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Notice 
This report was prepared by Thomas Ortmeyer, Lei Wu and Dylan Dean in the course of performing  

work contracted for and sponsored by the New York State Energy Research and Development Authority 

(hereafter “NYSERDA”). The opinions expressed in this report do not necessarily reflect those of 

NYSERDA or the State of New York, and reference to any specific product, service, process, or method 

does not constitute an implied or expressed recommendation or endorsement of it. Further, NYSERDA, 

the State of New York, and the contractor make no warranties or representations, expressed or implied,  

as to the fitness for particular purpose or merchantability of any product, apparatus, or service, or the 

usefulness, completeness, or accuracy of any processes, methods, or other information contained, 

described, disclosed, or referred to in this report. NYSERDA, the State of New York, and the contractor 

make no representation that the use of any product, apparatus, process, method, or other information will 

not infringe privately owned rights and will assume no liability for any loss, injury, or damage resulting 

from, or occurring in connection with, the use of information contained, described, disclosed, or referred 

to in this report.  

NYSERDA makes every effort to provide accurate information about copyright owners and related 

matters in the reports we publish. Contractors are responsible for determining and satisfying copyright  

or other use restrictions regarding the content of reports that they write, in compliance with NYSERDA’s 

policies and federal law. If you are the copyright owner and believe a NYSERDA report has not properly 

attributed your work to you or has used it without permission, please email print@nyserda.ny.gov. 

Information contained in this document, such as web page addresses, are current at the time of 
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Executive Summary 
This is the final report of NYSERDA Project 39151: Parameter Identification for Optimal Electric 

Vehicle Rate Structures. This project was conducted by Clarkson University investigators Thomas 

Ortmeyer, Lei Wu, and Dylan Dean. Greg Pedrick was the project manager for this research. 

This project focused on the longer term impacts of electric vehicle (EV) charging on the electric  

power system. In particular, the study considers a 10 percent or greater EV penetration rate. This 

penetration level is sufficient to support a robust network of EV chargers. Optimistically, we could  

reach the 10 percent penetration level in as quickly as five years. 

Electric vehicles present unique challenges to the power system utilities when it comes to charging these 

vehicles. Each year EVs become more affordable and as battery technology improves, EVs can go further. 

This research develops an EV transportation model based on data from the National Household Travel 

Survey, which models the impacts on the distribution system. The impacts of EV charging on daily peak 

load, voltage imbalance, transformer overloads, and line overloads are analyzed. This report gives special 

emphasis to the effects of DC Fast Charging, both alone and in combination with expected levels of Level 

2 charging. This report defines DC Fast Charging as the charging technology where rectified ac power is 

supplied to the vehicle through a DC connector, and has the capability to charge the vehicle in one hour  

or less. This definition is intentionally broad and covers several subcategories that are either in place or 

under development. 

Key findings include: 

• Advanced EV penetration levels above 10 percent in urban/suburban areas should provide 
sufficient market for a robust network of commercial DC Fast Charge charging stations. 

• The bulk of personal vehicle EV charging will take place at home with Level 2 charging. 
• The combination of commercial DC Fast Charging and home charging will contribute to the 

distribution system peak load and reduce voltage levels on the feeders.
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1 Introduction 
There is growing interest in electric vehicle (EV) and plug in hybrid electric vehicle (PHEV)  

technologies because of their reduced fuel usage and greenhouse gas emissions. The NYSERDA  

Project 39151: Parameter Identification for Optimal Electric Vehicle Rate Structures, performed  

research into the impact of pure EV charging on the power grid in New York State. This study  

assumes that PHEV’s will not use DC Fast Charging. Each year the popularity and number of EVs  

on the road increases. With a growing presence in America’s transportation system, an increased  

impact on the power grid from the charging of EVs is expected. There are three categories of EV 

charging: Level 1, Level 2, and DC Fast (Level 3). Perhaps most concerning amongst the charging 

methods is the DC Fast chargers that are gaining popularity as an “away from home” charging option.  

It is anticipated that charging stations analogous to gas stations with around 10 of these DC Fast charging 

units will constitute a majority of the public charging market. Currently, Tesla “Super Charger” stations 

employ as many as 12 DC Fast charging units at a single station. The DC Fast charging unit’s anticipated 

popularity over Level 1 and Level 2 public charging options stems from the speed and convenience of the 

units. EV owners will most likely opt for the fastest, most convenient and cost effective charging option 

for public charging. Still, it is anticipated that most EV owners will continue to charge at home 

overnight.1 

To best investigate the effect of a large number of EV charging units in NYS, a simulation of a typical 

State utility’s power system is the basis for this investigation. This study uses a Power system simulation 

software called Distribution Engineering Workstation (DEW). To simulate the load from EV charging  

on the system, a model using MatLab based on numerous statistical figures and stochastic methods are 

covered later in this document. A base case analysis of the system’s power flow from the system serves as 

a basis of comparison. Adding charging stations to loaded feeders in the system tests the effect of various 

penetration levels of EVs and charging stations on the system. The analysis monitors the effect of adding 

chargers to the system on transformer overloads, voltage flicker, and voltage sensitive components in an 

effort to expose any reliability issues that may arise as a result of the additional load from EV charging.  
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2 Background and Literature Review 
The focus of this chapter provides an overview of the information associated with this study as well  

as reviews on studies and sources. The analyses and methods discussed in other papers were excellent  

in some areas, but weak in others. This section covers these areas in more detail. 

2.1 Distribution System Impacts Resulting from Electric Vehicle 
Charging 

Much work has gone into determining the best method by which to model the future tendencies of EVs  

in the transportation system and how they will impact the distribution system. The best way to identify 

the impact of EVs on the distribution system is to utilize an accurate transportation model to determine 

the methods of charging and the most likely charging times. While this strategy is the basis of numerous 

papers, most analyze the impacts of EV charging on a distribution system and primarily focus on  

Level 1 and 2 charging.1, 2, 3,4 Others briefly cover impacts of DC Fast, but not in any particular depth.1 

Some research papers model the activity of EVs unrealistically, randomly distributing the charging 

behavior of a population of EVs throughout the course of the day without taking into account  

documented travel tendencies. The resulting model would prove unreliable if used for power system 

planning activities. A common practice to develop a transportation model is to use data from the  

National Household Travel Survey (NHTS) in conjunction with probability functions to determine  

likely charging times for EVs.5,6,3 Some studies utilize empirical localized travel data to serve as a basis 

for their transportation model.37, 8,9,10 This method for creating a transportation model is logical and may  

be the best method for accurately predicting the most likely arrival and departure times for vehicles as 

well as daily travel distances. The travel distances are useful for developing an accurate representation  

of state of charge (SOC) upon arrival to a charging unit. An accurate depiction of SOC for a population  

of vehicles is pivotal for accurately modeling the load from a charging event. Some models take into 

account the likelihood of EVs departing more than once per day and potentially charging more than  

once per day using various charging methods, be it Level 1, 2, or 3.7,5,1 Some models only focus on  

the impacts from Level 1 and Level 2 charging.2  
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Models must also be developed for the vehicles and their charging systems. Some papers choose  

arbitrary values for battery capacity and vehicle range in their analyses.6, 3, 8 A more accurate model can 

be developed by using readily available data on current EVs like the Nissan Leaf or Chevy Volt.7, 1, 2, 10 

The chargers and their associated specifications are a critical aspect of developing an accurate load model. 

There are numerous charging specifications used by the EV charging industry including the EPRI-NEC 

and SAEJ1772 standards that can accurately represent the charging load for Level 1 and 2 1, 2, 3 as shown 

in Table 2.1. The EV and transportation models are described by a combination of factors including 

vehicle type, charging power level, start time, and the miles driven and associated SOC. 

Table 2-1. Charging Standards for EV Chargers 

Standard Charging Level 
 1 2 3 

EPRI-NEC 120VAC,  
15A (12A), 

1.44kW 

240VAC, 
40A,  

1-Phase 

480VAC,  
3-Ph, 

 60-150kW 
SAEJ1772 120VAC, 

12A, 1-Phase 
1.44kW 

208-240VAC 
32A, 1-Ph, 

6.66-7.68kW 

208-600VAC, 
400A, 3-Ph, 

>7.68kW 

Most papers analyze the effects of charging on a distribution system use models developed either 

independently or by EPRI or IEEE.2 Although this is an accurate way to find the impact on a distribution 

system as it considers the spatial characteristics of the distribution feeder, using a geographically specific 

distribution system can give more pointed and relevant results, which is crucial in the scope of this study. 

In most documents, this study included, the EVs are placed arbitrarily around the spatial geography of a 

distribution feeders. Most papers utilize different methods to analyze the system to determine the impact 

of the EVs charging on the distribution system. Most papers utilize different methods to determine the 

impact of EV charging on a distribution system including Monte Carlo analysis and daily load flows 

resulting from increased EVs penetration. Many papers conclude that distribution system impacts 

including transformer thermal overloading, phase imbalance, voltage regulation, power losses, 

transformer degradation, and harmonic distortion are the primary impacts of EV charging.1, 2, 4 With 

respect to DC Fast charging, due to the higher peak load from the charger, the effect on three-phase 

distribution lines and three-phase transformers is exacerbated and becomes a greater focus of concern 

when compared to lower level charging. The addition of these chargers to the system pose less  
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risk for system imbalance and single phase distribution transformer overloads. Additionally, the peak  

load of DC Fast chargers temporally coincides with the distribution system peak load, which gives further 

emphasis to distribution equipment concerns.1, 2 When conducting a study on the impact of EV charging 

on the distribution system, it is important to consider a multitude of factors when developing a model to 

most accurately emulate the potential impact of EVs. It should also be noted that the potential impacts of 

EVs are increasing as the battery capacity of EVs is increasing and chargers are becoming faster and more 

powerful. 

The impact of EV charging on the distribution system is generally well studied, although sometimes with 

less accurate transportation models and often without significant attention to potential impacts of DC Fast 

charging. It is important to understand the future impact of EV charging on power system planning and 

the potential need to increase the robustness of distribution transformers and feeders. 
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3 Model Description 
This chapter describes the processes used for studies in this document. It is crucial to replicate a realistic 

scenario for EV charging. A realistic EV charging scenario ensures the most accurate representation of 

the effect of charging on the system. This chapter also describes the NYS distribution system and the 

software used to model it. Additionally, the charging model used in the analysis and the techniques used 

to develop it are explained. Perhaps the most important aspect is a transportation model that accurately 

represents when EVs will arrive to charge at the stations. 

3.1 Distribution System Model 

The State power distribution grid base case used in this study was obtained from the partnering NYS 

utility as well as the DEW database so the base case system could run. Once the system was analyzed,  

the software generated a file that outlines the loads at each feeder in the system on a monthly basis. The 

base system on which the analyses are conducted is a multiple feeder system located in southern NYS. 

There are 22 customer load types included in the base case system. Figure 3.1 shows a schematic of the 

base case distribution system. The system simulation is an accurate representation, both geographically 

and in content, of the existing system in NYS. The connected loads in the simulation represent individual 

customers and vary from residential loads to commercial class loads. The customers are connected to the 

lines with either single phase or three-phase overhead, underground, or pad-mount transformers. The 

system simulation encompasses a fairly large area with multiple feeders. For the purpose of analysis,  

the most heavily loaded feeder is selected to test the effect of EV charging on the system.  

In the system base case, one substation stood out as the most loaded. In the modeled case there  

are overloads on the substation transformer during high load hours in the summer time. These high  

load hours, when the overloads occur, will be the time interval of interest for the purposes of testing.  

Testing the effects of EV charging at high load hours should represent the potential worst case scenario.  
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Figure 3-1. Base case system schematic 

3.2 DC Fast Charging Station Load Model 

In this study, MatLab created a model of a DC Fast charging station. To model the load of a DC Fast 

charging station in the system several variables are considered. This section outlines the strategies that 

have led to the development of the DC Fast charging station load profiles used in this study. The models 

and assumptions used in this study intends to project EV usage five or more years in the future.  

3.2.1 Variables and Assumptions 

The first step in the development of the DC Fast charging station load profile model is identifying the 

variables. The first variable in the model is the total population of vehicles in the system under study.  

