargers (19 kW) reduce user delays, they come with a higher
infrastructure cost ($73.05 million). Conversely, 11 kW chargers strike a balance between cost efficiency
and charging feasibility, providing a more scalable solution while keeping user delays at an acceptable level.
Considering these factors, 11 kW is selected as the preferred option for the final comprehensive charging
network.

Table 7: Tourism destination charging results for different Level 2 charging powers

Level 2 Charging Power (kW): 19 kW 11 kW 9 kW 7 kW
Number of Stations 1,502 1,503 1,503 1,503
Number of Chargers 4,084 6,167 7,412 9,205
Total Infrastructure Cost $73.05 M $66.71 M $66.60 M $65.26 M
Stations Cost $8.21 M $8.21 M $8.21 M $8.21 M
Charger Cost $31.34 M $27.40 M $26.95 M $26.03 M
Land Cost $3.17M $3.18 M $3.18 M $3.18 M
Utility Cost $30.33 M $27.92 M $28.26 M $27.85M
Total Delay! 9.79 hour 10.02 hour 6.85 hour 6.46 hour
Average Delay per unserved EV? 11.32 min 19.39 min 14.92 min 20.73 min

Objective Function Value

20,537 ($/day) 18,662 ($/day) 18,551 ($/day) 18,121 ($/day)

Energy Demand 1,313.98 MWh 1,313.98 MWh 1,313.98 MWh 1,313.98 MWh
Existing Energy 177.26 MWh 177.26 MWh 177.26 MWh 177.26 MWh
Supplied Energy 1,135.33 MWh 1,135.89 MWh 1,135.99 MWh 1,136.22 MWh
Unserved Energy 1.39 MWh 0.82 MWh 0.73 MWh 0.50 MWh
Unserved EV? 52 vehicles 31 vehicles 28 vehicles 19 vehicles

! The total detour time incurred by users to reach the nearest DCFC station due to insufficient Level 2 chargers at the destination.
2 Average detour time per user to reach the nearest DCFC station due to a lack of Level 2 chargers at the destination.

3 Total number of users required to make a detour to reach the nearest DCFC station due to a lack of Level 2 chargers at the destination.
This analysis highlights the importance of aligning infrastructure planning with practical charging

needs, ensuring that EV travelers have access to sufficient charging without excessive costs or delays.
Figure 15 shows the number of tourism destination Level 2 chargers within each TAZ in Michigan.
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Figure 15: Distribution of Level 2 chargers (11 kW) at tourism destinations in Michigan

Urban Area Charging Infrastructure

This section presents the required locations and quantities of Level 2! chargers and DCFCs? to
support urban travel in Michigan. It begins with the selection of major urban areas for EV charger placement
analysis. For both Level 2 and DCFC infrastructure, the discussion starts with the problem statement,
followed by the modeling framework, and concludes with the results and discussion.

City Selection

Using the statewide Michigan network, various data points, including the number of zones,
generated travel demand, lane lengths, and estimated miles traveled, are extracted for each candidate city.
Major cities with sufficient network details and trip generation are selected for EV charger placement
analysis. Additionally, Marquette, the city with the highest generated travel demand in Michigan’s Upper
Peninsula, is included in the analysis. A summary of the candidate cities can be found in (74), while Table
8 presents the selected cities for the detailed EV charger placement study.

Table 8: Selected cities for urban study

City Number of nodes Number of zones Generated travel demand (vehicles)
Marquette 62 21 65,585
Muskegon 387 52 369,790
Ann Arbor 413 36 400,781
Kalamazoo 369 55 480,641
Saginaw 783 116 622,718
Flint 694 84 656,694
Lansing 896 92 682,634
Grand Rapids 1031 82 1,229,411
Detroit 5461 301 5,130,782

! This study assumes that Level 2 chargers are available for 24 hours per day.
% This study assumes that DCFCs are available for 14 hours per day.
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Level 2 Chargers

Problem Statement

Charging at home is the most convenient option for EV users, allowing them to recharge their
vehicles overnight without disruption. Currently, the majority of EV owners reside in SFHs, where access
to home chargers is more common. However, as EV adoption grows, this trend may shift, with more users
living in MFH, where access to dedicated home charging is severely limited. Given the budget constraints
in infrastructure development, investments must be strategically allocated to maximize impact. This study
determines the required number of chargers at both SFHs and MFHs based on the distribution of each
dwelling type across Michigan and within each major urban area, ensuring an equitable expansion of
residential charging options. While DCFC is essential for long-distance travel, investing in Level 2 chargers
remains crucial for residential charging since they mitigate battery degradation by providing a slower, more
battery-friendly charging rate, extending battery life and reducing long-term replacement costs.

Analysis Framework

Figure 16 illustrates the urban residential analysis framework, which begins by incorporating
housing type distribution and future EV adoption projections, assuming a 25% EV market share across
Michigan. The framework then determines the optimal allocation of residential chargers between SFHs and
MFHs using two approaches:

o Proportional Allocation: Assumes that charger distribution follows the same proportions as housing
types.

o Weighted Allocation: Recognizes that SFH residents have a higher likelihood of EV ownership,
leading to a slight preference for charger placement in SFH units.

