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EXECUTIVE SUMMARY 

This report provides a framework to develop policies and infrastructure for supporting plug-in 
electric vehicles (EV) charging demand and grid integration through distributed energy resources 
(DER). The developed comprehensive approach is funded and supported by the Michigan 
Department of Environment, Great Lakes, and Energy (EGLE). Researchers at Michigan State 
University lead the modeling framework development and execution. 

 The EV charging demand is predicted to increase the load on the electric grid. Hence, a 
modeling framework is required to predict the optimum investment technology supporting EV 
fast-charging demand and reducing the load on the grid. This study estimates the optimum size, 
type, and location of the DER to support the direct current fast charging (DCFC) demand in 2030. 
The study captures the existing load on the grid, and the capacity constraints of the grid network, 
while predicting the optimum investment technology. The potential load from DCFC is derived 
from the previous study on DCFC station locations for supporting urban trips across Michigan for 
the year 2030, conducted by the same research team at Michigan State University and supported 
by EGLE. 

 This study investigates the characteristics of different DERs (i.e., new battery (NB), 
second-life battery (SLB), flywheels, solar panels, etc.) to support fast charging. Various battery 
storage technologies (such as lead-acid batteries, lithium-ion (Li-ion) batteries, sodium metal 
halide, etc.) are also investigated. The study suggests Li-ion batteries as the optimum storage 
technology considering the lowest project cost, maximum energy density, and power density. 
However, the provision of Li-ion SLB and solar panels provides the maximum annual savings in 
total and electricity costs. Table 1 summarizes the findings for different urban areas for the EV 
charging demand in the year 2030 (6% market penetration rate) to up to twice the EV demand in 
2030. 

TABLE 1 Cost savings in major urban areas of Michigan using 4-hour SLB and the solar 
panels  

City SLB Size (kWh) Solar Panel Size 
(sq. meter) 

Electricity 
Savings ($k/yr.) 

Total Savings 
($k/yr.) 

Saginaw 38-900 56-334 95-190 60-110 
Muskegon 150-800 56-297 50-100 30-60 
Lansing 100-800 37-297 40-85 25-55 
Kalamazoo 150-800 56-297 50-100 30-65 
Grand Rapids 150-1200 56-446 140-285 80-165 
Flint 150-800 56-297 80-160 45-90 
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It is worth noting that the battery performance and preliminary data are derived from the literature. 
More in-depth analysis of the battery performance, including experimental analysis, is in progress, 
and we will update the results as necessary. 

This study proposes the location and size of the DER at each of the potential DCFC locations in 
major urban areas in the state of Michigan. The study also provides the investment cost and savings 
with DER deployment at the DCFC locations. The main findings of the study are as follows: 

1. Providing the maximum size of the solar panels considering site restrictions is the optimal 
solution as it provides substantial overall and electricity savings. 

2. Even though the life of SLBs is smaller than the NB, the SLB provides more significant 
savings as compared to NB due to lower investment costs. 

3. Both solar panels and SLBs should be provided for maximum savings. These savings can 
be further increased if more area is available for solar panels and the SLBs. 

4. The proposed charge/discharge schedule of SLB should be adopted for maximum savings. 
The pattern ensures that the SLB charges during the off-peak hour or when the electricity 
prices are low stores the intermittent solar energy, and discharge during the peak hours. 

5. The 4-hour storage duration SLB is the optimum solution compared to 2-hour SLB or 6-
hour SLB because the 4-hour SLB is cheaper than the 2-hour SLB, but it is fast enough (as 
compared to 6-hour SLB) to support the demand during peak hours. 

6. Upgrades of grid components (i.e., feeder line, substation, segment, etc.) might be required 
along with the SLBs and solar panels. The investment cost of grid upgrades depends upon 
the capacity constraints of the grid, existing load, and the EV demand at the particular 
location. 

The developed optimization framework predicts the size and location of DER in major urban areas 
of Michigan, listed as Saginaw, Lansing, Grand Rapids, Muskegon, Flint, and Kalamazoo. The 
models developed in this study can be implemented in other cities based on the data availability. 
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INTRODUCTION 

The electric vehicles (EV) adoption has increased rapidly in recent years. Electric car sales 
increased by 40% in 2019 compared to the previous year (IEA, 2020).  The rapid growth of the 
EV market requires the development of proper electric vehicle charging infrastructure to serve the 
electric energy demand (Ma, 2019; Negarestani et al., 2016). While the level 1 and level 2 chargers 
are typically used for overnight charging at home supporting intracity trips (Negarestani et al., 
2016), the level 3 direct current fast charging (DCFC) is used for public applications similar to 
gasoline service stations (Morrow et al., 2008; Yilmaz and Krein, 2013). The deployment of DCFC 
chargers is mandatory for the widespread adoption of EVs (Chakraborty et al., 2019). Many EV 
users might not have access to home chargers or chargers at the workplace, with an increase in the 
market share of EVs (Ghamami et al., 2020). The high adoption rate of EVs requires deploying a 
DCFC network to support urban trips of the EV users (Ghamami et al., 2020). 

However, the widespread network of DCFC stations will impose an unpredictably large 
load on the electric grid (Gallinaro, 2020; Knupfer et al., 2018; Richard and Petit, 2018a). The 
extra load on the grid would require upgrading the electric grid network, which can be very 
expensive. In light of the above, the provision of distributed energy resources (DER) can support 
the fast charging demand of EVs and mitigate the electric grid upgrade cost. Thus, there is an 
increasing need for the DER to support the rising charging demand for EV trips. 

The Michigan Department of Environment, Great Lakes, and Energy (EGLE) initiated the 
investment in an analytical approach to find the optimum investment technology supporting the 
DCFC demand and reducing the load on the grid. This study develops a modeling framework to 
find the optimum size and location of DER to support the DCFC demand. The study considers the 
fast charging demand of urban trips of EV users, existing electricity demand (other than EV 
demand), electric grid network, and cost associated with building DER to find the optimum 
investment strategy. 

The analytical approach includes a mathematical model that requires input data from 
different stakeholders to estimate the optimal investment technology for DER at the DCFC 
locations. The data was collected through a series of stakeholder meetings facilitated by EGLE. 
The stakeholders involved are utility companies, cooperatives, municipalities, charging station 
companies, Metropolitan Planning Organizations, communities, the automotive industry, and the 
State of Michigan departments. The study developed an analytical framework that incorporates the 
EV charging demand obtained through simulated trips of EV drivers and optimum charging 
infrastructure locations from phase II of the charger placement project. The existing electricity 
demand, grid connections, and constraints are the other inputs to the modeling framework. The 
time-dependent energy storage and solar panel power generation models are embedded in the 
optimization framework to estimate the optimum investment strategy. 
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The Problem Statement is explained in the next section of the report, followed by a review 
of the relevant studies. Then the next section describes the methodology, followed by data 
collection. Finally, the results for each of the urban areas and the report's conclusion are presented. 