The population of vehicles in the system is approximately 140,000 vehicles, using data from the U.S. 

census estimate. 711,12 The second variable in the model is the penetration rate of EVs in the system.  

For the purpose of the model this variable changes for different scenarios. The first scenario assumes  

the value of the penetration rate to be 10 percent. This level is considered to be the penetration level of 

EVs in five years under an aggressive EV adoption scenario. The penetration rate of EVs in the total 

population of vehicles determines the number of chargers in the system based on the economic feasibility 

of the charging stations, assuming a payback period of about 10 years. Some variables are assigned to 

reflect electrical ratings and efficiency ratings of both DC Fast charging units and the EV used in the 

analyses. Other variables will be elaborated upon throughout the model description, in context, as they 

become relevant.  
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The load profile for DC Fast charging stations used statistical data for human behavior with random 

elements integrated to best display the stochastic nature of various variables in the model. Based on 

current gas station usage tendencies, this study assumes that individuals will just drive into a charging 

station and connect to a free charger without having to pre-schedule, with the market adding additional 

chargers as the need arises.  

The temporal distribution for departure times in the U.S. is used to develop the load profile for DC  

Fast charging stations. The distribution remained largely unchanged since the 80s. The U.S. temporal 

departure distribution reflects the probability of an individual to depart on a trip throughout the course  

of a day. These trips could include from home to work, work to the grocery store, or from home to a 

sporting event, etc. The temporal departure distribution was obtained from NHTS 2009 Table 29.13  

Figure 3.2 shows a graphical representation of the distribution. The assumption is that the public DC  

Fast charging stations will be used when it is most convenient to the individual driver. Under such an 

assumption, it is likely that individuals will tend to charge their vehicles using public charging stations 

when they are en route to a destination. The temporal departure probability distribution is a key 

component in modeling the DC Fast charging station load profile. 

Figure 3-2. Temporal Departure Probability Distribution 
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The load profile of a single charging vehicle is equally important to the development of the DC Fast 

charging station load profile model. DC Fast chargers charge lithium ion batteries in a manner that does 

not damage the battery and typically will not charge a connected battery to a full SOC in order to protect 

the battery. To avoid damage, the battery must charge slowly for the final increment of capacity.14 This 

final period of slow charging at a commercial station will not be attractive for either the driver or station 

owner. In this study, the maximum charge rate for vehicles using DC Fast Charging is 80 percent of full 

SOC.  

The DC Fast charging cycle charges at constant current for the first portion of the charge, increasing the 

voltage until the rated output of the charger reaches the battery’s voltage rating. The charging then goes 

into a tapered region, where the charge maintains constant voltage and the charging current slowly decays 

as the SOC increases.15 Figure 3.3 shows DC Fast charging characteristics. The charger load profile in 

Figure 3.3 represents a vehicle with an initial SOC of zero percent. The blue line in the figure represents 

DC power to the battery. The red line represents SOC of the battery in watt-hours (Wh) throughout the 

charge cycle for a 24kWh battery. Note that the red line does not reach 24 kWh when the charge cycle 

ends because the battery is only charged to 80 percent capacity. 

Figure 3-3. DC Fast charging profile (single vehicle) 
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In addition to the temporal probability distribution for departure, the daily distance driven and associated 

SOC for a given sample must be taken into account. A data point is created for each vehicle in the 

population of EVs considered in this study. For each data point, the assigned value for daily miles driven 

is based on a lognormal distribution of daily miles driven by drivers in NYS. The distribution used in the 

analysis, shown in Figure 3.4, is a combination of two distributions. The first distribution of daily miles 

traveled is based on the lognormal distribution with the mean of 32.5 miles and a standard deviation of  

12 miles. The mean value for daily distance traveled by drivers in NYS is 32.5 miles according to the 

National Highway Travel Survey.13 This gives the distribution of average miles driven per day for the 

population. The second distribution accounts for the drivers who do not fit the standard curve on a given 

day as drivers will travel farther on some days by a fair amount. To account for these drivers, a portion of 

the driven days are assumed to be high mileage days. The assumed mean for this distribution is 90 miles 

with a standard deviation of approximately 30 miles. The combination of these two distributions yields 

the distribution shown in Figure 3.4.  

Figure 3-4. Distribution of Daily Miles Driven  
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Equation 1. PDF for daily distance driven 𝒈𝒈(𝒅𝒅;𝝁𝝁,𝝈𝝈) =  𝟏𝟏

𝒅𝒅�𝟐𝟐𝝅𝝅𝝈𝝈𝟐𝟐
𝒆𝒆
−(𝐥𝐥𝐥𝐥(𝒅𝒅)−𝝁𝝁)𝟐𝟐

𝟐𝟐𝝈𝝈𝟐𝟐  

           𝑑𝑑 > 0 

𝑔𝑔(𝑑𝑑;𝜇𝜇,𝜎𝜎): PDF for vehicle travel 
𝜇𝜇: Logarithmic mean  
𝜎𝜎: Logarithmic Standard deviation 
𝑑𝑑: Distance traveled (miles)  
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After obtaining the probability distribution of daily miles driven for the population of EVs in the study, 

the data for SOC of the samples is developed using Eq.2 and Eq.3. SOC of EV batteries is an index of  

the energy status of a battery. A SOC of 100 percent represents a full charge. An SOC of zero percent 

represents a fully depleted state. The SOC distribution was created with the assumption that the Nissan 

Leaf is representative the EVs in the study. Anticipated battery and charger technology improvements 

will likely lead to larger EV battery capacity and charging rates. These have the potential to affect EV 

adoption rate, EV owner choice between Level 2 and DC Fast charging. These changes could also affect 

the EV penetration level where commercial Fast DC Charging becomes commercially viable. However, 

the expectation is for the commercial DC Fast Charging to stay with multi-charge station businesses with 

a load factor similar to that predicted in this study.  

The Nissan Leaf has a 24kWh battery with efficiency of about 0.28 kWh/mile. 16, 17 It is assumed that 

each EV will start the day with a full charge attained by charging at home with a Level 1 or Level 2 

charger. The decision of individual drivers to use commercial DC Fast chargers throughout the day is 

based on the idea of “range anxiety.”18 Range anxiety is a term created to refer to the fear of running  

out of charge, which poses more difficulty than running out of fuel in an internal combustion engine 

vehicle. When one runs out of gas, refueling is as simple as refilling the tank. The prospect of recharging 

an EV on the roadside is a bit more daunting. Therefore, the function of a vehicle’s SOC will determine 

the assumed probability and frequency of an individual utilizing a public charging station. The lower the 

SOC, the more likely the individual will utilize a DC Fast public charging station.  

At the time of this study, there were no official figures on the impact of SOC on an individual’s 

probability of charging. For the purpose of this study, the effect of SOC on the probability of using  

public charging has been assumed, quantified, and accounted for. Table 3.1 provides a summary table  

of the probability of using public charging with relation to EV SOC. Assuming the SOC of a vehicle  

is greater than 80 percent, there will be zero probability that the individual will utilize public DC Fast 

charging. This is due to the fact that DC Fast chargers will only charge the vehicle’s battery to 80 percent 

to avoid the risk of damaging the battery.14 There is a high probability of an individual to use public 

charging with an SOC below 20. Depleting lithium ion EV batteries below 20 percent can damage the 

battery and effect longevity. The upper bound and lower bound for charge level for an EV battery are 

about 95 percent and 20 percent respectively for many manufacturers.15  
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Equation 2. Initial SOC of an EV arriving to the station 𝑬𝑬𝒊𝒊 = �𝟏𝟏 −  𝜶𝜶𝜶𝜶
𝒅𝒅𝑹𝑹
� ∗ 𝟏𝟏𝟏𝟏𝟏𝟏% 

𝐸𝐸𝑖𝑖: Initial SOC of an EV battery  
𝑑𝑑: Daily distance traveled by an EV 
𝛼𝛼: Number of days since last charge (1~2 avg) 
𝑑𝑑𝑅𝑅: Max range of the EV (Nissan leaf =�  80mi) 
 

Table 3-1. Probability of utilizing public charging as a function of State of charge  

Probability of utilizing LV3 Charging as a Function of State of Charge  
SOC 0-

10% 
10-
20% 

20-
30% 

30-
40% 

40-
50% 

50-
60% 

60-
70% 

70-
80% 

80-
90% 

90-
100% 

Prob of 
Charge 

0.95 0.8 0.7 0.4 0.2 0.1 0.1 0.05 0 0 

Equation 3. PDF for initial battery SOC.  𝒉𝒉(𝑬𝑬;𝝁𝝁,𝝈𝝈) =  𝟏𝟏
𝒅𝒅𝑹𝑹
𝜶𝜶 (𝟏𝟏−𝑬𝑬)�𝟐𝟐𝟐𝟐𝝈𝝈𝟐𝟐

𝒆𝒆
−�𝐥𝐥𝐥𝐥(𝟏𝟏−𝑬𝑬)−�𝝁𝝁−𝐥𝐥𝐥𝐥�

𝒅𝒅𝑹𝑹
𝜶𝜶 ���

𝟐𝟐

𝟐𝟐𝝈𝝈𝟐𝟐  

           0 < 𝐸𝐸 < 1 

ℎ: PDF for initial battery SOC. (derived from Eq1. and Eq2.)  
𝐸𝐸: Initial SOC of an individual EV  
𝜎𝜎: Logarithmic standard deviation for SOC.  
𝜇𝜇: Logarithmic mean for SOC 
 

The probability of using public charging varies with the vehicle SOC at any point in time. Table 3-1 

shows the likelihood of using public DC Fast charging with relation to SOC used in this study. The 

number of vehicles using DC Fast public charging in that time interval is then determined from the  

SOC of all vehicles traveling at that point in time.  

The load profile of each charge event varies depending on the initial SOC of the battery upon arrival.  

The number of DC Fast charge events for each SOC block is calculated based on the number of EVs  

in the population. Next, the charge events for each block are quantified and modeled with an associated 

SOC. This initial SOC for each time block creates a generalized minute-by-minute load profile for all  

of the samples in the block. These load profiles for each block build the load profile of a given public  

DC Fast charging station.  
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The temporal departure distribution defines eight time blocks. The number of charges per time interval  

is determined by multiplying the probability from each time interval by the total number of public charge 

events for the day. Once the total number of charge events for a time interval is known, charge events are 

randomly assigned start times with the assumption that the probability within the time interval is 

uniformly distributed.  

Each charger has a one-minute resolution daily load profile associated with it. The assumed number of 

chargers per station is 10 units chosen at random from the population of chargers to populate a station. 

The station load profile consists of the sum of the load profiles of the chargers chosen for the station, as 

referenced in Figure 3.5 below. The status of the charge events in the system for a given time block is 

stored in a matrix.  

Figure 3-5. Representative Daily load profile of a single LV3 charging station 
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Multiple DC Fast charging station load profiles are created using this model unless the number of 

chargers in the system is equal to the number of chargers per station. Each load profile differs a bit.  

For the purpose of testing, five of these DC Fast charging station load profiles were added to the  

DEW database to test the effect.  
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3.3 Level 2 charging model 

The Level 2 charging model is created in conjunction with the DC Fast model and includes an assumed 

scenario of uncontrolled domestic charging for the population of EVs. The study assumes that each EV 

plugs in at home to recharge their EV until reaching full SOC, which stems from the assumption that  

each EV starts the day with a 100 percent SOC by charging overnight with Level 2 chargers. Level 2 

chargers are faster than Level 1 EV service equipment (EVSE) and as EVs grow in popularity, Level 2 

chargers will most likely become the preferred charging method. The Level 2 charger used in the analysis 

is a 240V 30A unit, capable of 7.2kW. The “arrive and plug” model determined the charging start times 

for home charging in the analysis. A uniform probability distribution assumes the start times of Level 2 

charging are between the hours of 4 p.m. and 6 p.m. However, the initial SOC of the vehicles at the time 

of plug in are not uniformly distributed, but rather based on the distribution of SOC for the population 

developed earlier.  