Once the total number of chargers needed to meet statewide EV demand is established, the next
step is to evaluate access levels to home charging. A 100% access rate implies that every housing unit with
an EV has a dedicated residential charger. For MFHs, a sharing rate can also be introduced, allowing
multiple EV owners to share access to a single charger, improving efficiency and optimizing infrastructure
investments.
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Figure 16: Urban residential charging infrastructure analysis framework
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Location and Number of Level 2 Chargers in Urban Areas

Table 9 and Figure 17 illustrate the required number of chargers for residential units under both
proportional and weighted allocation approaches. In the weighted allocation, chargers are distributed
following a 90%-10% ratio between SFH and MFH, respectively. The analysis assumes a 90% home
charger access rate for SFH residents, while 50% access is considered for MFH residents. This means that
the allocated chargers ensure 90% of EV-owning SFH units and 50% of EV-owning MFH units have home
charging access. As expected, the weighted allocation results in more chargers being assigned to SFH units
and fewer to MFH units compared to the proportional allocation, reflecting the higher likelihood of EV
ownership among SFH residents.

Table 9: Urban residential Level 2 charging results for urban residential units

Allocation approach: Proportional Weighted
Housing type: | SFH MFH SFH MFH
Number of Zones 3,704 2,862 3,704 2,677
Number of Chargers 784,238 103,509 855,243 53,920
Total Infrastructure Cost $3,504.79M  $475.55M | $3,820.28 M $25421 M
Charging Station Cost' $20.24 M §15.64M | §20.24 M $14.63 M
Charger Cost? $3,484.55M  $45991M | $3,800.04 M $239.58 M

! Charging station cost refers to the electrical panel and switchgear installation, engineering and design, permitting, and project management, and
may encompass multiple chargers within a single station.
2 Charger cost refers to the expense associated with purchasing each individual EV charging unit.
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Figure 17: Number of required Level 2 chargers at urban residential units

Figure 18 presents maps illustrating the distribution of Level 2 residential chargers for MFH units
across TAZs under both allocation approaches, assuming a 50% access rate to home chargers at MFHs. The
results confirm that higher charger demand is concentrated in major urban areas, particularly in the southern
Lower Peninsula (LP), where population density is higher, as well as Marquette in the Upper Peninsula
(UP).

By comparing the two maps, it is evident that the proportional allocation approach assigns a greater
number of chargers to MFH units compared to the 10% weighted allocation approach. This highlights the
impact of allocation strategy choices on residential charger distribution, emphasizing how prioritizing SFH
units in the weighted approach results in fewer chargers being allocated to MFH units despite their limited
home charging accessibility.

33



(a) Proportional (b) Weighted (90% - 10% ratio)

Figure 18: Distribution of Level 2 residential chargers for MFH units across TAZs under allocation approaches

Table 10 presents the number of Level 2 residential chargers required in nine major urban areas in
Michigan under the weighted allocation approach. The results indicate that 495,941 out of 855,243 chargers
(58%) for SFHs and 41,515 out of 53,920 chargers (77%) for MFHs should be deployed in these major
urban areas, highlighting their critical role in residential charging infrastructure expansion.

Table 10: Urban residential Level 2 charging results for major urban areas under weighted allocation approach

Major urban arcas Slngle-fa?;gg;) h;clzseléls chargers Multl-falzlsl(l)};/ohgélsérslsg) chargers
Ann Arbor 17,848 3,582
Detroit 282,458 22,442
Flint 31,952 1,694
Grand Rapids 51,788 4,717
Kalamazoo 21,801 2,342
Lansing 33,574 3,625
Marquette 5,003 445
Muskegon 17,991 910
Saginaw 33,527 1,759
Total 495,941 41,515

DCFC Stations

Problem Statement

As EV adoption grows, urban charging infrastructure must be strategically expanded to meet
demand. Unlike intercity trips, urban EV trips are more spontaneous, and users may start with varying states
of charge. While the length of daily urban trips is usually smaller than the average driving range of an EV
on a full charge, many users do not always begin their trips with a fully charged battery. Limited access to
home or workplace chargers, failure to regularly plugin in vehicles, and inadequate overnight charging time
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can leave users with lower-than-expected battery levels, creating range anxiety and uncertainty in urban
EV travel.

To address these challenges, there is an immediate need for strategically placed DCFC in urban
areas. These chargers will alleviate range anxiety, reduce uncertainty in EV trips, and ensure seamless urban
mobility. Given the limited resources and involvement of multiple stakeholders, including city planners,
transportation agencies, and utility providers, an optimization model is necessary to determine the best
locations and capacities for DCFC stations. This study incorporates a dynamic traffic simulation model to
track user trips and estimate charging behavior and state of charge. The influence of Level 2 chargers,
located at residential areas, shopping centers, and workplaces, is also considered in the state of charge
estimator function to better reflect real-world charging patterns.