 
PROBLEM STATEMENT 

The increasing market penetration rate of electric vehicles requires a network of DCFC stations. 
The network of DCFC chargers will reduce the charging time and ease concerns related to the 
limited driving range of EVs. However, fast-charging stations will increase the load on the electric 
grid network, causing supply-demand imbalances and degradation of the electric grid system. The 
electric grid transmission and distribution system, including transmission lines, substations, feeder 
lines, segments, etc., might need to be upgraded to support the rising EV charging demand. The 
investment cost to upgrade various grid components can be substantial depending upon the 
location of DCFC stations and the arrival rate of EVs. However, the DER, such as energy storage 
systems (ESS), solar panels, etc., can support the EV charging demand, reduce the load on the 
electric grid, and reduce the electricity cost. This study aims to estimate the optimum investment 
technology to support the rising EV charging demand while minimizing the system cost. The 
system cost includes the investment cost of DER (i.e., ESS, solar panels), electric grid upgrade 
cost, and electricity cost. The study investigates the critical locations that would require the 
provision of DER, which depends upon the EV charging demand, existing electricity demand, the 
capacity constraints of the electric grid network, and the rate of electricity. This study seeks to 
answer the following questions: 

- What would be the best type of DER (i.e., batteries, flywheels, solar panels) to support the 
EV fast-charging demand in urban areas of Michigan? 

- What are the optimum locations for DER to support the DCFC network and reduce the 
load on the grid? 

- What is the optimum size and investment required for each urban area? 

- What would be the overall savings (including electricity cost savings) for each urban area? 

 

LITERATURE REVIEW 

The widespread usage and rise in the EV charging demand will affect the electric grid (Negarestani 
et al., 2016; Rafi and Bauman, 2021). The EV charging stations can affect the electric grid stability 
and overload the distribution system (Khalid et al., 2019). The distribution system might have to 
be reinforced to support EV charging demand during peak periods (Pieltain Fernandez et al., 2011).  
Further, the DCFC stations will impose an unpredictably large load on the electric grid (Gallinaro, 
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2020; Knupfer et al., 2018; Richard and Petit, 2018a). The increase in demand can be as high as 
1.2 MW, with a typical Electrify America installation of two 350 kW chargers and four 150 kW 
chargers along the highways (Nicholas and Hall, 2018). The increasing demand and the associated 
power may require grid upgrades and costly transformers (Nicholas and Hall, 2018). A well-
planned investment in DER technology is crucial to support the rising demand for EVs, ensure 
grid stability, and reduce the grid upgrade cost. 

Many studies have considered DER, such as solar panels and ESS, including battery and 
flywheels, to support DCFC stations. One of the studies shows that the battery energy storage 
system can provide up to $157,000 of savings annually for six 350 kW chargers at a DCFC station 
(Francfort et al., 2017). Energy loss, charging demand, and life cycle costs of ESS,  are also critical 
factors influencing the optimum size of ESS supporting fast-charging stations (Negarestani et al., 
2016). Cost-benefit analysis is another method for minimizing the operating cost of DCFC stations 
considering connection costs, installation costs, and ESS life cycle costs (Gjelaj et al., 2017c). The 
studies have assessed the integration of bidirectional DCFC with ESS (Gjelaj et al., 2017a) and 
use of ESS to ameliorate the impacts on the electric grid (Gjelaj et al., 2017b). The ESS degradation, 
trade-offs between the power rating of DCFC station, and size of the ESS have been studied 
recently (Richard and Petit, 2018b).  Another study compared second life batteries (SLB) with new 
batteries (NB) of lithium-ion (Li-ion) to support EV fast-charging demand and reduce the electric 
grid load (Kamath et al., 2020). The study concluded that the levelized cost of electricity reduces 
by 12-41% when using SLB instead of new batteries. A comparison of different storage 
technologies proposed flywheel storage systems to minimize the energy cost and storage cost at 
the fast charging station (Negarestani et al., 2016). However, the study did not consider the cost 
of upgrading the grid and the self-discharging losses in the flywheel. It is worth noting that 
technological advancements have changed the cost of different ESS (especially the Li-ion 
batteries). 

Renewable energy sources can assist with peak-shaving and reduce electric grid power 
losses (Ma, 2019). Further, the provision of ESS can improve or altogether remove the power 
fluctuations of renewable sources power generators (Ma, 2019).  Studies have estimated the impact 
of variation in the number of DCFC stations, load profiles, electricity price, and geographic 
locations on the economics and energy performance of DCFC stations with solar panels and ESS 
(Yang and Ribberink, 2019). The system provides energy savings, and the economic viability is 
promising, considering the changes in the unit price of DER between 2021 and 2026, with a 
payback period of 12-16 years (Yang and Ribberink, 2019).  Studies consider the annual cost of 
energy to estimate the location and size of level 2 charging stations, distributed ESS, and solar 
panels/wind turbines (Kandil et al., 2018). The cost includes the investment cost of technologies, 
energy consumption, and renewable energy savings. The study suggested that to support existing 
EV demand; the solar panels can provide savings of around 70-75% as opposed to distributed ESS, 
which can provide only about 15-20% savings. Li et al., 2019 developed an optimization 
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framework to minimize the electricity cost and the number of charge/discharge cycles of ESS for 
the solar panel assisted EV charging station (Li et al., 2019). The study showed that optimum 
coordination between the energy resources and EVs could maintain stable power system 
operations and reduce the charging cost. Another study proposed a solar panel and lithium ferro 
phosphate battery as the optimal solution out of three ESSs, including lead-acid and lithium nickel 
cobalt aluminum oxide batteries (Nizam and Wicaksono, 2019). The optimization minimizes the 
capital and operating cost of the off-grid charging station in rural areas (Nizam and Wicaksono, 
2019). Ugirumurera and Haas, 2017 estimated the optimum number of solar panels and size of 
ESS to support the EV charging system with energy generation exclusively by the solar farm. The 
optimum number of solar panels decreases with an increase in the average delay of EV users and 
the power rating of each charging station (Ugirumurera and Haas, 2017). One of the studies 
implemented GA and Monte-Carlo methods to optimize the location and capacity of solar panels 
and ESS to support charging stations considering uncertainties in EV demand, solar panel power, 
and electricity price (Khanghah et al., 2017). The study showed that the ESS and solar panels could 
reduce the operating cost, power losses, and voltage sags in the system. Hilton et al., 2019 
developed an optimization framework to maximize the profit and minimize the electric grid 
connection cost and associated energy cost for a solar panel-ESS charging station (Hilton et al., 
2019). The study showed that the solar farm and ESS reduce grid energy use and provide savings, 
especially if the grid connection cost is high. 