The impact study of Level 2 home charging analyzes two scenarios. First, a robust DC Fast charging 

infrastructure in the system provides ample public charging options in addition to Level 2 home  

charging. Second, there is no DC Fast charging infrastructure and assumes all charge events are  

home charge events. In the first scenario, the presence of DC Fast charging infrastructure in the  

system increases the SOC for a great number of EVs utilizing home charging. This is due to the fact  

that when an individual utilizes DC Fast charging during the day, their initial SOC when plugging  

in at home will usually exceed 60 percent. This, in turn, reduces the load on the residential distribution 

transformers.  

To efficiently model the Level 2 charging loads in DEW, nine new load classes were added to the 

database. The distribution of Level 2 charge events breaks down into three categories by initial SOC.  

The distribution of home charge events is broken into low initial SOC (five to 25 percent), medium  

SOC (35 to 55 percent), and high SOC (>65 percent). Figure 3-6 references the load profiles of each 

home charge event level. The green represents high SOC, red represents medium SOC, and blue 

represents low initial SOC. To create the nine load classes each of the three load profiles has three 

different start times in the DEW database, each modeled with a start time of 4 p.m., 5 p.m., and  

6 p.m.. Based on the transportation model developed, these hours represent the most likely start  

times for charging.  



14 

Figure 3-6. Level 2 Charging Load Profiles 
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Once the Level 2 load classes are added to the DEW database, they are placed around the spatial 

geometry of the feeder. To add the loads to the distribution system simulation, the load classes are  

added to load buses on the feeder. The number of Level 2 charger loads added to each load bus is 

determined based on the number of pre-existing residential loads on a given bus. For the geographic 

region used in this analysis, there are an average of 2.2 vehicles per residence. Based on is figure,  

the number of Level 2 charger loads that are added to each load bus are less than or equal to half the 

number of pre-existing residential loads on the bus. The overall number of Level 2 loads from the  

nine load classes added to the system is set based on a 10 percent penetration of EVs in the system  

(283 on the feeder). However, the loads added to each load bus from the nine load classes are selected  

at random.  

To simulate a 20 percent penetration of EVs, the load profiles of the nine classes in the database double  

in magnitude. This effectively simulates two EVs with similar initial SOCs plugging in the same hour for 

each Level 2 load added to the distribution system created in the 10 percent scenario. Using this method 

to simulate an elevated penetration of EVs maintains the distribution of home charge events in the system. 

Table 3-2 shows a tabular summary of the distribution of Level 2 charging loads added in each scenario  
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Table 3-2. Summary of distribution of vehicles doing Level 2 charging on the feeder  

Scenario 1 distribution of home charge events. (Combined Level 2 & DC Fast) 
Start Time 4PM 5PM 6PM 

EV Penetration Level 10% 20% 10% 20% 10% 20% 
Low Vehicle SOC 3 6 3 6 3 6 
Med Vehicle SOC 40 80 40 80 40 80 
High Vehicle SOC 53 106 53 106 53 106 

Scenario 2 distribution of home charge events. (Level 2 Only) 
Start Time 4PM 5PM 6PM 

EV Penetration Level 10% 20% 10% 20% 10% 20% 
Low Vehicle SOC 20 40 20 40 20 40 
Med Vehicle SOC 45 90 45 90 45 90 
High Vehicle SOC 26 52 26 52 26 52 

3.4 Cost model 

The cost to use public DC Fast charging stations is a significant aspect of their implementation. The cost 

of a charge must benefit the customer and provide a reasonable payback period for the business owners. 

This study assumes that the payback period is approximately 10 years.  

3.4.1 DC Fast Charging Station cost of electricity  

A DC Fast charging station consumes three-phase power at 480 V. Each station will have 10 individual 

50kW charging units at a single location and will use a monthly flat rate for electricity rates instead of 

time-of-use rates. A flat rate is preferable for a charging station because many charge events take place 

during peak load hours. However, time-of-use rates are preferable in the event that charging stations 

employ utility sized batteries to shift the load of DC Fast charging to off peak hours. The rate changes 

with the amount of power and energy consumed as well as time of year, incurring an $18 monthly 

“customer charge.” The applicable delivery charges include a demand charge and a usage charge. The 

demand charge for the first 5kW or less is 1.26$/kW in the summer months (June through September),  

or 0.74$/kW for all other months (October through May). The DC Fast charging stations will likely  

spend most of the in use time above 5kW. The demand charges for power consumption over 5kW are 

$12.89/kW in the summer months and $7.49/kW all other months. The usage charges applied are as 

follows. For usage under 1,250 kWh the rate is $0.06489/kWh in the summer months and $0.05009/kWh  
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for all other months. For usage up to 30,000kWh or 300 hours (whichever is greater), the usage charges 

are 0.02977$/kWh in the summer months and 0.02868$/kWh for all other months. For usage in excess  

of 30,000kWh or 300 hours (whichever is greater) the usage charges are 0.01499$/kWh for the summer 

months and 0.01389$/kWh for all other months. There are also metering charges, processing charges,  

and various surcharges that may apply to DC Fast charging stations as well. 

Figure 3-7. DC Fast charging vehicle load profile 

3.4.2 Customer Cost to Charge  

An analysis was conducted to apply the cost function to a single charging EV, as shown in Figures 3-7 

and 3-8. Figure 3-7 represents the load profile of a charging battery as well as the SOC of the battery 

throughout the charge cycle. Figure 3-8 represents the cost of energy charging a single vehicle. This  

plot does not represent the additional demand charge incurred monthly by the station. The amount of 

demand charge incurred depends on the number of chargers at a given station. For a station with a  

single charger the demand charge equates to about $350 monthly. For a station with six charging units 

that at some point operate simultaneously at peak for 15 minutes, the demand charge would be over 

$3,570 monthly for summer months and over $2,200 for non-summer months. At this rate, assuming  

255 charge events per charging unit per month, an additional $1.40 would need to be added to the cost  

of each charge to account for the demand charge. Assuming the cost to charge is about $2.30 for a 

customer plugged in for 30 minutes to cover the energy cost. To recover the initial investment for the 

charging infrastructure an additional fee would need to be added to the cost of charging. In the case of  
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a charging station with 10 charging units costing $15,500 per unit and an assumed installation cost of 

$7,000 per unit with an anticipated payback period of 10 years, the station must recover at least $1,875  

in profits per month. Assuming 2,500 charges at the station occur per month, an additional fee of $0.75 

would have to be included in each charge to recover investment. This brings the approximate cost to 

charge for the customer to about $3.05 for 30 minutes. This price is just an anticipated starting point for 

the cost of a DC Fast charge to the customer. This analysis doesn’t account for the price of the facilities, 

maintenance, or costs other than electricity and the charging units.  

Figure 3-8. Cost of single vehicle charging 

Table 3-3 outlines the costs to charge an EV battery from 20 to 80 percent based on the various electric 

tariff structures from the partnering utility. Scenarios include summer and winter prices for a charge  

event starting at 5 p.m., for all four tariff structures analyzed in the study for Level 1, 2, and 3. For a 

Level 1 charge event using a Panasonic Level 1 charging cable with a normal operating output of  

1.2kW, the duration of the charge is 12hrs. For Level 2 charge events, if using the EATON 240V/30A 

Level 2 charger, the duration of the charge is 3hr 10min. The duration of the charge is about 30 minutes 

for the DC Fast charging scenarios if using the AeroVironment 44kW charger.19 
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Table 3-3. Cost to charge rate structure comparison 

EV Charging 
Cost 

Comparison 

Summer (Weekday) Winter (Weekday) 

Charge Level 1 2 3 1 2 3 
Start Time 5 p.m. 5 p.m. 5 p.m. 5 p.m. 5 p.m. 5 p.m. 
End Time 5 a.m. 8:10 

p.m. 
5:30 
p.m. 

5 a.m. 8:10 
p.m. 

5:30 
p.m. 

Residential 
Service Rate 

$1.10 $1.10 N/A $0.92 $0.92 N/A 

General Service 
Rate 

$0.98 $1.88 $4.08 $0.76 $1.27 $2.70 

Residential 
Time of Use 

Rate 

$1.02 $3.55 N/A $0.61 $1.35 N/A 

General Time of 
Use Rate 

$2.21 $8.05 $8.44 $0.47 $2.39 $1.11 
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4 Testing Strategies and Analysis of Results 
This chapter explains the methods used to test the effect of EV charging on the simulated distribution 

system as well as the results obtained from these tests. There are also discussions on several charging 

scenarios throughout the analysis. The base case, in which nothing is done to the distribution system, 

provides a basis of comparison for all of the scenarios used in this analysis. The combined Level 2 

domestic and DC Fast public charging scenario is a likely future in which a robust DC Fast charging 

infrastructure exists and residents utilize home charging to start each day with a fully charged EV.  

The individual DC Fast scenario gives perspective on the effect of DC Fast charging stations on the  

load profile, feeder, and distribution equipment in the analysis to help determine which charging  

methods will have the greatest impact. The individual Level 2 analysis looks at the system with varying 

penetrations of EVs where only home charging is available. The Level 2 model assumes that there are  

no DC Fast charging stations available and that all domestic charging is carried out by Level 2 EVSE.  

For each of the charging scenarios, the daily energy consumption from the feeder is calculated based on 

the power flows discussed in this chapter. Table 4-1 shows the daily energy consumed in each scenario 

and the percent increase from the base case.  

Table 4-1. Summary of Scenarios Daily Energy Consumption  

Feeder Daily Energy Consumption Comparison  
1 Day Energy kWh % increase 

Base Case 119,600 0.00% 
10% DC Fast 121,800 1.81% 
20% DC Fast 124,100 3.70% 
40% DC Fast 136,300 13.91% 

10% Combined LV2 & LV3 124,500 4.07% 
20% Combined LV2 & LV3 127,000 6.13% 

10% Level 2 122,700 2.54% 
20% Level 2 124,600 4.17% 
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Tests are conducted using tools in DEW that include Power Flow, Voltage Distance analysis, and 

Violations Checker. The power flow tool in DEW defines a time interval and analyzes a portion of  

the circuit. In these tests, the feeder conducts the power flow. The analyses are conducted assuming 

constant P/Q. The software conducts the power flow for each time step in the defined time interval  

and outputs a graphic and tabular representation of the per-phase real power, reactive power, and bus 

voltage for the feeder.  

To obtain the voltage distance relationships referenced in this chapter the voltage distance tool in DEW 

was used. To use this tool, a single time point is defined to conduct the analysis using the peak load time. 

To explore the effect of EV charging on the system thoroughly, five segments of the distribution line were 

analyzed. The furthest point of the distribution lines for each segment was chosen as the endpoint of the 

analysis. The DEW voltage distance tool records the voltage at each component along the path from the 

substation to the defined endpoint and creates a tabular summary of the results in addition to a graphic 

representation of the voltage distance relationship.  

The DEW Violations checker was used to study the effects of the distribution equipment violations in  

the system. The violations checker functions by measuring the current and voltage at each component  

in the specified circuit. In the case of the analyses in this chapter the substation components and all 

components on the feeder of interest are analyzed at peak load for violations. Equipment ratings for  

all simulated equipment in the circuit are stored in the database. The violations checker compares the 

measurements at each component at each defined time point in the analysis to the devices ratings to 

determine if a component is overloaded and the extent of the overload.  

It should be noted for these tests, the EV penetration rates assumed in these tests represent likelihood of 

these penetrations presenting themselves at least five years in the future. The current penetration of EVs 

in the NYS transportation system stands at about 0.2 percent and 0.4 percent in the U.S., respectively.  

4.1 Base Case  

To gain a basis of comparison for all tests and results in this experiment, a clear and comprehensive 

analysis of the base case must be conducted. For this study, the most heavily loaded feeder is used to 

conduct tests. In the base case there are 22 load classes in the system that are distributed to represent 

various load types, from residential to commercial and even PV generation. The DEW software 

conducted analyses of the power flow and equipment violations to serve as a basis of comparison  

for testing the effect of adding EV charging loads to the system. 
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4.1.1 Power Flow 

For the base case system, the power flow is conducted on the substation and feeder on the specified  

time interval from August 6, 2015 at 12:01 a.m. to August 8, 2015 at 11:58. In this case no EV charging 

stations added to the system. The power flow results are recorded and variations in power flow on the 

phases occur hourly. This corresponds with the built in loads on the system being time varying with a 

one-hour resolution. Figure 4-1 references a graphical representation of the power flow for the substation. 