This section focuses on identifying the optimal locations for DC fast charging stations in urban
areas to ensure reliable and accessible charging infrastructure for daily EV travel. It aims to reduce both
total investment costs and various travel delays including detour, queue waiting, and recharging delays.
Specifically, it addresses these key questions:

e  Where are the traffic analysis zones that require charging stations to effectively support daily EV travel?
e How many chargers should be installed at each station?
o  What is the estimated investment cost for developing the proposed infrastructure?

Analysis Framework

The first step in the proposed modeling and solution framework is data collection. This study
requires various datasets, including OD travel demand, road network information, land use data, land and
electricity provision costs, as well as charging station and charger costs and specifications. Users’ trips are
then simulated using a dynamic traffic simulation tool, with OD demand and road network data as key
inputs. The simulation outputs trip trajectories and dynamic skims, such as travel times and distances for
each OD pair across different departure time intervals.

Unlike intercity trips, which are typically well-planned with fully charged batteries at departure,
urban trips are more spontaneous, and users may start with varying states of charge. To account for this, a
state of charge simulator is developed, considering trip purpose and land use at the trip origin to estimate
the initial battery charge for each trip trajectory. Finally, all the collected and simulated data serve as inputs
for the optimization model.

The modeling framework in this study accounts for the limited range of EVs, ensuring that every
EV trip remains feasible by strategically providing charging infrastructure. Simultaneously, it aims to
minimize both the total infrastructure cost and the monetary value of delays experienced by EV users. The
model evaluates candidate locations for charging stations based on factors such as land acquisition and
electricity provision costs. Key constraints incorporated in the model include flow conservation equations,
charging station allocation, SoC tracking, trip feasibility, and charging and queuing delays at stations.

The problem is formulated as a mixed-integer programming model with nonlinear constraints. Figure 19
presents the overall framework and the sequential steps of this study.

35



Data collection Simulation

oD d d Dynamic Traffic ‘ . . /

eman Assignment (DTA) ‘ Trajectory extraction /
Road Network

[ twor |

Problem Formulation

State of charge function ‘

Optimal solution ‘

(Station Location and Number of Chargers)

Optimization model

/Charging Station Locatior/

‘ -Minimize investment

Charger Allocation -M?n?mize detot.Jr
| -Minimize queuing delay

Figure 19: Urban DCFC general research framework

Traffic Simulation

Traffic state and congestion levels influence the route choices of both EV users and non-EV drivers.
Additionally, the trip chains of EV users must be considered when determining charger placement. In this
project, road traffic across the Michigan state-wide network is simulated, and the trajectories of EV trips,
representing vehicle travel paths over time, are extracted for different cities on a daily basis.

Traffic simulation is a computational tool used for planning, operational analysis, and design in
transportation systems. One of its key applications is the visual representation of current or future scenarios
to support decision-making. To estimate time-dependent charging demand at different locations, EV trip
trajectories are analyzed, with 25% of all trips in selected city sub-networks randomly assigned to EVs. A
state-wide Michigan traffic simulation is conducted using a traffic simulator to facilitate this analysis.

Transportation models are generally categorized into three levels based on detail: microscopic,
mesoscopic, and macroscopic. For this study, the mesoscopic simulation tool DYNASMART-P (75) is used
due to its fast execution and ease of calibration. In mesoscopic simulations, traffic flow is represented at an
intermediate level of detail, where individual vehicles are moved according to macroscopic speed-density
relationships, balancing computational efficiency with realistic traffic flow propagation.

DYNASMART-P, utilizing dynamic traffic assignment, supports a wide range of transportation
planning and operational decision-making. This tool integrates dynamic traffic assignment models with
traffic simulation, allowing for a more comprehensive analysis of network conditions. One of its key
advantages is the ability to model traffic flows based on the decisions of adaptive users who adjust their
routes in real time to optimize their travel paths throughout the planning horizon. This capability addresses
many of the limitations present in conventional planning tools.

DYNASMART-P processes road network data and system configurations as inputs, generating
individual vehicle trips based on time-dependent OD demands. Once vehicles are introduced into the
network, they are assigned routes that minimize generalized travel costs, and the system proceeds to a user
equilibrium state. The software outputs detailed vehicle trajectories, including those of electric vehicles, as
well as the optimal paths from origins to destinations. EV trajectories are extracted from the simulation
results and integrated into an optimization framework to determine the optimal charging infrastructure
configuration, minimizing overall system costs. A portion of vehicles, both electric and non-electric, are
considered adaptive, meaning they can switch routes in response to congestion or gridlock. These vehicles
have access to real-time traffic information, allowing them to make informed routing decisions.
DYNASMART-P requires five key categories of data, outlined below.

e Network Data: The primary input in this category is a file containing statewide network nodes and link
information. The Michigan road network was supplied by MDOT in the form of a TransCAD file,
which is converted into a format compatible with DYNASMART-P. Figure 4 illustrates Michigan’s
statewide road network.
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e Control Data: This file specifies the control types for all network nodes (intersections) and includes
phasing details for signalized intersections.

e Demand Data: MDOT provides a static travel demand matrix on a daily basis. Hourly factors are
applied to these static demands to generate a time-dependent OD demand matrix for dynamic
simulation.

e Traffic Flow Relations: Speed-density curves, specific to the Michigan network, are calibrated using
data collected from MDOT’s CCSs along Michigan freeways.

e Scenario and System Data: These inputs define the simulation settings and are essential for scenario
analysis, enabling the evaluation of different traffic conditions and network configurations.