The current studies showed that the ESS and solar panels effectively support the EV 
charging demand, reduce the power demand from the grid, and provide overall savings. However, 
none of the studies have considered the entire electric grid distribution and transmission system 
(transmission line, feeder line, substations, etc.) constraints and compared the upgrading cost of 
the grid network to that of investing in DER. In addition, there has been limited research on the 
comparison of different ESS (NB, SLB, flywheels, etc.) to support DCFC stations. Further, most 
studies focused on providing solar panels over the electric distribution network with a potentially 
large area available for its deployment. However, such a large area might not be practically 
available, and the charging stations might not have enough space to provide such a huge solar farm. 
This study aims to estimate the optimal investment technology (DER, grid upgrades) with the 
minimum cost to support the EV charging demand at the DCFC network. This network of DCFC 
stations along with the increased electric miles traveled, will increase the electricity demand and 
affect the electric grid stability and degradation of the electric grid distribution system. The study 
considers the investment cost of different DER (NB, SLB, flywheels, etc.), grid upgrade, and 
connection cost, and the operations of DER and energy cost from the grid. The study develops a 
modeling framework to consider the capacity constraints of the electric grid network, the 
spatiotemporal EV charging demand, the existing spatiotemporal load on the electric grid, and 
different types of DER to find the optimal investment technology at the DCFC stations.  
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METHODOLOGY 

The methodology includes developing an optimization model and solution approach using 
commercial solvers (i.e., CPLEX). The input data consists of the DCFC stations network (current 
and potential), spatio-temporal distribution of EVs' electricity demand, existing electricity demand 
(excluding EV demand) in the electric grid network supporting the DCFC station network, electric 
grid connections, capacity constraints, cost of upgrades, and the characteristics of different DER 
(i.e., cost, performance, charging and depletion rate). The framework considers the entire electric 
grid network and its components (transmission line, substations, feeder line, segment, sub-
segment).  A schematic description of the electric grid network with existing demand, potential 
EV demand, and DER is presented in Figure 1. The input data is fed into the optimization model 
to estimate the optimum investment technology with maximum cost savings. 

The inputs and the outputs of the model are listed below: 

Inputs 
1. Demand distribution over entire electric grid network 

a. Spatiotemporal EV charging demand  
b. Spatiotemporal existing electricity demand 

2. Electric grid network details of segment/subsegment, feeder line, substation, transmission 
line 

a. Spatial capacity 
b. Cost of upgrading 
c. Connections and locations 
d. Spatiotemporal time-of-use (TOU) electricity rate 
e. Life of the grid components 

3. Distributed energy resources (Li-ion NB BESS, Li-ion SLB BESS, FESS, solar panels) 
a. Performance and charging/discharging rate 
b. Unit cost of investment (includes installation, balance of plant, inverters, etc.) 
c. Life 

Outputs 
1. Distributed Energy Resources (Li-ion NB BESS, Li-ion SLB BESS, FESS, solar panels) 

a. Size 
b. Location 
c. Time dependent charge/discharge profile and power output 

2. Electric grid network 
a. Additional capacity requirement of upgrading subsegment, feeder line, substation, 

transmission line 
3. Investment cost & savings 
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Figure 1 A schematic description of electric grid network 

Optimization model 

The optimization model is developed to minimize the system cost, including the cost of upgrading 
grid components (i.e., transmission line, substations, feeder line, segment, sub-segment), 
investment cost in DER (i.e., Battery ESS (BESS), Flywheel ESS (FESS), and solar panels), and 
the total cost of energy to refuel EVs. The output of the model is the capacity or size of ESS, area 
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of the solar panels, and potential upgrades of the electric grid components (if any) to support the 
EV demand, reduce the load on the grid, and the cost of electricity. Note that the focus of the study 
is to estimate the type and size of DER at the DCFC stations. The objective function of the 
proposed model is defined below. Further, the parameters used in the model are defined in Table 
2. 

min

⎩
⎪
⎨

⎪
⎧∑ �𝛽𝛽𝑖𝑖 𝐶𝐶𝐶𝐶×𝐶𝐶𝑆𝑆𝑖𝑖

𝑍𝑍
+ (1 − 𝛽𝛽𝑖𝑖) 𝐶𝐶𝐶𝐶×𝐹𝐹𝑆𝑆𝑖𝑖+𝐶𝐶𝐶𝐶×Ψ𝑖𝑖

𝑄𝑄
�𝑖𝑖∈𝐼𝐼 + ∑ 𝐶𝐶𝐼𝐼×𝜌𝜌𝑖𝑖𝐴𝐴𝑖𝑖

𝑌𝑌𝑖𝑖∈𝐼𝐼 +                     

�∑ 𝐶𝐶𝐶𝐶×𝐴𝐴𝐶𝐶𝑖𝑖

𝑋𝑋𝑖𝑖 + ∑ 𝐶𝐶𝐹𝐹×𝐴𝐴𝐹𝐹𝑗𝑗

𝑉𝑉𝑗𝑗∈𝐽𝐽  + ∑ 𝐶𝐶𝑆𝑆×𝐴𝐴𝑆𝑆𝑘𝑘

𝑈𝑈𝑘𝑘∈𝐶𝐶 + ∑ 𝐶𝐶𝐶𝐶×𝐴𝐴𝐶𝐶𝑙𝑙

𝐻𝐻𝑙𝑙∈𝐶𝐶 � +

∑ ∑ 𝜇𝜇𝑚𝑚 ∑ �𝐸𝐸𝐸𝐸𝑡𝑡𝑖𝑖𝑚𝑚(𝛼𝛼𝑡𝑡𝑖𝑖𝑚𝑚𝑅𝑅𝑡𝑡𝑚𝑚 + (1 − 𝛼𝛼𝑡𝑡𝑖𝑖𝑚𝑚)𝑂𝑂𝑡𝑡𝑚𝑚)  + 𝐹𝐹𝑅𝑅𝑖𝑖� 𝑡𝑡∈Γ𝑚𝑚𝑖𝑖∈𝐼𝐼