The maximum and minimum power flow values for each phase were found for the time range of the 

analysis, as shown in Table 4-2. The substation peak load is as high as 20,342 kW on phase C at 7 p.m.  

on August 6, 2015.  

The power flow was also conducted on the most heavily loaded feeder for the base case. Figure 4-2 

displays a graphical representation of the power flow for the two-day time interval. The base case peak 

load and bus voltage results from the power flow are summarized in Table 4-3. The daily peak load for 

the feeder in the base case is found to be 3,616.35 kW on phase A at 7 p.m. These peak load values for 

the feeder and substation serve as a basis of comparison to effectively analyze the effect of EV charging 

on the daily load profile and daily peak load for this feeder. Table 4-4 shows a plot Legend for the figures. 

The voltage distance relationship for the three-phase distribution lines from the feeder provides a basis  

of comparison for analysis of the effect of EV charging on the line voltage downstream from the feeder. 

The results of the voltage distance analysis for the base case provide a direct comparison for scenarios 

discussed later in this chapter. 

Table 4-2. Substation Base Case Power Flow Max and Min Power Flow Results 

 Max Real Power 
Flow (Phase A) 

Max Real Power 
Flow (Phase B) 

Max Real Power 
Flow (Phase C) 

Power (MW) 18.302 17.310 20.342 
Time 8/6/15 19:00 8/6/15 19:00 8/6/15 19:00 

 Min Real Power 
Flow (Phase A) 

Min Real Power 
Flow (Phase B) 

Min Real Power 
Flow (Phase C) 

Power (MW) 13.146 12.395 14.266 
Time 8/6/15 2:00 8/6/15 2:00 8/6/15 2:00 
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Table 4-3. Feeder Base Case Power Flow Results 

Feeder Base Case Power Flow Results (Bus Voltage) 
 Phase A Phase B Phase C 

Max Bus Voltage (120V Base) 
Bus Voltage (V) 126.2 126.8 127.0 

Time 8/6/15 2:00 8/6/15 2:00 8/6/15 2:00 
Min Bus Voltage (120V Base) 

Bus Voltage (V) 125.0 126.0 126.4 
Time 8/6/15 19:00 8/6/15 19:00 8/6/15 19:00 

% Difference 0.94 0.60 0.49 
Feeder Base Case Power Flow Results (Real Power Per Phase) 
 Phase A Phase B Phase C 

Max Real Power Flow (Kw) 
Power (KW) 3616 3159 3279 

Time 8/6/15 19:00 8/6/15 19:00 8/6/15 19:00 
Min Real Power Flow (KW) 

Power (KW) 2537 2215 2298 
Time 8/6/15 2:00 8/6/15 2:00 8/6/15 2:00 

Figure 4-1. Substation Base Case Power flow, in kilowatts 
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Figure 4-2. Feeder Base Case Power Flow  

Table 4-4. DEW Power Flow Plot Legend Guide 

Power Flow Plot Legend  
Pf_FKw(A) Real Power Flow in Phase A in kW  
Pf_FKw(B) Real Power Flow in Phase B in kW  
Pf_FKw(C) Real Power Flow in Phase C in kW  

Pf_FKvar(A) Reactive Power Flow in Phase A in kVARs  
Pf_FKvar(B) Reactive Power Flow in Phase B in kVARs  
Pf_Fkvar(C ) Reactive Power Flow in Phase C in kVARs  

CustV (A) A Phase Bus Voltage on 120V Base  
CustV (B) B Phase Bus Voltage on 120V Base  
CustV (C ) C Phase Bus Voltage on 120V Base 

4.1.2 Base Case Equipment Violations 

The violations viewer in DEW generates a summary of component violations that occur without the 

addition of new EVs or charging stations to the system. The results of the DER and power flow  

violations checker tools are noted and saved to serve as a basis of comparison for further tests. The 

distribution violations checker is also run to serve as a basis of comparison to analyze transformer 

overloads that occur as a result of adding new charging stations to the system.  
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This base case analysis identified violations. The station transformers are rated 35MVA (in the 

emergency state), 138:13.2kV at 5.1 percent impedance. The transformers are equipped with a  

16 step load tap changer with five percent regulation. The station transformers are rated 21MVA in 

normal state with no fans, and rated 31.5MVA in normal state with 100 percent fans. Upon running  

the DEW violations checker on the substation, it is evident that during peak load, station transformers 

SubTr1 and SubTr2 at the substation experience overloads by margins of 76 percent and 21.6 percent 

respectively while in normal state with no fans. It is assumed that these transformers would operate with 

cooling fans fully active at this load level. With both transformers operating normally with 100 percent 

fans, only transformer SubTr1 is overloaded by about 22 percent over the 132 A rating. The total three 

phase power flow for SubTr1 is measures 35,398.6 kVA and total current at about 148A at peak load. 

Transformer SubTr2 is not overloaded while the fans are running at 100 percent at peak load. 

Violations of distribution equipment on the feeder are analyzed as well. At peak load there are  

70 instances of single phase distribution transformer overloads. Some of the distribution transformers  

are overloaded by margins as high as 135 percent. There is one instance of three-phase overhead 

distribution transformer overload on the feeder. The three-phase transformer is rated 30kVA at  

2.4kV: 120V, grounded wye connected. The overload rating of this transformer is 4.17A. The  

transformer is overloaded by 144 percent over rated current; this violation could be partially  

attributed to the low voltage on the connected line. There are only two instances of three-phase 

distribution line overloads in the base case at peak load. The most significant of the overloaded  

three-phase lines is located close to the substation and overloaded by about 72 percent over the  

303A rating. The overloaded section of three-phase line is only 15 feet long. There is only one  

instance of single phase line overload at peak load by a margin of over 25 percent. The single phase  

line in question feeds numerous residential loads. There are numerous low voltage violations at  

load points on the feeder at peak load with voltages under 105V on a 120V base. There are two step 

transformers on the feeder overloaded by as much as 167 percent and 127.4 percent respectively on  

the A and C phases.  

4.2 DC Fast Charging Only on the Feeder 

In this section analyzes the effects of DC Fast EV charging stations on the substation and feeder for 

various penetrations of EVs. The charging station models used reflect various penetrations of EVs in  

the population. The total population of vehicles in the study system is 140,000 vehicles. The number  

of individual chargers in the system is set for each penetration level based on the economic feasibility  

of the charging stations. To ensure the model reflects economic feasibility, the individual charger monthly 
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usage rate is set between 200 and 300 charge events per charger per month, with an average of  

255 charge events per charger per month. This usage rate ensures a payback period of approximately  

10 years. Without adding any additional home charging loads to the system, the DC Fast charging  

stations with 10 individual charging units per station are added around the spatial geography of the f 

eeder to analyze the effect on the system. The charging stations are only added on the feeder in this  

study and not elsewhere in the distribution system. The DEW power flow tools and violations checker 

tools determine the severity of the impact of the DC Fast charging stations on the feeder and distribution 

equipment. The DC Fast charging station loads connect to the system via 500kVA, three-phase,  

13.2kV: 480V (Line-to-Line) transformers. The transformers allow for a worst case scenario of all  

10 charging units operating at peak simultaneously. The size of the transformer also allows for future 

expansion without transformer replacement in the event that additional charging units are necessary. 

4.2.1 DC Fast Charging with 10 Percent EV Penetration 

This section analyzes the impact of a 10 percent penetration of EVs on the system with DC Fast charging 

stations, neglecting the impact of home charging. To determine the number of DC Fast charging stations 

on the feeder that represents a 10 percent penetration of EVs, an economic feasibility analysis determined 

the number of stations that could exist in the system with a 10-year payback period. It is determined  

that for a single distribution feeder in the system, a single DC Fast charging station represents about  

a 3.4 percent penetration of EVs in the system. Therefore, a 10 percent penetration of EVs in the system 

would allow about three economically feasible DC Fast charging stations on a single feeder, assuming 

that DC Fast charging will constitute about 20 percent of daily charging events.3  

4.2.1.1 Power Flow 

The power flow is conducted on the feeder using a one-minute resolution due to the nature of the  

DC Fast charging station load profile which can vary significantly in one minute. The loads from the  

DC Fast charging stations create sharp peaks in the load profile and increase the peak load for the day 

from 3616kW to 3673kW at about 6 p.m. Figure 4-3 references a graphical representation of the power 

flow. In this scenario, the peak load shifts to 5:48 p.m. from 7:00 p.m. in the base case. The addition of 

the charging stations creates some variation in the bus voltage. Table 4-5 shows the results of the power 

flow for this scenario compared with the base case. 
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A study of the voltage distance relationship on the feeder three-phase distribution lines focused on five 

line segments. The voltages at the end of each line segment at peak load were recorded for this scenario 

and compared with the results of the base case to determine the effect of the DC Fast charging stations on 

the distribution lines. Table 4-6 displays a summary of the results. The greatest difference from the base 

case at peak load occurs on line segment 1 on phase A with a 0.427 percent drop in line voltage. There is 

a graphical representation of the difference in the voltage distance relationship for phase A of line 

segment 1 shown in Figure 4-9 at the end of Section 4.2.3. 

Figure 4-3. Feeder Power Flow with 3 Charging Stations (10 percent penetration) 
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Table 4-5. Feeder Power Flow Results and Base Case Comparison 

Real Power Flow Base Case Comparison    

Phase-A Phase-B Phase-C 
Max % Difference in Real Power 

5.3 6.0 5.7 
Time 

8/6/15 17:48 8/6/15 17:48 8/6/15 17:48 
Base Value (kW) 

3,489 3,041 3,165 
New Peak Value (kW) w/ Charging Station Added 

3,674 3,222 3,346 
Reactive Power Flow Base Case Comparison    

Phase-A Phase-B Phase-C 
Max % Difference in Reactive Power 

9.7 12.1 11.3 
Time 

8/6/15 17:48 8/6/15 17:48 8/6/15 17:48 
Base Value Reactive Power (kVAR) 

1,611 1,240 1,338 
New Value w/ Charging Station Added (kVAR) 

1,767 1,390 1,490 
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Table 4-6. Voltage Distance results for the Feeder with 10 percent EV penetration and only level 3 
charging 

Min Voltage on line at peak load  
Base case 10% Penetration LV3 %diff 

Seg1 Voltage Distance from Feeder (ft) Voltage Distance from Feeder (ft) 
 

A 115.2 8,915 114.7 8,915 0.43 
B 122.6 7,715 122.2 7,715 0.33 
C 114.9 8,915 114.5 8,915 0.37 

Seg2 
     

A 109.4 6,833 109.0 6,834 0.39 
B 121.4 4,926 121.0 4,926 0.27 
C 119.2 6,834 118.8 6,834 0.28 

Seg3 
     

A 119.9 10,687 119.4 10,687 0.40 
B 122.1 11,240 121.7 11,240 0.37 
C 122.0 11,420 121.6 11,420 0.33 

Seg4 
     

A 120.2 11,593 119.7 11,593 0.39 
B 122.9 11,593 122.5 11,593 0.33 
C 122.7 11,593 122.3 11,593 0.32 

Seg5 
     

A 119.9 9,387 119.5 9,387 0.39 
B 122.5 8,397 122.0 8,397 0.33 
C 122.6 8,546 122.2 8,546 0.32 

4.2.1.2 Distribution Equipment Violations  

The violations checker tool in DEW conducted an analysis of violations on equipment downstream  

from the feeder. With a 10 percent penetration of EVs in the system and three DC Fast charging stations 

on the feeder, there are relatively few new violations on the distribution equipment as a result of the new 

chargers. With only three DC Fast charging stations on the feeder, there are minimal necessary upgrades 

to the distribution system. The station transformer SubTr1 is overloaded by 22 percent at 6 p.m., which is 

about the same as the base case.  
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There is one instance of three-phase overhead transformer overload that occurs at peak with a margin of 

146 percent compared with 144 percent in the base case. The increase in the severity of the overload is 

partially due to the drop in the voltage of the three-phase distribution lines resulting from the addition of 

the DC Fast charging stations. As in the base case, 70 instances of single phase distribution transformer 

overloads at peak load remain. With the exception of the change in line voltage due to the addition of the 

DC Fast charging stations to the system, the single phase transformers are otherwise not directly affected 

by the charging stations present in the system. As in the base case, only one instance of a single phase line 

which is overloaded about 29 percent over the 134A current rating remained; a four percent increase from 

the base case. There are three instances of three-phase line violations in this scenario as in the base case. 