Using the statewide Michigan road network, illustrated in Figure 4, and the prepared input files,
the simulation is executed in DYNASMART-P, where vehicles are assigned to routes that minimize
generalized travel costs. Based on the traffic assignment results, the trajectories of trips originating from
selected cities are extracted for each city. It is assumed that 25% of all trips within each city are taken by
EVs. These EV trip trajectories serve as inputs to the charging simulator, which estimates charging needs
and identifies vehicles that require recharging.

To illustrate the traffic simulation results, Figure 20 presents snapshots of simulated vehicle
movements within Detroit at four different times: early morning, morning peak period, afternoon peak
period, and off-peak night period. The lightness or darkness of the green color on each route represents the
level of congestion, the darker the green, the more congested the route.

(a) Morning off-peak hours (b) Morning peak hours

(c) Evening peak hours (d) Night off-peak hours

Figure 20: Simulation results for the Detroit metropolitan area
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State of Charge Simulator

Unlike intercity trips, which are typically considered standalone journeys, urban trips are often part
of a chain and are less preplanned. As a result, EV users may begin their urban trips with varying states of
charge, whereas intercity trips are more likely to start with a fully charged battery. The initial state of charge
for EVs depends on the trip origin and departure time, while the desired SoC (state of charge EVs aim to
have at the end of their trips) is influenced by the trip destination and arrival time.

To estimate EV charging behavior, this study develops a simulation tool based on a 2016 Michigan
Department of Transportation survey (76). This survey provides insights into time-dependent trip purposes
across Michigan, as illustrated in Figure 21. The survey categorizes trip activities into seven groups: home-
based work (HBWork), non-home-based work (NHBWork), home-based school (HBSchool), home-based
shop (HBShop), home-based social (HBSocial), home-based other (HBOther), and non-home-based other
(NHBOther).

However, for EV applications, distinguishing trips based on whether they originate from home or
work is crucial, as these locations generally offer higher availability of Level 2 chargers. To simplify the
classification, the survey’s original categories are reorganized into four groups:

o HBWork (Home-Based Work)

o NHBWork (Non-Home-Based Work)

o NHBOther (Non-Home-Based Other)

o HBNWork (Home-Based Non-Work), which consolidates HBSchool, HBShop, HBSocial, and
HBOther due to their similar charging opportunities.

Using the time-dependent trip purposes and land-use information, the simulation probabilistically estimates

the origin, destination, and purpose of each trajectory, helping to determine the charging behavior of EV

users.
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Figure 21: Person trips by start time (hour) and general purpose

This study differentiates trips originating from home based on whether the EV has access to a home
charger. Both single- and multi-family units with home charging access are assumed to have a similar initial
state of charge. Additionally, since some workplaces offer charging facilities for employees, EVs departing
from workplaces are more likely to start their trips with a higher initial state of charge compared to those
from residential areas without home charging access. This study employs a normal distribution in the
charging simulation to account for the stochastic nature of users' charging behavior, considering both their
initial and desired state of charge. The total charge required for each trajectory is determined by the

38



difference between the desired state of charge and the initial charge, plus the energy consumed en-route to
the destination. If this value is positive, the EV requires recharging; otherwise, the vehicle does not need
charging and is excluded from the optimization modeling framework.

Table 11 presents the mean and standard deviation of the initial state of charge for vehicles
departing from different land uses before 12 PM, as well as the desired state of charge for vehicles arriving
at various land uses after 5 PM, based on a normal distribution. It is assumed that EVs experience a
reduction in state of charge throughout the day due to multiple trips. To account for this, the initial state of
charge is decreased by 0.1 for trips starting between 12 PM and 5 PM and by 0.2 for trips starting after 5
PM. Additionally, since urban trips are often part of a trip chain, trips arriving before 5 PM are unlikely to
be the final destination, as they are more likely to be followed by additional trips. To reflect this, the desired
state of charge is adjusted by increasing it by 0.1 for trips arriving between 6 AM and 12 PM and by 0.05
for trips arriving between 12 PM and 5 PM. Additionally, it is assumed that 90% of single-family units
have access to home chargers, while 50% of multi-family units have home charging availability.

Table 11: Initial and desired state of charge of vehicles

Initial state of charge Desired state of charge
Mean SD Mean SD
Home- single family
With home charger 0.75 0.05 0.15 0.1
Without home charger 0.5 0.2 0.4 0.1
Home- multi family
With home charger 0.75 0.05 0.15 0.1
Without home charger 0.5 0.2 0.4 0.1
Work 0.6 0.2 0.25 0.1
Other 0.55 0.3 0.25 0.1
Optimization Model

The proposed optimization model aims to minimize the total system cost, which encompasses
infrastructure investment costs for charging stations and chargers, as well as the total delay incurred by EV
users. Due to the high nonlinearity of this objective function, the problem is decomposed into two sub-
problems. The first sub-problem focuses on minimizing the investment in charging stations, charging delay,
and detour delay. The second sub-problem then minimizes the cost of chargers and the delay experienced
by EV drivers at charging stations.