  1 

Table 2 Description of different parameters used in the model 

Variable Definition 
𝐵𝐵𝑆𝑆𝑖𝑖 Size of battery ESS at DCFC location i (kWh) 
𝐹𝐹𝑆𝑆𝑖𝑖 Size of flywheel ESS at DCFC location 𝑖𝑖 (kWh) 
Ψ𝑖𝑖 Maximum power of proposed flywheel (kW)  
𝐴𝐴𝐺𝐺𝑖𝑖 Additional subsegment/segment capacity (kW) 
𝐴𝐴𝐹𝐹𝑗𝑗 Additional feeder line capacity (kW) 
𝐴𝐴𝑆𝑆𝑘𝑘 Additional substation capacity (kW) 
𝐴𝐴𝑇𝑇𝑙𝑙 Additional transmission capacity (kW) 
𝐴𝐴𝑖𝑖 Area of the solar panel at DCFC location 𝑖𝑖 (sq.m) 
𝐸𝐸𝐸𝐸𝑡𝑡𝑖𝑖𝑚𝑚 Net energy required/available from/to the electric grid by the ECS (kWh) 
𝛼𝛼𝑡𝑡𝑖𝑖𝑚𝑚 Binary variable indicating if the energy is inflow (1) or outflow(0) 
CB Unit project cost of BESS ($/kWh) 
𝐶𝐶𝐶𝐶 Unit energy project cost of FESS ($/kWh)  
CL Unit power project cost for FESS ($/kW) 
CI Unit project cost of the solar panel ($/kW) 
CG Unit cost of subsegment/segment ($/kW) 
CF Unit cost of the feeder line ($/kW) 
CS Unit cost of substation ($/kW) 
CT Unit cost of transmission line ($/kW) 
H Life of the transmission line (years) 
U Life of substation (years) 
V Life of feeder line (years) 
X Life of segment (years) 
Y Life of solar panel (years) 
Q Life of flywheel (years) 
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Z Life of battery  (years) 
𝑅𝑅𝑡𝑡𝑚𝑚 Electricity rate ($/kWh) at time t  in the season m 
𝑂𝑂𝑡𝑡𝑚𝑚 Outflow rate ($/kWh) at time t in the season m 

𝐹𝐹𝑅𝑅𝑖𝑖 Fixed electricity rate for the base electricity provision cost ($/day) 
𝛽𝛽𝑖𝑖 Binary variable indicating if the battery (1) or the flywheel (0) is selected 
𝜇𝜇𝑚𝑚 Length of the season 𝑚𝑚 (summer or winter) (days) 
𝜌𝜌𝑖𝑖 The efficiency of the solar panel at location 𝑖𝑖 (0-1) 

 

The objective function has three main components. The first component is the investment cost of 
DER, which includes the project cost for BESS (NB/SLB), FESS, and solar panels. It is worth 
noting that the project cost includes the cost of ESS (battery packs, flywheels, etc.), the balance of 
plant, inverter cost, construction cost, cost and racking of solar panels, electrical balance of system, 
installation cost, etc.  The cost is a function of the size of DER at different locations, the average 
life of the DER, and the unit cost of DER. The second term is the cost of upgrading the grid 
components (i.e., transmission line, substation, feeder line, segment) which depends on the 
additional capacity required to support EV demand, the life of grid components, and the unit cost 
of grid components. The third term is the cost of electricity to refuel EVs, which depends upon the 
net energy required from the grid and the TOU of electricity rates. This study also considers credits 
for sending the excess energy back to the electric grid. Further, the objective function is defined 
as minimizing the normalized ownership cost ($/year) considering the life of different DER, grid 
components, and the annual cost of purchasing electricity. The result would be the optimum 
investment technology that provides maximum cost savings and ensures grid reliability while 
serving the EV demand at different DCFC locations. 

 The objective function of the study is followed by different constraints that track the energy 
flow through the DER and grid components and ensure that this energy flow does not exceed the 
capacity of these components at any time instance. These constraints are defined by a series of 
models, such as the supply-demand model, energy storage charging/discharging model, and solar 
panel power generation model, described in the following subsections. 

Supply-demand model  

To ensure the feasibility of charging at each DCFC station, the available supply of energy at any 
time should be greater than the demand. The demand required includes EV charging, current 
electricity usage, and the power to charge the ESS. The available energy resources are the electric 
grid network and solar panels. ESS can be an energy source primarily used based on TOU 
electricity rates. Further, the capacity of each grid component (i.e., transmission line, substation, 
feeder line, and segment) should be greater than the demand. Hence, a time-dependent supply-
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demand energy model is developed to ensure that the capacity of the grid components and total 
power/supply generated at any instant of time is greater than the EV energy demand and the 
existing electricity demand. The model also captures the seasonal variation in the current demand. 
However, the EV demand is assumed to be fixed throughout the entire season as it is the demand 
generated through urban trips, mostly commute trips. 

Energy storage model 

The energy stored in the ESS (BESS and FESS) at the end of any time is a function of 
charging/discharging power, self-discharge losses, and the energy at the previous time interval.  
The charging/ discharging power further depends on the power capacity of the ESS. The energy 
stored in the ESS should remain within the capacity boundaries of the ESS. Further, the battery 
ESS is not allowed to discharge below 20% of the battery capacity, thereby reducing the depth of 
discharge and protecting the battery's health. The time-dependent energy storage model tracks the 
energy flow through ESS and provides information about the charge and discharge patterns 
throughout the day. 

Solar Panel Power Generation Model 

The power generated by solar panels at any instant of time depends upon the solar radiation 
intensity, the efficiency of the solar panel, and the area of the solar panel. The solar radiation 
intensity is a function of the cloud coverage and the sun elevation angle (Ehnberg and Bollen, 
2005; Nielsen et al., 1981; Ugirumurera and Haas, 2017). These parameters affect the solar panel 
power output throughout the day and the season. Hence, a time-dependent solar panel power 
generation model is considered, which tracks the solar power output at any instant, considering 
variation in these parameters throughout the entire season. 

DATA COLLECTION 

The input data includes the proposed and current EV fast charging (DCFC) station network, EVs 
energy demand, existing energy demand (other than EV demand), electric grid network details and 
capacity constraints, ESS types and characteristics, and solar panel characteristics and weather 
conditions. The details of obtaining each of these data sets are explained in this section. 

DCFC locations and EV energy demand 

The potential DCFC locations in Michigan are obtained from Phase-II of the "Electric Vehicle 
Charger Placement Optimization in Michigan" by our research team (Ghamami et al., 2020) 
(Figure 2). These locations were estimated based on the simulated urban trips of EV users 
throughout the road network of different urban areas in Michigan, corresponding to the proposed 
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EV market penetration rate (6%) in the year 2030 (Ghamami et al., 2020; Kavianipour et al., 2021) 
. Similarly, the time-dependent EV energy demand and power demand at these DCFC locations 
are extracted based on the travel patterns. Note that the battery sizes of all EVs are assumed to be 
70 kWh (recommended by car companies), and the charging power of DCFC chargers is assumed 
to be 50 kW (based on the current charger installation approaches in the state of Michigan). 

Existing energy demand and electric grid network details 

The existing energy demand, grid network details, and capacity constraints are obtained from 
utility companies, cooperatives, and municipalities. The companies provided data for the electric 
grid network and connections (i.e., substation, feeder line, segment, etc.) that will serve the 
proposed DCFC locations, existing energy demand, upgrade costs, and capacity constraints of the 
electric grid network. It is worth noting that the data was not available for some potential DCFC 
locations; thus, these locations are not considered for the analysis. A total of 75 DCFC locations 
within the major urban areas of Michigan were considered (i.e., Saginaw, Lansing, Flint, Grand 
Rapids, Kalamazoo, and Muskegon). The locations are presented below.  