The most severe section of three-phase line overload present on the 15ft section of line exceeds the rated 

current of 303A by 75 percent. This overload is three percent higher than that in the base case. There are  

4 instances of step transformer overloads in this case which are found at the new peak load time of 6 p.m. 

These overloads represent two step transformers, each overloaded on their A and C phases. The step 

transformer overloads are less severe at the new peak load time than in the base case peak load time.  

This is due to the lower demand of the many connected residential loads downstream at 6 p.m. However, 

when compared with the base case peak load time of 7 p.m. it is found that the severity of the overloads  

is exacerbated by a fraction of a percent for each step transformer.  

4.2.2 DC Fast Charging with 20 Percent EV Penetration 

In this scenario the presence of home charging is ignored in the system to gain perspective of the 

individualized effect of DC Fast charging activity on the distribution system. This scenario analyzes a  

20 percent penetration of EVs in the population. It is assumed that with an increase in the number of  

EVs in the system, the number of charging stations will increase to meet the demand as long as the 

stations themselves are economically feasible with a reasonable payback time. In this scenario six DC 

Fast charging stations are placed around the spatial geography of the feeder to represent a 20 percent 

penetration of EVs in the system.  
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4.2.2.1 Power Flow 

The analysis of the power flow results determined that the increase the number of DC Fast from three to 

six charging stations on the feeder yields an increase in daily peak load. The daily peak load is increased 

to 3907 kW from 3673 kW in the 10 percent penetration case and 3616 kW in the base case. A plot of  

the power flow generated by the DEW software for this scenario can be referenced in Figure 4-4. A  

plot comparing the base case, 10 percent penetration, and 20 percent penetration power flows can be 

referenced in Figure 4-5. A summary of the results of the power flow for this scenario can be referenced 

in Table 4-7 with a comparison to the base case in Table 4-8. At the substation bus, the voltage level 

remains fairly constant, although downstream from the feeder the voltage level at the load points varies 

due to the demand of the DC Fast charging stations. The effect is particularly pronounced downstream 

from the DC Fast charging stations and becomes more evident upon conducting the voltage distance 

study.  

A study conducted of the voltage distance relationship on the distribution lines for the feeder at peak load 

analyzed five line segments. The line voltages at the tail ends of the lines at peak load are recorded and 

compared with the base case results as summarized in Table 4-9. The most significant change occurs on 

line segment 1 with the percent change in voltage calculated at 0.488 percent. The percent change for 

each line segment is increased from 0.427 percent in the previous 10 percent penetration case results  

in Table 4-6. A voltage distance plot for line segment 1 provides a basis of reference for the most 

significantly changed line segment. The plot can be referenced in Figure 4-6. The voltage drop noticed  

on the A and C phases, occurs over a step transformer, which is overloaded by 123 percent on the  

C phase and 42 percent on the A phase. The voltage drop is present in the base case at peak load,  

although with about 0.5 percent decrease in voltage magnitude from the base case to this scenario.  

A diagram of the layout of the distribution lines in the system with reference to the breakdown of the  

five line segments (numbered in black 1-5), the placement of the charging stations (numbered in red  

1,6-10), and the two step transformers of interest in this paper (denoted in green by S1, S2) are  

referenced in Figure 4-7.  
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Figure 4-4. Power Flow of Feeder with 20 percent Penetration of EVs and only DC Fast Charging 

Figure 4-5. Comparison of A-Phase Power Flow with Base Case, 10 percent, and 20 percent 
Penetration (with DC Fast charging only) 
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Figure 4-6. Voltage Distance Plot for the Feeder (line Segment 1) with 20 percent EV penetration 
with DC Fast charging only 

Table 4-7. Power flow min and max results for 20 percent penetration (DC Fast Charging only) 

Feeder Power Flow Results (Bus Voltage) w/ 20% Penetration 
 Phase A Phase B Phase C 

Max Bus Voltage (120V Base) 
Bus Voltage (V) 126.2 126.8 127.0 

Time 8/6/15 2:00 8/6/15 2:00 8/6/15 2:00 
Min Bus Voltage (120V Base) 

Bus Voltage (V) 124.9 125.8 126.2 
Time 8/6/15 18:03 8/6/15 18:03 8/6/15 18:03 

% Difference 1.06 0.76 0.62 
Power Flow Results (Real Power Per Phase) w/ 20% Penetration  

 Phase A Phase B Phase C 
Max Real Power Flow (Kw) 

Power (KW) 3,907 3,444 3,567 
Time 8/6/15 18:03 8/6/15 18:03 8/6/15 18:03 

Min Real Power Flow (KW) 
Power (KW) 2,538 2,214 2,298 

Time 8/6/15 2:00 8/6/15 2:00 8/6/15 2:00 



33 

Table 4-8. Power Flow Base Case Comparison for 20 percent Penetration Case with DC Fast 
Charging Only 

Real Power Flow Base Case Comparison    

Phase-A Phase-B Phase-C 
Max % Difference in Real Power 

9.54 10.80 10.34 
Time 

8/6/15 13:55 8/6/15 13:55 8/6/15 13:55 
Base Value (kW) 

3,362 2,922 3,054 
New Value (kW) w/ Charging Station Added 

3,683 3,238 3,370 
Reactive Power Flow Base Case Comparison    

Phase-A Phase-B Phase-C 
Max % Difference in Reactive Power 

17.5 22.2 20.6 
Time 

8/6/15 13:55 8/6/15 13:55 8/6/15 13:55 
Base Value Reactive Power (kVAR) 

1,508 1,152 1,251 
New Value w/ Charging Station Added (kVAR) 
1,771 1,408 1,509 
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Table 4-9. Voltage distance values for the Feeder distribution lines with 20 percent EV penetration 
and DC Fast charging. (Base Case Comparison) 

Min Voltage on line at peak load 
 Base case 20% Penetration LV3 %diff 

Seg1 Voltage Distance from Feeder (ft) Voltage Distance from Feeder (ft)  

A 115.18 8,915 114.62 8,915 0.49 
B 122.57 7,715 122.10 7,715 0.38 
C 114.91 8,915 114.42 8,915 0.43 

Seg2      

A 109.39 6,834 108.87 6,834 0.48 
B 121.36 4,926 120.96 4,926 0.33 
C 119.17 6,834 118.76 6,834 0.34 

Seg3      

A 119.90 10,687 119.37 10,687 0.44 
B 122.08 11,240 121.62 11,240 0.38 
C 121.96 11,420 121.51 11,420 0.37 

Seg4      

A 120.22 11,593 119.68 11,593 0.44 
B 122.87 11,593 122.41 11,593 0.38 
C 122.72 11,593 122.27 11,593 0.370 

Seg5      

A 119.93 9,387 119.40 9,387 0.44 
B 122.46 8,397 122.00 8,397 0.38 
C 122.64 8,546 122.20 8,546 0.36 
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Figure 4-7. Distribution line segment diagram showing location of 6 residential Level 2 EV 
chargers and the five line segments impacted 

4.2.2.2 Distribution Equipment Violations 

There are some equipment violations as a result of an increase in DC Fast charging station penetration. 

There exists an initial overvoltage violation on a fixed shunt capacitor near the substation. The device  

is rated for initial voltage up to 126V, the customer level voltage reaches a level of 126.9V at the day’s 

lowest demand at 2 a.m., which violates the device’s rating by 0.72 percent. The substation transformer 

SubTr1 is overloaded by 24.3 percent at peak load in this scenario from about 22 percent in the base case. 

There are still 70 instances, single phase distribution transformers overloaded at the peak load as in the 

base case. The four instances of step transformer overloads are exacerbated by only a fraction of a percent 

from the previous case. The 15ft overloaded section of three-phase line is overloaded by 80.4 percent at 

peak load. The increase in violation is due to the decrease in line voltage and increase in power flow on 

the section of line at peak load compared to the base case. Only a single instance of single phase line 

overload on the system remains with a peak load overload of 29.2 percent as well as only one instance  

of three-phase overhead distribution transformer overload. The transformer is overloaded by  

146.4 percent compared to 146 percent in the previous 10 percent penetration scenario.  
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4.2.3 DC Fast Charging with 40 Percent EV Penetration 

In this case the number of chargers per station is set to 20 units to simulate multiple stations on a  

single substation transformer to explore the effects. This simulates a case of multiple charging stations 

consolidated in a geographic location much like some gas stations are in business districts in NYS. This 

scenario represents a 40 percent penetration of EVs in the system. Based on the DC Fast charging station 

economic feasibility assumptions, the allowable number of stations is 12. 

4.2.3.1 Power Flow  

Upon running the power flow over the time interval on the feeder, the bus voltage is reduced when 

compared to the base case. The bus voltage level averages about 125.7V at the feeder at peak load with 

the stations added to the system. When compared with the base case values of around 126V the change  

is insignificant. There are no observable significant short time variations in bus voltage at the feeder, to 

constitute Voltage Flicker at the feeder. In this scenario the peak power flow is increased to 4,443kW 

from 3,907kW in the 20 percent penetration scenario. A graphical representation of the power flow for  

the feeder generated by the DEW software is referenced in Figure 4-8. A tabular summary of the power 

flow can be referenced in Table 4-10. A graphical comparison of the power flow for each of the 

penetration levels to the base case is discussed in this chapter as referenced in Figure 4-9.  

The voltage distance study was conducted for this scenario. This scenario found the most significant  

drop in voltage was due to the addition of DC Fast charging stations occurs on the A phase of line 

segment 2 with a 3.4 percent drop from the base case. This change is due to the placement of a charging 

station of the line. The charging station’s location is evident in the line segment 2 voltage distance plot  

as referenced in Figure 4-11. The second most significant change occurs on the A phase of line segment  

1 with a 1.5 percent drop in line voltage. Figure 4-10 shows a graphical comparison of the A phase of  

line segment 1 voltage distance relationship for the high penetration DC Fast scenario to the base case  

as well as the 10 percent and 20 percent penetration scenarios. Table 4-11 references a tabular base case 

comparison of the voltage distance characteristics for the five line segments for this scenario. 
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Figure 4-8. Feeder Power Flow with 12 DC Fast Charging Stations (40 percent EV penetration) 

Figure 4-9. Power Flow Comparison with DC Fast Charging only 
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Figure 4-10. Voltage Distance Comparison for Range of EV penetrations and only DC Fast 
Charging 
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Figure 4-11. Line Segment 2 Voltage Distance Plot Comparison (DC Fast only) 
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Table 4-10. Max and Min Power Flow Results with 40 percent Penetration (DC Fast Charging only) 

Feeder Power Flow Results (Customer Voltage) LV3 40% 
 Phase A Phase B Phase C 

Max Bus Voltage (120V Base) 
Bus Voltage (V) 117.9 118.5 118.8 

Time 8/6/15 2:17 8/6/15 2:17 8/6/15 2:17 
Min Bus Voltage (120V Base) 

Bus Voltage (V) 115.5 116.6 117.1 
Time 8/6/15 19:00 8/6/15 18:00 8/6/15 18:00 

% Difference 2.04 1.60 1.43 
Feeder Power Flow Results (Real Power Per Phase) 

 Phase A Phase B Phase C 
Max Real Power Flow (Kw) 

Power (KW) 4,443 3,935 4,071 
Time 8/6/15 18:00 8/6/15 18:00 8/6/15 18:00 

Min Real Power Flow (KW) 
Power (KW) 2,561 2,230 2,318 

Time 8/6/15 2:00 8/6/15 2:00 8/6/15 2:00 

Table 4-11. Voltage Distance Results for 40 percent penetration of EVs with only DC Fast Charging 