This section formulates the main objective function, which is decomposed into two sub-objective
functions corresponding to each sub-problem. The road network comprises a set of zones (i € I), and each
electric vehicle (j € J) follows a trajectory derived from dynamic traffic simulation. This trajectory includes
details such as OD pairs, route choices, departure times, trip lengths, and travel times. Additionally, a
discrete set of time periods (t € T) represents the arrival times of vehicles at charging stations, enabling
the model to capture the visiting flow at different times.

The objective function aims to minimize the total investment cost, including chargers, grid
infrastructure, construction, and land, as well as user-related costs such as charging, detour, and waiting
time. Table 12 provides definitions for each model parameter.

Min z(Cini +Uix; + Clz;) + V(z Z i+ z TTD)) (5)

i€l i€l TET jeJ
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Table 12: Model variable descriptions and definitions

Variable Description Unit/Value

c? Charging station cost $/day’
c? Charger cost $/day
U; Utility cost $/day
Y Value of time $/hour
] Delay time for waiting and refueling at charging stations  hour

TTD; Detour travel time required for charging hour
X; Charging station decision variable Build or not € {0,1}
Z; Number of chargers Integer Number

The objective function comprises two primary components. The first component, the infrastructure
investment cost, includes the fixed cost of establishing charging stations, the variable electricity provision
cost, determined by the number of chargers and power capacity at each site, and the variable cost of
procuring chargers. The cost of charging stations encompasses the necessary facilities for charger
installation, while the cost of chargers includes equipment expenses, activation fees, construction costs, and
land acquisition costs. The second component represents the monetary value of delays incurred by EV
users. This includes the charging and queuing delays, captured by m/, as well as the detour time required
for EV users to reach a charging station, represented by TTD;. These delays are converted into monetary

terms using the value of time, represented by y. The decision variables in the model include the zones where
charging stations should be installed and the number of chargers at each station.

The objective function is accompanied by a set of constraints that ensure feasibility. These
constraints govern SoC tracking, flow conservation, detour time, and queuing conditions. To account for
SoC, EVs cannot charge beyond their battery capacity, meaning they cannot recharge at stations where the
required charge exceeds their available capacity. Additionally, it is assumed that EVs charge only once to
reach their destination and can only access charging stations within their current driving range. Detour time
for each trip is determined by the difference between the initial trip duration and the adjusted duration when
a vehicle stops at a charging station. These constraints collectively ensure a realistic and efficient charging
network design.

Solution Approach

As previously discussed, the optimization model is a mixed-integer problem with non-linear
constraints. Due to its computational complexity, commercial solvers struggle to efficiently find solutions,
particularly for large-scale networks. To address this challenge, a decomposition technique is employed to
break the problem into two sub-problems. The first sub-problem focuses on locating charging stations
within the network while minimizing the costs associated with station installation, detours, and charging
delays. The second sub-problem determines the required number of chargers at each station, aiming to
minimize both charger costs and queuing delays for EV users. A dedicated solution framework is developed
for each sub-problem to enhance computational efficiency and solution quality.

The first sub-problem focuses on determining the optimal locations for charging stations. Its
objective function is defined as follows:

Min Y (€3 +UDx+v(). ) > > QiFRG + Y TTd)) (6)

i€l T€T O€T i€l jeJj Jj€EJ

! In this study, the infrastructure lifetime is assumed to be 10 years, and the associated costs are divided by the total number of days in that period
to enable comparison with other variables in the objective functions.
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The decision variable in the objective function, x;, is a binary variable that equals 1 if a charging
station is established at location i and 0 otherwise. This objective function, combined with its constraints,
forms a mixed-integer program with linear constraints. Commercial solvers such as CPLEX can be used to
solve these problems efficiently for small to moderate-sized instances. However, as the problem size
increases, computational complexity grows exponentially, making exact solutions impractical for large-
scale networks. To address this challenge, a metaheuristic approach based on SA is implemented for large
case studies. The SA-based algorithm follows two key steps. First, it explores the feasible set of integer
solutions to identify a neighboring solution to the current one. Next, the algorithm compares the objective
values of the current and neighboring solutions. If the neighboring solution improves the objective function,
it replaces the current solution. If the new solution is worse, it may still be accepted with a probability that
depends on the relative difference between the objective function values. This probability gradually
decreases as iterations progress, approaching zero by the end of the algorithm, ensuring that worse solutions
are no longer accepted. This mechanism helps prevent the solution from getting trapped in local optima.
Once the charging station locations are determined, vehicle trajectories are assigned to available stations in
a way that minimizes total detour time.