  

Figure 2 The proposed DCFC stations in Michigan in 2030, considered for DER analysis 
(Ghamami et al., 2020; Kavianipour et al., 2021) 
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Energy storage systems types and characteristics 

The study considered different types of ESS technologies which include Li-ion battery, lead-acid, 
redox flow battery, sodium-sulfur, sodium metal halide, zinc-hybride cathode, sodium-ion battery, 
flywheels (Beacon Power, 2021; Kane, 2021; Mongird et al., 2019; Patel, 2021; Rafi and Bauman, 
2021).  The Li-ion batteries are deployed across various industries due to their high power density, 
high energy density, and performance (Mongird et al., 2019). The price of ESS technology is 
consistently reducing due to significant demand in the EV industry (Mongird et al., 2019). These 
batteries are used in residential and commercial buildings, distribution grids, renewable generation 
smoothing, etc. (EASE, 2022). Lead-acid batteries are also used for various applications such as 
load following and time-shifting, but these are not used for small portable systems (Mongird et al., 
2019). Redox flow batteries consist of electrolyte solutions in tanks acting as cathode and anode 
(Mongird et al., 2019). The electrolyte is passed through a membrane to generate and store energy. 
Redox flow technology is currently in the early phase of commercialization, but it is expected to 
provide long life, easy scalability, and efficient operation at low temperatures(Mongird et al., 
2019). Further, due to low energy density, large storage tanks are required (EASE, 2022). Redox 
flow batteries are mainly utilized for peak shaving and energy time-shifting (EASE, 2022). 
Sodium-sulfur battery is another electrochemical energy storage system that has high energy 
density but it is highly corrosive, requires high operating temperatures (𝟑𝟑𝟑𝟑𝟑𝟑 − 𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝟑𝑪𝑪), and 
consequent safety requirements (EASE, 2022; Mongird et al., 2019). Sodium metal halide (sodium 
nickel chloride) is used for various application such as residential buildings, EVs, renewable 
generation smoothing, etc (Mongird et al., 2019). These batteries have smaller range than other 
electrochemical storage, but have high performance, durability, and low sensitivity to ambient 
temperature (EASE, 2022; Mongird et al., 2019). Zinc-hybrid cathode batteries utilize widely 
available materials and can be supplied at a low cost (Mongird et al., 2019). The sodium-ion 
batteries are in the development phase and are expected to replace Li-ion in the following years 
(especially in storage applications) as the cost of sodium is very low and available in abundance 
(EASE, 2022). Further, this technology is safer, operates at lower temperatures, provides faster 
charging, and has higher cycle life efficiency as compared to Li-ion batteries (Kane, 2021; Patel, 
2021). However, the energy density of these batteries is currently lower than Li-ion batteries 
(Kane, 2021). Flywheels store energy in the form of electromechanical energy (Mongird et al., 
2019). It consists of rotating cylinders that store energy in the form of kinetic energy. The electric 
energy is withdrawn by slowing down the rotating cylinder. The flywheels have longer life cycles 
and fast response time, making them suitable for frequency regulations and renewable smoothing 
(Mongird et al., 2019). The data related to different types of ESS, their characteristics, and their 
feasibility to serve at the DCFC locations is obtained from various studies in the literature (Beacon 
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Power, 2021; Cole et al., 2021; Kane, 2021; Mongird et al., 2019; Patel, 2021; Rafi and Bauman, 
2021). The following table represents the characteristics and project costs of different ESS:  

Table 3. Different types of energy storage technologies (Beacon Power, 2021; EASE, 2022; 
Kane, 2021; Mongird et al., 2019; Patel, 2021; Rafi and Bauman, 2021) 

ESS Type Project Cost* 
($/kWh) 

Life (years) Energy Density 
(Wh/L) 

Power Density** 
(W/L) 

Sodium- Sulfur 669 13.5 40 10 

Li-Ion 362 10 90-130 23-33 

Lead Acid 464 3 16 4 

Sodium Metal Halide 669 12.5 65 16 

Zinc-Hybrid Cathode 433 10 17 4 

Redox Flow Battery 650 15 13 3 

Flywheel 10,124 20 18 74 

Sodium-ion 

(Current projection) 

<Li-ion >Li-ion <Li-ion >Li-ion 

*The cost includes capital cost, power conversion system, the balance of plant, and construction 
cost 
**Assuming energy/power=4 for batteries and 0.25 for flywheel 

It can be observed that the Li-ion battery has the lowest project cost. Further, among the different 
battery technology, Li-ion batteries have the maximum energy density and power density. Thus, 
the Li-ion is the optimum choice among the batteries and is considered for analysis. The study also 
considers flywheels for the analysis due to the significantly high-power density and their 
applicability during the peak power demand of EVs. 

 The study also considers SLB Li-ion batteries. The batteries are remanufactured after their 
end of life (EOL) to be used as SLB. The cost of remanufacturing SLB is around 30% of NB 
(Neubauer et al., 2012). The comparison of SLB with that of the NB Li-ion battery is as shown 
below: 

Table 4 Comparison of second-life batteries versus new lithium-ion battery 

 NB Li-ion battery SLB Li-ion battery 

Battery pack Cost $137/kWh (BloombergNEF, 
2020) 

30% of new battery (Neubauer et 
al., 2012) 
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Battery Life 10 years (Kamath et al., 2020) 3-7 years (Kamath et al., 2020) 

Battery Energy Capacity Depends on the Size 70-80% of a new battery (Kamath 
et al., 2020) 

 

The study also considered BESS with different storage durations. The storage duration is the time 
to charge/discharge the full battery at its power capacity. The smaller storage duration would mean 
that the battery can charge/discharge faster, which might be required, especially during peak hours. 
However, batteries with smaller storage durations are more expensive. The projected capital cost 
for different storage durations is as follows (Cole et al., 2021):  

 

Figure 3 Projected BESS unit project cost with different storage durations (Cole et al., 2021) 

This study considers the projected cost of the BESS system in 2050, including battery pack, 
balance of plant, inverter, construction cost, etc. Finally, the battery size is limited to 50 kWh per 
50 kW charger due to area restrictions depending on site conditions (Gjelaj et al., 2020). 

It is worth noting that the battery performance and preliminary data are derived from the literature. 
More in-depth battery performance analysis, including experimental analysis, is in progress as a 
separate project and will update the results as necessary. 