Min Voltage on line at peak load 
 Base case 40% Penetration LV3 %diff 

Seg1 Voltage Distance from Feeder (ft) Voltage Distance from Feeder (ft)  

A 115.18 8,915 113.43 8,915 1.52 
B 122.57 7,715 121.13 7,715 1.17 
C 114.91 8,915 113.39 8,915 1.32 

Seg2      

A 109.39 6,834 105.59 6,841 3.48 
B 121.36 4,926 120.18 4,926 0.98 
C 119.17 6,834 117.98 6,834 1.00 

Seg3      

A 119.90 10,687 118.20 10,687 1.42 
B 122.08 11,240 120.61 11,240 1.21 
C 121.96 11,420 120.53 11,420 1.17 

Seg4      

A 120.22 11,593 118.56 11,593 1.38 
B 122.87 11,593 121.44 11,593 1.17 
C 122.72 11,593 121.33 11,593 1.14 

Seg5      

A 119.93 9,387 118.24 9,387 1.40 
B 122.46 8,397 121.01 8,397 1.19 
C 122.64 8,546 121.23 8,546 1.15 
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4.2.3.2 Distribution Equipment Violations  

Upon analysis of the results of the violations checker tool, it is evident that some transformer overloads 

occur at the time the load from the charging stations is greatest. The cumulative load from the DC Fast 

charging stations is the greatest at 1:55 p.m. on August 6, 2015, with a peak value of 2,480kW. At this 

time there are some overloads on the three-phase transformers connecting the charging stations to  

the grid. There are four, three-phase transformers overloaded at this time with a margin of violation  

of 31 percent in the worst case. This effect was anticipated as the worst case peak load at a single 

transformer could be as much as almost 1MW in the worst case alignment of peak loads from all  

20 connected DC Fast charging units. There are also 50 instances of overloaded three-phase lines as  

a result of the DC Fast charging stations at 1:55 p.m. Some of the overloaded lines loaded beyond  

200 percent of the rated capacity. This does not take into account the number of overloads at the feeder 

peak load time 6:00 p.m. The overloaded three-phase lines at the peak charging time is a source of 

concern and would necessitate line upgrades.  

At peak load the substation transformer SubTr1 is overloaded by a margin of 31.1 percent compared  

to 24.3 percent in the previous case. There are 24 instances of three-phase line overloads at peak load. 

The three-phase line overloads are as high as 105 percent in the case of the 15ft section of line which is 

overloaded in all of the previous scenarios. Excluding the latter section of overloaded line, the average 

overload margin for the three-phase lines at peak is about five percent. There are two overloaded single 

phase lines at peak load. The most significantly overloaded single phase line is violated by a margin  

of 30.6 percent in this scenario which increased from 29.2 percent in the previous scenario. The second 

overloaded single phase line is only overloaded by about one percent. There are 72 instances of 

overloaded single phase distribution transformers in this case, two more than in the base case. Table 4-12 

summarizes the percent increase in overloads from the base case. The table outlines increase in number  

of overloaded components from the base case, in addition to the margin by which the components are 

overloaded compared to the base case.  
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Table 4-12. Summary of Distribution equipment violations relative to the base case values of 
Tables 4-10 and 4-11 

Summary of Distribution Equipment Violations increase from base Case 
 10% DC Fast 20% DC Fast 40% DC Fast 
 Quantity % increase quantity % increase quantity % increase 

Single Phase 
Distribution 

Transformers 
0 1 0 2 2 15 

three-phase 
Distribution 

Transformers 
0 2 0 2 0 3 

Step 
Transformer 

1 
0 0 0 1 0 2 

Step 
Transformer 

2 
0 0 0 1 0 1 

Station 
Transformer 0 0 0 2 0 9 

three-phase 
lines 2 3 0 8 49 128 

1 Phase Lines 0 4 0 4 1 5 

4.3 Combined Level 2 and DC Fast Charging  

This scenario analyzes various levels of EV penetration and accounts for the presence of a robust DC Fast 

public charging infrastructure in the system with Level 2 home charging options. This scenario presents 

the most realistic scenario for large scale EV adoption. To model the Level 2 charging, the loads from the 

Level 2 units are broken into nine load types to simulate the loads to an acceptable degree of accuracy. 

Three load profiles are used, low SOC, medium SOC, and high SOC. An assumed 9.5 hour away from 

home time developed the charging start times. Corresponding with the temporal departure distribution,  

it is found that the hours of 4, 5, and 6 p.m. are the most likely for the arrive and plug model, plug in,  

and charge times assuming that the amount of charge events for each hour is uniformly distributed. This 

scenario creates an economically feasible number of DC Fast charging stations with a greater number of 

vehicles in the high initial SOC range for Level 2 charging. 
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4.3.1 Combined Level 2 & DC Fast Charging with 10 Percent Penetration 

This analysis has a 10 percent penetration level of EVs in the population is assumed with Level 2  

chargers added to the feeder spatial geography in conjunction with DC Fast charging stations.  

Assuming 10 percent EV penetration, it is determined there are 258 Level 2 charging units placed  

on the feeder along with three DC Fast charging stations. Also, there are nine low initial SOC charge 

events uniformly distributed across the three-hour charge starts time interval (three for each hour),  

120 medium SOC events, and 159 High SOC events. For this analysis, the focus is on the combined 

charging impact three stations will be assumed present in the system on the feeder and the results of  

the power flow and present violations will be analyzed.  

4.3.1.1 Power Flow  

This analysis reflects a 10 percent penetration of EVs in the system. The power flow conducted for  

this scenario reveals a peak load increase to 4,143.86 kW from 3,616 kW in the base case. The peak  

load shifts from 7 p.m. in the base case to 6:26 p.m. Figure 4-12 references the power flow graph. A 

summary of the results of the power flow is referenced in Table 4-13. The difference in the load profile 

characteristic is noticeable when compared to the base case power flow. A graphical comparison can be 

referenced in Figure 4-13. There is no substantial bus voltage variation at the feeder. The minimum bus 

voltage with a 120V base measured at the feeder bus is found to be 124.8V. However due to the increased 

loads downstream, the downstream line voltage decreases causing low voltage violations on loads. The 

low voltage issues become evident upon conduction of the voltage distance study for the feeder.  

An analysis of the voltage distance relationship for the distribution lines is conducted. The most 

significant decrease in measured line voltage occurs on the A phase of line segment 2 with a percent 

decrease of 4.046 percent and a minimum line voltage of 104.96 V. A graphical comparison with the  

base case can be referenced in Figure4-14. The second most significant increase occurs on line segment  

1 with a percent decrease of 4.019 percent on phase C and minimum voltage level of about 110V. A plot 

of the voltage distance relationship can be referenced in Figure 4-13 below. A summary of the effect of 

the results of the voltage distance study compared with the base case for the five line segments is shown 

in Table 4-14. The low voltage level on line segments 1 and 2 are significant enough to require 

compensation.  
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Figure 4-12. Power Flow of Feeder 19-14-13 with 3 DC Fast Charging Stations 258 Level 2 Units 
and 10 percent EV Penetration 

Figure 4-13. Voltage Distance Plot for the Feeder (line segment 1) with 10 percent EV penetration 
with Level 2 & DC Fast Charging 
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Figure 4-14. Voltage Distance Plot Comparison (Phase A, Line Segment 2, 10 percent Penetration 
Combined Level 2 and DC Fast Charging) 
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Table 4-13. Power Flow Results Summary for 10 percent EV Penetration with Level 2 and DC Fast 
Charging Scenario 

Feeder Power Flow Results LV2 & LV3 10% 
 Phase A Phase B Phase C 

Max Bus Voltage (120V Base) 
Bus Voltage (V) 126.21 126.78 127.03 

Time 8/6/15 2:00 8/6/15 2:00 8/6/15 2:00 
Min Bus Voltage (120V Base) 

Bus Voltage (V) 124.89 125.91 126.27 
Time 8/6/15 18:32 8/6/15 19:59 8/6/15 18:32 

% Difference 1.06 0.69 0.60 
Feeder Power Flow Results (Real Power Per Phase) 

 Phase A Phase B Phase C 
Max Real Power Flow (Kw) 

Power (KW) 4,150 3,428 3,786 
Time 8/6/15 18:32 8/6/15 18:32 8/6/15 18:32 

Min Real Power Flow (KW) 
Power (KW) 2,551 2,229 2,312 

Time 8/6/15 2:00 8/6/15 2:00 8/6/15 2:00 
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Table 4-14. Voltage Distance of feeder distribution lines with 10 percent EV Penetration, Base 
Case Comparison 

Min Voltage on line at peak load 
 Base case 10% Penetration LV2 & LV3 %diff 

Seg1 Voltage Distance from Feeder (ft) Voltage Distance from Feeder (ft)  

A 115.18 8,915 112.64 8,915 2.21 
B 122.57 7,715 122.18 7,715 0.32 
C 114.91 8,915 110.29 8,915 4.02 

Seg2      

A 109.39 6,834 104.97 6,834 4.07 
B 121.36 4,926 120.61 4,784 0.62 
C 119.17 6,834 117.89 6,762 1.07 

Seg3      

A 119.90 10,687 119.02 10,687 0.73 
B 122.08 11,240 121.67 11,240 0.34 
C 121.96 11,420 120.96 11,420 0.82 

Seg4      

A 120.22 11,593 119.35 11,593 0.72 
B 122.87 11,593 122.48 11,593 0.32 
C 122.72 11,593 121.65 11,593 0.87 

Seg5      

A 119.93 9,387 119.05 9,387 0.73 
B 122.46 8,397 122.06 8,397 0.33 
C 122.64 8,546 121.66 8,546 0.80 

4.3.1.2 Distribution Equipment Violations 

The violations checker found that numerous single phase distribution transformer overloads occur as  

a result of adding these chargers to the system. There were 70 instances of single phase distribution 

transformer overloads present in the system base and the margin of violation was on average lower than 

in this scenario. At peak load the number of single phase distribution transformers in the overloaded state 

total 83 on the feeder. With the introduction of Level 2 chargers to the system, distribution transformer 

overloads are numerous and by margins sometimes exceeding 300 percent over rating on the most heavily 

loaded transformers. There are also 29 overloads that occur on the three phase lines at  
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peak load as a result of introduction of Level 2 and DC Fast chargers. These three phase distribution  

line overloads are violated by a margin of almost 100 percent in some cases. The system overloads  

and analyzes violations primarily at the peak load to identify the point of most significant impact. The  

number of overloads is significant enough to warrant expansion in the event of large scale adoption of 

Level 2 EVSE and DC Fast charging stations 

The substation transformer SubTr1 is overloaded in this case by 25.7 percent with a measured current of 

166.7A. There are two step transformers in overload. The first has overloads on phases A and C, which 

are overloaded by 103 percent and 249 percent respectively. This step transformer is the component over 

which the steep drop seen on the A and C phase of line segment 1 in the voltage distance plots. In the 

base case this component is only overloaded by 127 percent on the C Phase and 44.6 percent on the A 

Phase. The increase in overload margin is mainly due to the numerous Level 2 charger loads added to 

residential locations downstream from the transformer. The second step transformer is overloaded on  

the A, B, and C phases by 85 percent, 4.4 percent, and 8.6 percent respectively. The effects of this step 

transformer in the line segment 2 voltage distance plot where the voltage drops steeply is shown in  

Figure 4-14. In the base case, only the A and C phases of this step transformer are overloaded by margins 

of 167 percent and 9.9 percent respectively. The margin of overload on the C phase is higher in the base 

case due to the residential load profile. The increase in margin of violation on the A and B phases are  

due to the addition of the Level 2 charging units. There are instances of low voltage violations at the  

loads around feeder as a result of the charging stations. The service point violation criteria for low  

voltage are set at 114V. Some of the load service points have measured voltages as low as 90V at peak.  

4.3.2 Combined Level 2 & DC Fast Charging with 20 percent Penetration 

In this scenario the number of Level 2 charge events in the system doubles the load of each charge event. 