The second sub-problem determines the optimal number of chargers at each charging station. Based
on the solution from the first sub-problem, the trajectories assigned to each charging station are known.
These trajectories arrive at charging stations following a temporal distribution, typically exhibiting AM and
PM peak travel demand periods. Upon arrival, EV users either begin charging immediately if a charger is
available or wait in a queue until one becomes free. This sub-problem balances the trade-off between
installing additional chargers and allowing users to experience queuing delays. The objective function for
this sub-problem aims to minimize both the cost of chargers and the queuing delay experienced by EV users
at charging stations, formulated as follows:

Min Cipzi+y2yl7Wf (7

T€ET

The decision variable in this sub-problem is the number of chargers at each station. The variable
y! represents the number of EVs arriving at a charging station, while the queuing delay is captured by W.
The objective function value is estimated based on assumptions regarding arrival and service rates.

Assuming uniform arrival and service rates, queuing behavior can be modeled using a deterministic
queueing approach (77). Under this assumption, the objective function and constraints form a mixed-integer
problem with nonlinear constraints. Since the objective function is strictly convex, and the constraints are
convex, the problem can be effectively solved using the Golden-section search technique, which identifies
the extreme value of a function within a predefined interval (78). The deterministic queuing assumption
provides the minimum number of chargers required to accommodate EV charging demand. However, if the
vehicle arrival rate at a charging station is lower than the service rate, the arrival process can be better
represented using a Poisson distribution with an exponential service rate distribution. In this case, the
M/M/k queuing model should be applied to capture users’ queuing behavior (77). The average queue size
in an M/M/k system is convex with respect to traffic flow (79), allowing the optimal objective function
value to be determined using the Golden-section search technique. It is important to note that the M/M/k
model is applicable only when the service rate exceeds the arrival rate. If the arrival rate surpasses the
service rate, only the deterministic queuing approach remains valid.

Location and Number of DCFC in Urban Areas

This section presents the project results, detailing the optimized parameters for each urban area, as
shown in Table 13. The urban areas are sorted based on total energy required. For each city, the table
includes the number of zones, which corresponds to the traffic analysis zones defined by MDOT. It also
presents the total number of required charging stations and chargers, as well as the number of new required
charging stations and chargers, excluding existing infrastructure. In the proposed model, each charging
station represents a traffic analysis zone, meaning that the total number of chargers required at each zone
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are reported for the station representing that zone. However, the required chargers can be implemented
across multiple stations within that zone meaning that the station cost estimated can be conservative for
zones with large number of chargers. The results also include the average detour time, queuing time, and
charging time for each city. Detour time refers to the extra time users spend deviating from their main route
to access a charging station. Since there are no budget constraints in the model, the average queuing time
remains close to zero. Additionally, the number of EV trips made between 6 AM and 10 PM is recorded.
The total energy required and total costs for each city are also reported. Figure 22 illustrates the newly
required chargers in each urban area. The circle radius in the figures represents the number of chargers
needed at each location.

Table 13: Results of the optimization model for charging station placement and charger counts for major urban areas

Ann Grand

Parameter/City Marquette Arbor Muskegon Kalamazoo Flint Saginaw  Lansing Rapids Detroit
Battery size (kWh) 70 70 70 70 70 70 70 70 70
Charging station (kW) 150 150 150 150 150 150 150 150 150
Number of zones 21 36 52 55 84 116 92 82 301
Total required stations 7 14 20 23 22 42 36 37 141
Total required chargers 41 122 174 219 278 342 356 616 2766
New required stations 6 12 17 21 20 40 31 31 127
New required chargers 33 119 166 215 269 337 333 603 2716
Average detour delay 23 1.5 1.7 2.1 1.7 2.2 1.8 2.3 2.4
(min)
Average queuing delay 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.1 0.0
(min)
Average charging delay 73 6.6 6.7 6.7 6.7 6.9 6.7 6.7 6.9
(min)
EV urban trips 12,626 54,816 71,571 88,921 117,668 124,843 131,351 232,903 961,697
Total e?ﬁ%ghr)eq“ired 38.6 133.51 172.83 232.56 291.17  339.86  342.11 61723 275871
Total station cost' (M$) 0.49 0.99 1.40 1.73 1.66 3.30 2.56 2.53 10.58
Total utility cost® (M$) 0.19 2.13 5.11 3.90 26.52 10.56 17.37 19.66 40.82
Total charger cost® (M$) 2.58 9.31 12.99 16.85 21.12 26.38 26.08 46.99 213.83
Total infrastructure cost! 5 ¢ 12.43 19.50 22.48 4930 4023 4601 6918 26523

(M$)

! Charging station cost refers to the electrical panel and switchgear installation, engineering and design, permitting, and project management, and may

encompass multiple chargers within a single station.

2 Utility cost refers to the expenses associated with acquiring, installing, and maintaining the necessary power grid infrastructure to support varying levels of
energy demand at charging stations.