Solar panel characteristics and input data 
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The solar panels' output power depends upon the efficiency of the solar panels, sun elevation angle, 
and cloud coverage. The sun elevation angle throughout the year at different locations in Michigan 
is obtained from SunEarthTools, 2021. The sun elevation angle for the city of Saginaw, during 
winter (October-May) and summer season (June-September) is shown in Figure 4. Note that these 
figures represent the sun elevation angle averaged over all the days in the given season (winter or 
summer). The cloud coverage data throughout the year is obtained from Weather Spark, 2022 
(Figure 5) Note that the variation in sun elevation angle and cloud coverage is found to be similar 
in all urban areas of the Michigan. Hence, same variation is assumed for all the areas in Michigan. 
Finally, the solar panel efficiency of 19.5% (Feldman et al., 2021) and cost of $0.68/W (NREL, 
2021) are considered in this study. . The cost of the solar panels is the entire project cost, including 
inverters, structural balance of system (racking), electrical balance of system, installation cost, etc. 
The projected cost for the solar panels is considered to be for the year 2050 (NREL, 2021). It is 
important to note that the area of the solar panels is restricted to the maximum area based on the 
site conditions at each of the charging stations. Thus, the solar panel area is restricted to the 
charging/parking spot area per charger (Schmitt, 2016). 

  
a) Winter season b) Summer season 

Figure 4 Variation in sun elevation angle during the a) winter and b) summer season in 
Saginaw, Michigan (SunEarthTools, 2021) 
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Figure 5 Variation in cloud coverage over the entire year in Saginaw, Michigan ©  
WeatherSpark.com (Weather Spark, 2022) 

RESULTS 

The model is implemented to obtain the optimum size of DER, required grid upgrades, 
infrastructure cost, and savings. The study considers different scenarios which includes different 
combinations of DER (i.e., Li-ion NB ESS, Li-ion SLB ESS, FESS, solar panels), variation in EV 
charging demand, different storage duration of batteries, projected cost of the DER. These 
scenarios are listed as below: 

• DERs 
o BESS, FESS, and solar panels 
o BESS, FESS only 

• Battery cost, type, and storage duration 
o 2-hour storage duration 

 Li-ion NB $190/kWh     
 Li-ion SLB $145/kWh 

o 4-hour storage duration 
 Li-ion NB $150/kWh  
 Li-ion SLB $115/kWh               

o 6-hour storage duration 
 Li-ion NB $140/kWh   
 Li-ion SLB $105/kWh 

• EV load factor (EV demand) 
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o EV demand in the year 2030 
o 1.5 times the EV demand in the year 2030 
o 2 times the EV demand in the year 2030 

 
The results are obtained for the 75 DCFC locations in the six major urban areas (i.e., Saginaw, 
Lansing, Flint, Grand Rapids, Kalamazoo, and Muskegon) of Michigan. The analysis has been 
done for the 2030 EV demand, 1.5 times the EV demand of 2030 (EV load factor of 1.5 means 
demand equivalent to 1.5 times the demand in the year 2030), and 2 times the EV demand of 2030, 
to predict future requirements of EV charging.  

The suggested size of the battery (kWh) and the solar panels (square meter) for the various urban 
areas for a 4-hour storage duration (Li-ion NB and SLB) are presented in Figures 6 to 17. Further, 
analysis results for different storage durations (2-hour and 6-hour) for Li-ion NB and SLB are 
presented in appendix A (Figures 20 to 43). The suggested optimum approach is the provision of 
solar panels at all the locations in all the cities. The size of these solar panels is the maximum area 
that can be provided depending upon the site area restrictions at each particular location. These 
solar panels provide savings in the electricity cost, charge the battery (especially during the 
summer and highest sun elevation angle), and supply extra energy to the electric grid (if any). The 
size of the battery depends upon the type and cost of the battery (NB versus SLB), the cost of 
upgrading the grid, and the EV load factor. When considering the NBs, BESS is not the suggested 
optimal solution for many locations state-wide due to the high investment cost for the battery as 
compared to the cost of upgrading the grid. However, with SLBs, it is suggested to provide 
batteries at all the locations, and the required size of these batteries is much larger than that of 
NBs. The investment cost for SLB is lower than upgrading the grid. Further, these batteries 
efficiently utilize the TOU electricity rates by charging during off-peak hours and discharging 
during peak hours. Note that the cost of grid upgrades depends upon the capacity constraints of 
grid components at a given location. Note that flywheels are not the optimal solution as these have 
higher investment costs than batteries.  

The temporal variation of demand in summer for an EV load factor of 2 at one of the 
locations in Saginaw, Michigan, is shown in Figure 18 (at the Grid level) and Figure 19 (at DCFC 
station level). Figure 18 shows that the feeder capacity is less than the peak hour demand (existing 
demand plus EV demand). Solar panels and batteries are provided to support the extra demand and 
reduce the load on the grid. Figures 18a and 18b display the load profile for NB and SLB, 
respectively. Figure 19 represents the detailed temporal demand/supply at DCFC level for 
batteries, solar panel output, and EV energy demand, considering the TOU electricity rate. The 
SLB (Figure 19b) can utilize the TOU electricity rate more efficiently than the NB (Figure 19a). 
The SLB has a larger size and can store more energy than NB. It is evident from the figures 
(especially Figure 19b) that the battery charges from midnight to morning when the electricity 
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price and demand are low. The battery discharges during the morning peak hour when the 
electricity price is higher. However, it again charges around noon when the solar power output is 
maximum. Finally, the battery again discharges during the evening peak hour with the high TOU 
electricity rate. 

The total cost breakdown for the different cities considering SLBs and solar panels for a 4-
hour storage duration is shown in Table 5. It can be observed that the provision of DER provides 
substantial savings in the annual electricity cost ($40,000-$285,000) and the annual total cost 
($25,000-$165,000) for each of the major urban areas in Michigan. The maximum savings are in  
Grand Rapids, Michigan and the minimum savings are in Lansing, Michigan. The total savings 
are smaller because it includes additional investment costs for DER. Table 6 shows the same cost 
breakdown considering NBs and solar panels for 4-hour storage duration. In this scenario, the 
annual electricity and annual total cost savings are around $25,000-$170,000 and $20,000-
$145,000 respectively. The study also obtained results for other scenarios (No solar panels, 2-hour 
storage duration, 6-hour storage duration). However, the scenario with a 4-hour storage duration 
SLB and solar panels provides the maximum savings. SLBs are cheaper and offer an acceptable 
charging/discharging rate for the required power during peak hour demand. The cost breakdown 
for the 2-hour and 6-hour storage duration BESS are presented in appendix B from Table 7 to 10.  
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(i) Solar panel area (sq.m)                                    (ii) NB size (kWh)   

a) EV load factor=1 

 
(i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 

 
(i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

c) EV load factor=2 
Figure 6 Size of NB (4 hour storage duration) and solar panels for the city of Saginaw 
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(i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 

 
(i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 

 
(i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 7 Size of SLB (4 hour storage duration) and solar panels for the city of Saginaw 
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(i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
(i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 