This effectively simulates two vehicles plugging in at about the same time with similar initial SOCs for 

each charge event. This keeps the proportions of charge events distributed similarly as before, but doubles 

the load of the nine charge scenarios in the database for the system. The number of DC Fast charging 

stations on the feeder will likewise double from three in the previous 10 percent case to six charging 

stations on the feeder. 
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4.3.2.1 Power Flow 

Upon conducting the power flow, it becomes evident that the increase in penetration of EVs yields a 

significant increase in the peak load on the feeder. The simplified “arrive and plug” model used in the 

analysis with uncontrolled domestic charging yields a model in which most of the home charging load 

occurs between 5 p.m. and 9 p.m. The peak load occurs around 6 p.m. with a value of 4,720 kW, 30.5 

percent higher than the base case peak load. This stark increase in peak load is due to the concentration  

of Level 2 charging occurrences around peak load hours. A graphic representation for the power flow 

from the feeder for a single day can be observed in Figure 4-15. The jagged and erratic characteristic in 

the plot is due to the DC Fast charging station loads. A summary of the peak load results from the power 

flow can be referenced in Table 4-15.  

The voltage distance study for the 20 percent scenario found significantly low voltages at the tail ends  

of the distribution line segments resulting from the increased penetration of EVs. Table 4-16 shows a 

tabular summary of the results of the voltage distance analysis. The most dramatic case is on line segment 

two where the percent difference from the base case equates 9.8 percent with a line voltage of 98.6V. The 

voltage distance plot for line segment 2 is referenced in Figure 4-16. Figure 4-17 shows a comparison of 

the A phase of line segment 2 voltage distance characteristics.  
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Figure 4-15. Power Flow for the Feeder with Level 2 and DC Fast Chargers and 20 percent  
EV Penetration 
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Figure 4-16. Voltage Distance Plot for Feeder (Line Segment 2) with 20 percent penetration of  
EVs with Level 2 and DC Fast charging scenario 
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Figure 4-17. Voltage Distance Plot for Feeder (Line Segment 2) with 20 percent penetration of  
EVs with Level 2 and DC Fast charging scenario 
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Table 4-15. Power Flow Results for Feeder for 20 percent EV Penetration with Level 2 & DC Fast 
Charging Scenario 

Feeder Power Flow Results LV2 & LV3 20% 
 Phase A Phase B Phase C 

Max Bus Voltage (120V Base) 
Bus Voltage (V) 126.23 126.8 127.04 

Time 8/6/15 2:00 8/6/15 2:00 8/6/15 2:00 
Min Bus Voltage (120V Base) 

Bus Voltage (V) 124.62 125.79 126.04 
Time 8/6/15 18:03 8/6/15 18:03 8/6/15 18:03 

% Difference 1.29 0.80 0.79 
Feeder Power Flow Results (Real Power Per Phase) 

 Phase A Phase B Phase C 
Max Real Power Flow (Kw) 

Power (KW) 4,724 3,671 4,319 
Time 8/6/15 18:03 8/6/15 18:03 8/6/15 18:03 

Min Real Power Flow (KW) 
Power (KW) 2,537 2,215 2,298 

Time 8/6/15 2:00 8/6/15 2:00 8/6/15 2:00 
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Table 4-16. Voltage Distance results for 5 Line Segments, with 20 percent EV Penetration, with  
LV2 and LV3 Charging Scenario 

Min Voltage on line at peak load  
Base case 20% Penetration LV2 & LV3 %diff 

Seg1 Voltage Distance from Feeder (ft) Voltage Distance from Feeder (ft) 
 

A 115.18 8,915 110.06 8,915 4.44 
B 122.57 7,715 122.26 7,715 0.25 
C 114.91 8,915 104.08 8,915 9.42 

Seg2 
     

A 109.39 6,834 98.67 6,834 9.80 
B 121.36 4,926 120.17 4,784 0.99 
C 119.17 6,834 116.79 6,762 1.99 

Seg3 
     

A 119.90 10,687 118.39 10,687 1.25 
B 122.08 11,240 121.74 11,240 0.28 
C 121.96 11,420 120.14 11,420 1.49 

Seg4 
     

A 120.22 11,593 118.72 11,593 1.25 
B 122.87 11,593 122.56 11,593 0.25 
C 122.72 11,593 120.70 11,593 1.65 

Seg5 
     

A 119.93 9,387 118.42 9,387 1.25 
B 122.46 8,397 122.13 8,397 0.28 
C 122.64 8,546 120.83 8,546 1.47 

4.3.2.2 Distribution Equipment Violations 

This scenario shows significant equipment violations that occur at peak. There are a concerning number 

of distribution line overloads that occur at peak load on the system. At peak load there are 70 instances  

of three-phase line overloads. Some of these are overloaded by a margin of over 150 percent. There is one 

instance of violation on a three-phase underground feeder cable, overloaded at peak by 2.3 percent. There 

are 14 instances of single phase lines overloaded by margins up to 200 percent.  
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The substation transformer SubTr1 is overloaded in this scenario by a margin of about 33 percent, which 

is a 7.6 percent increase from the 10 percent penetration scenario. There are 90 instances of single phase 

transformer overloads that result from the increased penetration of Level 2 EVSE in the system Several  

of the single phase distribution transformer overloads exceed 100 percent over rating. There are the  

same 2 step transformers overloaded as in the 10 percent scenario. The first is overloaded on the  

A and C phases by margins of 175 percent and 419 percent respectively. The second step transformer  

is overloaded on A, B, and C phases by margins of 127 percent, 12.88 percent, and 14.4 percent 

respectively. The effect of the overloaded step transformer on the line voltage is evident in the  

voltage distance plot in Figure 4-17. A tabular summary of the increases in percent overloads and  

the quantity of overloaded components for both the 10 and 20 percent penetration scenarios can be 

referenced in Table 4-17. 

Table 4-17. Summary of increased equipment violation with increased EV penetration 

Summary of Distribution Equipment Violations increase from base Case 
 10% LV2 LV3 20% LV2 LV3 

increase from base case Quantity % increase quantity % increase 
Single Phase Distribution Transformers 13 165 20 315 
three-phase Distribution Transformers 0 29 0 29 

Step Transformer 1 1 -82 1 -40 
Step Transformer 2 0 122 0 292 
Station Transformer 0 4 0 11 

three-phase lines 28 21 69 78 
1 Phase Lines 2 82 13 175 

4.3.2.3 Cost / Benefit Analysis  

There are costs to consider in the form of system upgrades that need to be considered for moderate 

penetrations of EVs in the distribution system. However, these costs provide potential benefits for the 

utility in the form of increased reliability and a possible decrease in peak demand by developing tailored 

service classifications for loads with EVSE.  
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Some of the costs in this scenario and penetration level include the need to increase the size of single 

phase transformers serving residential loads due to the demand from home charging activity in the 

system. Other costs associated include the increase in line capacity to serve the increased peak load to 

prevent outages and lost load costs. Voltage control in the form of power factor correction downstream 

from the feeders is necessary to alleviate the low voltage violations present at service points downstream 

from high demand loads like the DC Fast charging stations.  

There are potential benefits for the utility and the customers as well. The potential exists to develop  

new time-of-use or market based service rates for residential customers with EVSE, which could 

incentivize off peak charging. Requiring time-of-use rates or EVSE tailored rates for residential 

customers with EVSE could reduce peak demand due to home charging. Another potential benefit  

for increasing system capacity through upgrades lies with increasing system reliability and reduced  

costs due to lost loads.  

4.4 Level 2 Home Charging Only  

Creating a scenario of no DC Fast public charging helped to gain an idea of the impact home charging  

has on the distribution system. A model that simulated Level 2 charging activity analyzed the effect of 

domestic charging on the distribution system. Several new load classifications were added to the DEW 

database to simulate Level 2 charging of vehicles with low initial SOC, medium initial SOC, and high 

initial SOC. The transportation model developed and described in Chapter 3 determined that home 

charging is likely to start between the hours of 4 p.m. and 6 p.m. Without the presence of DC Fast 

charging stations in the system, a greater number of samples exist in the low and medium initial SOC 

classification than in the high initial SOC classification when compared to the case of combined DC  

Fast (public) and Level 2 (home) charging available scenario. A one-hour time resolution is used for this 

analysis due to the nature of the Level 2 load profile not being as erratic as the DC Fast charging station 

load profiles. Figure 4-18 shows an example of a low initial SOC Level 2 load profile.  
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Figure 4-18. Low initial SOC Level 2 load profile from DEW 

4.4.1 Level 2 only on system 10 percent penetration 

In the 10 percent penetration case, 258 Level 2 EVSE loads are placed around the spatial geometry of  

the feeder semi-randomly. The number of Level 2 EVSE loads added to each load bus in the system 

coincides with the number of pre-existing residential loads on the load bus. In this case, the quantity  

of Level 2 EVSE loads added to each distribution transformer does not outnumber the quantity of  

pre-existing residential loads. In most cases the number of Level 2 EVSE loads added on each 

transformer equate about half or less than half the number of residential loads on the transformer.  

This is based on the idea that there are an average of 2.2 vehicles per household in the geographic  

area of interest in this study.20 Not all single phase transformers on the feeder have Level 2 EVSE  

loads applied. The Level 2 units used in this analysis are 208/240V 30A units rated at 7.2kW.  
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4.4.1.1 Power Flow 

The power flow conducted for the two-day time interval used in this study found that a 10 percent 

presence of Level 2 EVSE yields an increase daily peak load on the feeder to 3831.05 kW at 6:00 p.m.  

on August 6, 2015. When compared to the base case daily peak load of 3616.35 kW at 7:00 p.m., one  

can see that a shift in peak load occurs and an increase in peak load of almost six percent. The power  

flow for the feeder is shown in Figure 4-19. A graphical comparison of the power flow to the base case  

is referenced in Figure 4-20. Table 4-18 shows a tabular summary of the power flow results. 

This scenario conducted a voltage distance analysis and found that the greatest change in line voltage 

from the base case occurs on the C phase of line segment 1, with a two percent drop in voltage from the 

base case. The line segment 1 voltage distance plot for this scenario can be referenced in Figure 4-21. The 

A and C phase voltage distance plots are shown in Figure 4-23 and Figure 4-24 respectively, for a direct 

comparison to the base case for the varying penetration levels in this section. A tabular summary of the 

comparison of the voltage distance analyses for the five line segments for the 10 percent penetration 

scenario can be referenced in Table 4-19.  