3 Charger cost refers to the expense associated with purchasing each individual EV charging unit.

4 Total infrastructure cost is the sum of charging station, charger, and utility costs.
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Figure 22: Optimized DCFC locations for urban trips

Framework for Cross-Sector EV Charging

To develop an efficient and well-balanced EV charging infrastructure, it is crucial to integrate both
intercity DCFC with destination Level 2 charging at hotels for tourism trips and Level 2 and DCFC charging
in urban areas. Proper coordination of these charging networks ensures optimal charger utilization, prevents
redundancy, and enhances accessibility for EV users.

Integrating intercity DCFC with Level 2 charging at tourism destinations is crucial for creating a
well-balanced and efficient EV charging network. A key challenge arises when hotels and motels either
lack Level 2 chargers or have them, but they are fully occupied, leaving EV users without an immediate
charging option. In such situations, EV users may need to detour to nearby DCFC stations rather than wait
for an available charger, increasing energy demand at these fast-charging locations. This additional strain
on DCFC stations can lead to congestion, longer waiting times, and reduced charging availability for both
tourists and intercity travelers. By integrating these networks, we can better anticipate energy demand,
strategically allocate chargers, and minimize unnecessary detours, ultimately improving the overall
efficiency and convenience of the charging infrastructure.

Similarly, coordinating Level 2 and DCFC charging in urban areas helps balance energy demand
and prevent congestion. The availability of Level 2 chargers at homes, workplaces, and public locations
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directly influences the need for DCFC stations. In areas where Level 2 charging is insufficient, a higher
number of users will rely on DCFC stations, leading to increased energy demand and longer waiting times.
Integrating these charging types allows for a strategic placement of urban fast chargers, ensuring they
complement the existing Level 2 infrastructure while maintaining an efficient and accessible network.

The entire integration framework is illustrated in Figure 23, and the following sections detail how
these charging networks interact and present the study’s findings.
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Figure 23: Comprehensive EV charging integration framework

Interconnection of Intercity and Destination Charging for Tourism

Tourism trips often involve long-distance travel and extended stays, requiring a tailored approach
to EV charging infrastructure planning. An effective strategy combines DCFCs for intermediate charging
along travel corridors with Level 2 chargers at tourist destinations where visitors remain for longer periods.
Therefore, in addition to intercity trips, tourism travel must also be accounted for when estimating DCFC
energy demand along highways. A further challenge arises when hotels and motels either lack Level 2
chargers or have chargers that are fully occupied, leaving EV users without immediate access to charging.
In such cases, users may detour to nearby DCFC stations, increasing energy demand and potential
congestion at those locations.

To address this, the process begins by identifying DCFC station locations along major highways
based on budget constraints and trip feasibility. Next, the detour distance between each Level 2 charging
location at tourism destinations and its nearest DCFC station is calculated. Using this information, the
location and capacity of Level 2 charging stations are determined according to the available budget and
charging demand at each destination. Any unserved energy demand at these Level 2 locations is then
redirected to their nearest DCFC stations. The combined total of redirected and original DCFC energy
demand is used to re-evaluate the location and capacity of DCFC stations. These updates, in turn, affect
detour distances and unserved energy demand at Level 2 stations. The process continues iteratively until a
stable solution is reached. Figure 24 displays a map illustrating the locations and capacities of the
charging infrastructure. Figure 24(a) highlights the locations and number of DCFC with a power rating of
150 kW needed to support intercity travel, as well as any tourism-related travel demand that can be
accommodated by these chargers. A total of $14.85 million is allocated for station construction, and
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$134.80 million is allocated for chargers—supporting the installation of 1,724 DCFC chargers for both
intercity and tourism-related trips along the highways in Michigan. The total cost of this infrastructure is
$149.64 million. It is important to note that these chargers may be installed at multiple stations within a
five-mile radius along the corridor. Figure 24(b) shows the locations and number of Level 2 chargers with
a power rating of 11 kW required at various tourism destinations to support long-duration tourism visits.
A total of $66.71 million is allocated to install 6,167 Level 2 chargers. These chargers may be installed
across multiple stations within the designated zone.
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Figure 24: Map of charging infrastructure to support intercity and tourism trips in Michigan

Interconnection of Level 2 and DCFC in Urban Areas

Urban trips rely on a balanced mix of Level 2 chargers, commonly found at homes, workplaces,
and public destinations like shopping centers, and DCFCs to address the varying charging needs of EV
users. The accessibility and availability of Level 2 chargers at home and work significantly influence how
often users depend on DCFCs during the day. For instance, EV users who can charge at home or at their
workplace may start trips with a higher initial SoC, reducing or even eliminating their need for fast charging.
Conversely, users without access to residential or workplace charging are more likely to rely on public
DCFCs to complete their daily travel, especially during longer or unexpected trips.

To accurately estimate charging demand and energy needs, it is crucial to assess the distribution of
Level 2 chargers across different land use types. This involves identifying the origin and destination of each
EV trip, whether it begins or ends at a single-family residence, multi-family unit, workplace, or other
location. Depending on these factors, both the initial and desired SoC can vary significantly. For example,
a trip starting from a home with access to Level 2 charging will likely have a higher initial SoC, while trips
ending at such locations may have lower desired SoC since users can recharge upon arrival. On the other
hand, trips without access to Level 2 chargers at either end will have greater energy demand, increasing the
likelihood of using DCFCs along the way. By incorporating these relationships into planning, we can better
understand where and when DCFCs are truly needed, avoid overbuilding infrastructure, and create a more
efficient and user-friendly urban charging network.