 
(i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

c) EV load factor=2 
Figure 8 Size of NB (4 hour storage duration) and solar panels for the city of Muskegon 
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(i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 9 Size of SLB (4 hour storage duration) and solar panels for the city of Muskegon 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

c) EV load factor=2 
Figure 10 Size of NB (4 hour storage duration) and solar panels for the city of Lansing 
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                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 11 Size of SLB (4 hour storage duration) and solar panels for the city of Lansing 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

c) EV load factor=2 
Figure 12 Size of NB (4 hour storage duration) and solar panels for the city of Kalamazoo 
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                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 13 Size of SLB (4 hour storage duration) and solar panels for the city of Kalamazoo 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

c) EV load factor=2 
Figure 14 Size of NB (4 hour storage duration) and solar panels for the city of Grand Rapids 
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                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 15 Size of SLB (4 hour storage duration) and solar panels for the city of Grand Rapids 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

c) EV load factor=2 
Figure 16 Size of NB (4 hour storage duration) and solar panels for the city of Flint 
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                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 17 Size of SLB (4-hour storage duration) and solar panels for the city of Flint 
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2. SL
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Figure 18 Daily demand and supply variations at Grid level for the EV load factor of 2, 
during the summer season at a location in Saginaw, Michigan 

                              

  

(a) NB (b) SLB 
Figure 19 Daily demand and supply variations at DCFC station level for the EV load factor 
of 2, during the summer season at a location in Saginaw, Michigan 

TABLE 5 Cost breakdown for the case of 4 hour SLB and the solar panels in Michigan 

Saginaw 
EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost ($k) 

Flywheel  
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 498 469 207 0 1538 1595 95 63 
1.5 755 713 310 0 2247 2334 142 87 
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2 894 937 414 0 2957 3068 189 111 
Muskegon 
EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost ($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 273 252 108 0 862 893 50 29 
1.5 281 378 163 0 1264 1305 75 44 
2 316 504 217 0 1665 1719 100 57 
Lansing 
EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost ($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 185 212 91 0 857 882 43 25 
1.5 205 318 137 0 1259 1294 64 37 
2 219 424 182 0 1662 1706 84 53 
Kalamazoo 
EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost ($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 263 246 106 0 975 1005 49 29 
1.5 289 370 159 0 1433 1474 73 45 
2 314 493 212 0 1890 1943 99 64 
Grand Rapids 
EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost ($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 397 711 306 0 2799 2873 141 81 
1.5 455 1066 458 0 4141 4249 213 121 
2 506 1421 611 0 5484 5624 284 165 
Flint 
EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost ($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 286 407 175 0 1518 1563 81 47 
1.5 326 610 262 0 2231 2294 121 70 
2 368 814 350 0 2944 3026 162 93 
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TABLE 6 Cost breakdown for the case of 4 hour NB and the solar panels in Michigan 

Saginaw 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel  
Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) Cost ($k) 

1 502 94 207 0 1572 1603 61 55 
1.5 793 129 310 0 2299 2346 90 75 
2 916 160 414 0 3027 3083 119 96 
Muskegon 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 277 24 108 0 882 897 30 25 
1.5 291 77 163 0 1291 1312 48 37 
2 323 49 217 0 1705 1727 60 49 
Lansing 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 185 36 91 0 873 885 27 22 
1.5 219 17 137 0 1286 1299 37 32 
2 226 143 182 0 1689 1713 57 46 
Kalamazoo 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 267 30 106 0 994 1009 30 25 
1.5 299 8 159 0 1464 1480 42 39 
2 323 101 212 0 1926 1952 63 55 
Grand Rapids 
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EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 405 15 306 0 2859 2883 81 71 
1.5 483 5 458 0 4233 4265 121 105 
2 550 71 611 0 5602 5646 166 143 
Flint 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 294 38 175 0 1551 1569 48 41 
1.5 330 65 262 0 2279 2304 73 60 
2 380 34 350 0 3011 3038 95 81 

 
 
 
CONCLUSION 
The rapid growth in EVs will necessitate the growth of EV fast-charging infrastructure. However, 
this will increase the electricity demand which might overload the electric grid. To counter this 
effect, electric grid upgrades or other DER might be required to support the rising EV demand. An 
optimization model has been developed to estimate the optimum investment technology to support 
EV charging demand at DCFC charging stations. The different investment technology includes 
installation and purchase of ESS (NBs, SLBs, flywheels), solar panels, cost of electric grid network 
upgrade, and cost of buying/selling electricity from/to the electric grid. A discrete time-dependent 
model is developed to capture the spatiotemporal demand (EV demand and existing demand), 
electric grid distribution network, and capacity constraints, and seasonal impacts of solar radiation 
intensity, electricity rate, and electricity demand. The model is implemented to consider the 
expected EV charging in 6 major cities in Michigan by the year 2030. The study also did sensitivity 
analysis with varying EV demand, storage duration of the batteries, and cost of the ESS. The results 
indicate that maximizing the area of the solar panels considering site restrictions would maximize 
the benefits. Further, the Li-ion SLB are proved to be a cost-effective solution compared to other 
ESS (NB, flywheels, etc.). These SLBs make efficient use of the TOU electricity rate, store the 
intermittent solar energy, charges during the night, and discharges during peak hours. The 
optimum charge/discharge schedule of SLBs proposed by the study should be adopted for 
maximum savings. Both solar panels and SLBs should be provided to substantially save electricity 
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and total annual costs. These savings can be further increased if more area is available to offer 
solar panels and the ESS. 
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APPENDIX A: SIZE OF THE SOLAR PANELS AND BESS FOR THE 2-HOUR AND 6-
HOUR STORAGE DURATION 

Saginaw 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

c) EV load factor=2 
Figure 20 Size of NB (6 hour storage duration) and solar panels for the city of Saginaw 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 
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                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 21 Size of SLB (6 hour storage duration) and solar panels for the city of Saginaw 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 
c) EV load factor=2 

Figure 22 Size of NB (2 hour storage duration) and solar panels for the city of Saginaw 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 23 Size of SLB (2 hour storage duration) and solar panels for the city of Saginaw 
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Muskegon 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

c) EV load factor=2 
Figure 24 Size of NB (6 hour storage duration) and solar panels for the city of Muskegon 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 
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                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 25 Size of SLB (6 hour storage duration) and solar panels for the city of Muskegon 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 
c) EV load factor=2 

Figure 26 Size of NB (2 hour storage duration) and solar panels for the city of Muskegon 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 27 Size of SLB (2 hour storage duration) and solar panels for the city of Muskegon 
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Lansing 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

c) EV load factor=2 
Figure 28 Size of NB (6 hour storage duration) and solar panels for the city of Lansing 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 
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                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 29 Size of SLB (6 hour storage duration) and solar panels for the city of Lansing 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 
c) EV load factor=2 

Figure 30 Size of NB (2 hour storage duration) and solar panels for the city of Lansing 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 31 Size of SLB (2 hour storage duration) and solar panels for the city of Lansing 
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Kalamazoo 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

c) EV load factor=2 
Figure 32 Size of NB (6 hour storage duration) and solar panels for the city of Kalamazoo 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 
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                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 33 Size of SLB (6 hour storage duration) and solar panels for the city of Kalamazoo 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 
c) EV load factor=2 