Figure 25 displays a map showing the locations and capacities of the planned charging
infrastructure. Figure 25(a) and Figure 25(b) highlight the locations and number of DCFC and Level 2
chargers, with power ratings of 150 kW and 11 kW respectively, needed to support urban travel.

A total of $151.49 million is allocated for DCFC station construction, and $376.13 million for
DCFC chargers, supporting the installation of 4,791 DCFC chargers across major urban areas. The total
cost for DCFC infrastructure is $527.62 million. Additionally, $14.63 million is allocated for Level 2 station
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construction, and $239.58 million for Level 2 chargers at multi-family housing locations, enabling the
installation of 53,920 Level 2 chargers. The total cost for Level 2 infrastructure is $254.21 million.
Additionally, approximately 855,243 new Level 2 chargers are projected to be required at single-family
homes. However, since home charging is generally considered the responsibility of individual property
owners, these costs are not included in the total infrastructure investment. It is worth mentioning that these
chargers may be installed across multiple stations within the designated zone.

These estimates are based on the assumption that 90% of single-family homes and 50% of multi-
family housing units have access to home charging. This assumption was made based on feedback from
stakeholders to better reflect real-world conditions. Any variation in this assumption regarding home
charger access may affect the results for both Level 2 and DCFC requirements due to the integrated nature
of the two charging types.
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Figure 25: Map of charging infrastructure to support urban trips in Michigan

Conclusion

This project aimed to develop a data-driven, cost-effective deployment strategy for EV charging
infrastructure across Michigan to support a 25% EV market share. The strategy focused on meeting the
charging needs of intercity travelers, urban commuters, and visitors to tourism destinations. Led by the
Michigan Office of Future Mobility & Electrification in partnership with Michigan State University
researchers, the initiative sought to identify optimal locations for both Direct Current Fast Charging (DCFC)
and Level 2 chargers, balancing infrastructure investment with the need to reduce user inconvenience and
travel delays.

The study employed a comprehensive analytical framework that integrated stakeholder feedback,
detailed travel demand forecasting, statewide traffic simulations, and advanced optimization modeling. The
core of the modeling approach combined mixed-integer programming techniques with heuristic methods,
most notably, the Simulated Annealing algorithm, to solve complex, large-scale optimization problems
involving nonlinearity and multiple constraints.

The model incorporated a wide range of critical inputs. It accounted for diverse travel behavior
patterns, including urban, intercity, and tourism-related travel. It incorporated seasonal variability in EV
performance to ensure that the infrastructure would be resilient throughout the year, especially during
Michigan’s harsh winters. The modeling also factored in battery characteristics, such as range and charging
needs, and user preferences related to charging frequency, location, and duration of stay.
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For a projected 25% EV market share, the analysis recommended a multifaceted deployment
strategy. For intercity and tourism travel, 1,724 new DCFC chargers were proposed along major highways
and corridors to support long-distance mobility. These would be complemented by 6,167 Level 2 chargers
located at tourism destinations where vehicles are typically parked for longer durations. In urban residential
areas, especially where multi-family housing is prevalent, 4,791 DCFC chargers and 53,920 Level 2
chargers were recommended to accommodate the charging needs of residents.

The total investment required to realize this infrastructure vision is estimated at approximately $998
million. Of this, $677 million would be allocated to DCFC installations, while $321 million would be
directed toward the deployment of Level 2 chargers. These results are summarized in Table 14 of the report.

Table 14: Summary of the findings (based on a 25% EV adoption rate)

Number of new required chargers Cost of new required chargers
DCFC Level 2 Total DCFC Level 2 Total
Intercity trips in Michigan 1,724 - 1,724 $149.64 M - $149.64 M
Tourism trips in Michigan - 6,167 6,167 - $66.71 M $66.71 M
Urban trips in Michigan 4,791 53,920 58,711 $527.62 M $25421 M $781.83 M
Total 6,515 60,087 66,602 $677.26 M $320.92 M $998 M

The study emphasized the interdependent relationship between DCFC and Level 2 charging
infrastructure. By increasing the availability of Level 2 chargers, particularly in residential settings and at
tourism destinations, the overall reliance on DCFC infrastructure can be reduced. This not only leads to
more efficient use of resources but also helps avoid overburdening the electric grid. Furthermore, the
analysis revealed that seasonal impacts on EV performance necessitate the design of a robust charging
network capable of meeting peak winter travel demand, thereby ensuring consistent service year-round.

This study provides clear and actionable guidance for policymakers, transportation agencies, and
urban planners. It advocates for a phased and adaptive implementation strategy, whereby the charging
network is developed incrementally in response to real-world data and utilization trends. By continuously
monitoring infrastructure performance and aligning future investments with actual EV adoption rates,
Michigan can build a scalable, cost-effective, and reliable EV charging network that supports its long-term
mobility and sustainability goals.
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