Figure 34 Size of NB (2 hour storage duration) and solar panels for the city of Kalamazoo 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 35 Size of SLB (2 hour storage duration) and solar panels for the city of Kalamazoo 

 

  



65 

 

Grand Rapids 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

c) EV load factor=2 
Figure 36 Size of NB (6 hour storage duration) and solar panels for the city of Grand Rapids 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 
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                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 37 Size of SLB (6 hour storage duration) and solar panels for the city of Grand Rapids 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 
c) EV load factor=2 

Figure 38 Size of NB (2 hour storage duration) and solar panels for the city of Grand Rapids 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 39 Size of SLB (2 hour storage duration) and solar panels for the city of Grand Rapids 
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Flint 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

c) EV load factor=2 
Figure 40 Size of NB (6 hour storage duration) and solar panels for the city of Flint 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 
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                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 41 Size of SLB (6 hour storage duration) and solar panels for the city of Flint 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) NB size (kWh) 
c) EV load factor=2 

Figure 42 Size of NB (2 hour storage duration) and solar panels for the city of Flint 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

a) EV load factor=1 

 
                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

b) EV load factor=1.5 
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                      (i) Solar panel area (sq.m)                                    (ii) SLB size (kWh) 

c) EV load factor=2 
Figure 43 Size of SLB (2 hour storage duration) and solar panels for the city of Flint 
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APPENDIX B: COST BREAKDOWN FOR 2-HOUR AND 6-HOUR STORAGE 
DURATION 

BESS with 6 hour storage duration and solar panels 

TABLE 7 Cost breakdown for the case of 6 hour NB and the solar panels in Michigan 

Saginaw 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel  Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) Cost ($k) 

1 721 71 207 0 1574 1610 59 48 
1.5 886 60 310 0 2304 2348 85 73 
2 966 102 414 0 3031 3084 115 95 
Muskegon 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 277 34 108 0 882 897 30 25 
1.5 303 50 163 0 1293 1312 46 37 
2 323 67 217 0 1703 1727 62 49 
Lansing 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 185 50 91 0 872 885 28 22 
1.5 219 24 137 0 1285 1299 38 32 
2 256 172 182 0 1686 1714 60 45 
Kalamazoo 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 267 41 106 0 993 1009 31 25 
1.5 299 12 159 0 1464 1480 42 39 
2 314 180 212 0 1920 1952 69 55 



78 

 

Grand Rapids 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 405 22 306 0 2858 2883 82 71 
1.5 483 7 458 0 4233 4265 121 105 
2 550 99 611 0 5600 5646 168 143 
Flint 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 294 56 175 0 1549 1569 50 41 
1.5 342 40 262 0 2281 2304 71 60 
2 380 54 350 0 3010 3038 96 81 

 

TABLE 8 Cost breakdown for the case of 6 hour SLB and the solar panels in Michigan 

Saginaw 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel  
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 717 439 207 0 1539 1602 94 56 
1.5 861 674 310 0 2248 2336 141 85 
2 951 879 414 0 2960 3068 186 111 
Muskegon 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 273 235 108 0 863 892 49 30 
1.5 303 353 163 0 1264 1305 75 44 
2 323 471 217 0 1666 1718 99 58 
Lansing 
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EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 185 198 91 0 858 881 42 26 
1.5 219 297 137 0 1260 1293 63 38 
2 256 396 182 0 1663 1706 83 53 
Kalamazoo 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 263 230 106 0 976 1004 48 30 
1.5 299 345 159 0 1433 1474 73 45 
2 314 460 212 0 1891 1942 98 65 
Grand Rapids 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 401 663 306 0 2800 2871 140 83 
1.5 476 995 458 0 4144 4247 210 123 
2 524 1327 611 0 5488 5621 280 168 
Flint 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 286 380 175 0 1519 1562 80 48 
1.5 338 570 262 0 2233 2294 119 70 
2 368 760 350 0 2946 3024 160 95 
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BESS with 2 hour storage duration and solar panels 

TABLE 9 Cost breakdown for the case of 2 hour NB and the solar panels in Michigan 

Saginaw 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel  
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 427 82 207 0 1574 1601 59 57 
1.5 503 182 310 0 2298 2339 91 82 
2 845 145 414 0 3030 3083 116 96 
Muskegon 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 277 5 108 0 884 897 28 25 
1.5 303 8 163 0 1296 1312 43 37 
2 323 11 217 0 1708 1727 57 49 
Lansing 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 169 31 91 0 874 885 26 22 
1.5 199 28 137 0 1285 1299 38 32 
2 214 93 182 0 1693 1714 53 45 
Kalamazoo 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 267 18 106 0 995 1009 29 25 
1.5 299 4 159 0 1464 1480 42 39 
2 323 63 212 0 1929 1952 60 55 
Grand Rapids 
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EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 409 1 306 0 2860 2883 80 71 
1.5 483 1 458 0 4233 4265 121 105 
2 561 25 611 0 5605 5646 163 143 
Flint 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 294 23 175 0 1552 1569 47 41 
1.5 342 10 262 0 2283 2304 69 60 
2 380 20 350 0 3013 3039 93 80 

 

TABLE 10 Cost breakdown for the case of 2 hour SLB and the solar panels in Michigan 

Saginaw 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel  
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 411 126 207 0 1570 1599 63 59 
1.5 445 340 310 0 2285 2334 104 87 
2 733 303 414 0 3017 3077 129 102 
Muskegon 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 257 76 108 0 879 896 33 26 
1.5 287 60 163 0 1292 1311 47 38 
2 299 181 217 0 1696 1726 69 50 
Lansing 
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EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 165 30 91 0 874 884 26 23 
1.5 185 82 137 0 1281 1298 42 33 
2 193 134 182 0 1689 1711 57 48 
Kalamazoo 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 251 76 106 0 991 1008 33 26 
1.5 283 74 159 0 1459 1479 47 40 
2 308 97 212 0 1926 1951 63 56 
Grand Rapids 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 395 52 306 0 2856 2883 84 71 
1.5 455 111 458 0 4226 4264 128 106 
2 506 220 611 0 5592 5645 176 144 
Flint 

EV 
Load 
Factor 

Grid 
Cost 
($k) 

Battery 
Cost 
($k) 

Solar 
Panel 
Cost 
($k) 

Flywheel 
Cost ($k) 

Electric 
Cost 
($k/yr) 

Total 
Cost 
($k/yr) 

Electricity 
Savings 
($k/yr) 

Total 
Savings 
($k/yr) 

1 286 36 175 0 1551 1569 48 41 
1.5 308 162 262 0 2272 2303 80 61 
2 356 105 350 0 3006 3037 100 82 
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