Figure 4-19. Power Flow Results for 10 percent penetration for Level 2 EVSE only case 
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Figure 4-20. Power Flow for Feeder with 10 percent Penetration of EVs and Only Level 2 Home 
Charging 
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Figure 4-21. Voltage Distance Plot (Line Segment 1) on the Feeder with 10 percent Penetration and 
Level 2 Only 

Table 4-18. Summary of Results of Power Flow for 10 percent EV Penetration and Level 2 Home 
Charging Only Scenario 

Feeder Power Flow Results LV2 10% 
 Phase A Phase B Phase C 

Max Bus Voltage (120V Base) 
Bus Voltage (V) 126.24 126.8 127.04 

Time 8/6/15 2:00 8/6/15 2:00 8/6/15 2:00 
Min Bus Voltage (120V Base) 

Bus Voltage (V) 125.03 125.97 126.35 
Time 8/6/15 18:00 8/6/15 18:00 8/6/15 18:00 

% Difference 0.96 0.66 0.54 
Feeder Power Flow Results (Real Power Per Phase) 

 Phase A Phase B Phase C 
Max Real Power Flow (Kw) 

Power (KW) 3,831 3,468 3,726 
Time 8/6/15 18:00 8/6/15 18:00 8/6/15 18:00 

Min Real Power Flow (KW) 
Power (KW) 2,510 2,198 2,298 

Time 8/6/15 2:00 8/6/15 2:00 8/6/15 2:00 
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Table 4-19. Voltage Distance results for 10 percent EV penetration with Level 2 charging only 
Scenario 

Min Voltage on line at peak load 
Base case 10% Penetration Level 2 only %diff 

Seg1 Voltage Distance from Feeder (ft) Voltage Distance from Feeder (ft) 
 

A 115.18 8,915 113.58 8,915 1.39 
B 122.57 7,715 122.18 7,715 0.32 
C 114.91 8,915 112.61 8,915 2.00 

Seg2 
     

A 109.39 6,834 108.87 6,834 0.47 
B 121.36 4,926 121.07 4,784 0.24 
C 119.17 6,834 118.77 6,834 0.33 

Seg3 
     

A 119.90 10,687 119.80 10,687 0.079 
B 122.08 11,240 121.66 11,240 0.35 
C 121.96 11,420 121.50 11,420 0.38 

Seg4 
     

A 120.21 11,593 120.11 11,593 0.09 
B 122.87 11,593 122.48 11,593 0.32 
C 122.72 11,593 122.22 11,593 0.41 

Seg5 
     

A 119.93 9,387 119.83 9,387 0.08 
B 122.46 8,397 122.03 8,397 0.35 
C 122.64 8,546 122.18 8,546 0.38 

4.4.1.2 Distribution Equipment Violations 

Upon analysis of the results of the distribution violations checker it is evident at peak that the addition  

of the Level 2 chargers to the system contribute to a significant increase in distribution equipment 

overloads. At peak, the overload for substation transformer SubTr1 is by 23.5 percent. There are 

numerous single phase distribution transformers overloaded by margins exceeding 100 percent and  

98 single phase transformer overloads at peak in total. There are two overloaded step transformers in  

the system, each on the A and C phases. The first is overloaded by 93 percent and 196 percent on the  

A and C phases respectively. The second is overloaded by 177 percent and 10 percent on the A and C 

phases respectively. The second overloaded step transformer is where the steep voltage drop occurs in  

the A and C phase voltage distance plots as shown in Figure 4-23 and Figure 4-24 respectively. One can 

see from the voltage distance plots and the tabular summary that the voltage on the downstream  

three-phase lines becomes substantially low due to the introduction of Level 2 charging EVSE.  
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Additionally, there are three sections of three-phase distribution lines in the system overloaded by  

as much as 80 percent at peak due to the addition of the Level 2 charging infrastructure. There are two 

adjoined sections of single phase distribution line overloaded at peak load by margins of 36.5 percent  

and 7.1 percent respectively.  

4.4.2 Level 2 only on system 20 percent penetration 

In this scenario, the load classes that represent the Level 2 charging load are doubled in load value.  

This simulates multiple vehicles plugging in within the same hour with similar initial SOC values. This 

scenario is essentially the same as the 10 percent scenario, but with more charge events occurring on the 

distribution transformers. This keeps the distribution of charge events the same as the previous scenario. 

4.4.2.1 Power Flow  

The power flow is conducted on the circuit for this scenario. The peak load is found to increase to a  

value of 4211kW from 3831 in the 10 percent penetration case. A graphic representation of the power 

flow is referenced in Figure 4-22, with a tabular summary of the power flow to be observed in  

Table 4-20. Figure 4-23 shows a graphic representation of a comparable power flow between the  

base case, 10 percent penetration, and 20 percent penetration cases. 

Additionally, this analysis determined the influence of charging stations on the line voltage. The  

voltage vs. distance from substation plot for line segment 1 can be observed in Figure 4-24 for phase  

A and Figure 4-25 for phase C. These voltage distance plots show the voltage on components along  

about two miles of distribution lines. The drop seen near the tail of the plot shows the voltage on phases  

A and C dropping to around 111V on phase A and 109V on phase C. This drop occurs as a result of 

adding the Level 2 charging units to the line. The drop in voltage occurs over a 167kVA 13.2/7.62: 

4.16/2.4kV step transformer. The lines downstream from this transformer are particularly loaded with 

Level 2 chargers especially at peak. The low voltage on the lines is due to the increase in peak load  

from the Level 2 charging loads as shown in the power flow plot of the lines after the transformer and 

referenced in Figure 4-25. When compared to the voltage at peak load in the 10 percent penetration case 

and base case the voltage drop is due to the increased penetration of EVs with the Level 2 home charging 

model. The steep voltage drop occurs over the step transformer at peak load due to the high demand. 

Figure 4-16 shows a plot of the voltage of the component throughout the course of the day. 
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Figure 4-22. Power Flow for Feeder 19-14-13 with 20 percent penetration with Level 2 only. 

Figure 4-23. Power Flow Comparison for the Level 2 Charging Scenarios 
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Figure 4-24. Voltage vs Distance from Substation Plot with Level 2 charging comparison.  
(Line Segment 1 at Peak load) 
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Figure 4-25. Voltage Distance Plot Comparison for C Phase of Line Segment 1 
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Figure 4-26. Voltage vs Time of Step Transformer Where voltage drop occurs in plot Figure 4-24) 

Table 4-20. Power Flow Results Summary for 20 percent Penetration and Level 2 Charging Only 

Feeder Power Flow Results LV2 20% 
 Phase A Phase B Phase C 

Max Bus Voltage (120V Base) 
Bus Voltage (V) 126.24 126.8 127.04 

Time 8/6/15 2:00 8/6/15 2:00 8/6/15 2:00 
Min Bus Voltage (120V Base) 

Bus Voltage (V) 125.0 125.92 126.25 
Time 8/6/15 18:00 8/6/15 18:00 8/6/15 18:00 

% Difference 0.99 0.70 0.61 
Feeder Power Flow Results (Real Power Per Phase) 

 Phase A Phase B Phase C 
Max Real Power Flow (Kw) 

Power (KW) 4,119 3,831 4,211 
Time 8/6/15 18:00 8/6/15 18:00 8/6/15 18:00 

Min Real Power Flow (KW) 
Power (KW) 2,510 2,198 2,298 

Time 8/6/15 2:00 8/6/15 2:00 8/6/15 2:00 
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Table 4-21. Minimum line Voltage Values at Peak Load (5 line sections) 

Min Voltage on line at peak load 
 Base case 20% Penetration Level 2 only % Diff 

Seg 1 Voltage Distance from Feeder (ft) Voltage Distance from Feeder (ft) 
 

A 115.18 8,915 111.61 8,912 3.10 
B 122.57 7,715 121.76 7,715 0.66 
C 114.91 8,915 109.82 8,915 4.43 

Seg 2 
     

A 109.39 6,834 108.16 6,834 1.12 
B 121.36 4,926 120.74 4,784 0.51 
C 119.17 6,834 118.32 6,834 0.71 

Seg 3 
     

A 119.90 10,687 119.55 10,687 0.29 
B 122.082 11,240 121.21 11,240 0.71 
C 121.96 11,420 120.97 11,420 0.80 

Seg 4 
     

A 120.22 11,593 119.863 11,593 0.30 
B 122.87 11,593 122.0667 11,593 0.65 
C 122.72 11,593 121.6484 11,593 0.87 

Seg 5 
     

A 119.93 9,387 119.5817 9,387 0.29 
B 122.46 8,397 121.5898 8,397 0.71 
C 122.64 8,546 121.6616 8,546 0.80 

4.4.2.2 Distribution Equipment Violations 

The violations checker analyzed the overloads on the distribution system components that result from  

the addition of Level 2 EVSE to the system. As a result of increasing the penetration of EVs in the  

system there are 106 instances of single phase distribution transformer overloads that occur on in the 

system, 36 more than in the base case. There is a 28 percent overload on the substation transformer 

SubTr1. In this instance, the station transformer overload is less severe than in the combined 31 percent 

overload for Level 2 and DC Fast 20 percent penetration case. The two step transformers mentioned  

in previous scenarios are each overloaded on the A and C phases. The first overload is by 151 percent  

and 282 percent on the A and C phases respectively. The second overloaded on the A and C phase is by 

189 percent and 11 percent respectively. The exacerbated overloads are due to the excessive peak load 

created by the concentration of Level 2 charging loads on the system around peak load hours. 
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There are eight sections of three-phase distribution lines overloaded at peak load in this scenario,  

which compose four individual sections of line. The most significantly overloaded line is overloaded  

by a margin of nearly 100 percent. There are nine overloaded lengths of single phase lines at peak load  

in this scenario, the most severely overloaded exceeds 45 percent over rating. A tabular summary of  

the increase in distribution equipment violations resulting from the increase in penetration of EVs is 

referenced in Table 4-22. 

Table 4-22. Summary of increase in distribution equipment violations from base case  

Summary of increase in equipment violations 
 10% Level 2 20% Level 2 
 quantity % increase quantity % increase 

Single Phase Distribution Transformers 28 15 36 233 
three-phase Distribution Transformers 0 2 0 4 

Step Transformer 1 0 29 0 115 
Step Transformer 2 0 50 0 62 
Station Transformer 0 2 0 6 

three-phase lines 2 8 3 28 
1 Phase Lines 0 12 8 20 

4.4.2.3 Cost / Benefit analysis 

There are costs associated with the adoption of EVs in the NYS power system due to the large number  

of equipment overloads evident at peak. First, an increase in the capacity of residential single phase 

transformers are necessary to account for the additional loads from residential EVSE. Another  

associated cost involves the distribution line upgrade to accommodate the increase in peak load  

from Level 2 EV charging.  

Adoption of time-of-use rates by residential customers with installed EVSE would present a benefit  

by shifting and reducing the peak load presumably shifting vehicle charging loads to off peak hours. 

While this strategy would require customers to choose time-of-use rates, most NYS utilities currently 

offer residential these rates to customers.  
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4.5 Comparisons 

One of the focuses of this project is to determine the potential effects of DC Fast DC fast charging on  

the power system. The simulated distribution system added charging stations analogous to gas stations  

for various penetrations of EVs in the system to test the effect of a robust DC Fast charging infrastructure. 

The public DC Fast charging stations were supplemented in the simulation by Level 2 home charging 

using an uncontrolled “arrive-and-plug” model as discussed in Chapter 3. Table 4-23 shows a comparison 

conducted between the latter scenario and one in which only Level 2 home charging is available based on 

their daily peak loads and the percent increase from the base case. 

Table 4-23. Daily Peak Load Comparison of Scenarios  

Daily Peak Load & Increase from Base Case Comparison  
10% Pen 20% Pen 

Combined LV2 & LV3 Peak Load (kW) % increase Peak load (kW) % increase 
Phase A 4,150 14.77% 4,724 30.63% 
Phase B 3,428 8.53% 3,670 16.21% 
Phase C 3,785 15.45% 4,318 31.71% 

Level 2 Only 
    

Phase A 3,831 5.94% 4,119 13.91% 
Phase B 3,468 9.82% 3,830 21.27% 
Phase C 3,726 13.64% 4,211 28.45% 

One can ascertain from the table that the daily peak load is greatest in the combined Level 2 and  

DC Fast scenario on the A and C phases. The Level 2 home charging only scenario has the highest  

daily peak loads on the B phase. The case of combined Level 2 and DC Fast charging has the highest  

total daily peak load in this analysis. This is largely due to the coinciding high load characteristics in the 

daily load profiles of the DC Fast charging stations, Level 2 home charging models, and base case daily 

load profile for the system around 6:00 p.m. 

The peak loads alone cannot provide an accurate comparison for the effects of these two scenarios as 

voltage imbalance on the distribution lines presents an issue. To address voltage imbalance in the system 

due to additional chargers, the ends of line segments 1 and 2 are compared for both cases as shown in 

Table 4-24. 
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Table 4-24. Line Voltage Imbalance Scenario Comparison 

Voltage Imbalance comparison  
Line Voltages (120V Base)  Segment 1 Segment 2 

Combined LV2 % LV3 10% Pen 20% Pen 10% Pen 20% Pen 
Phase A 112.64 110.06 104.97 98.67 
Phase B 122.18 122.26 120.61 120.17 
Phase C  110.29 104.08 117.89 116.79 

Level 2 Only  
    

Phase A  113.58 111.61 108.87 108.16 
Phase B 122.18 121.76 121.07 120.74 
Phase C  112.61 109.82 118.77 118.32 

Upon observing the voltage imbalance comparison table, it is evident that the line voltage imbalances  

in each case are greatest in the combined Level 2 and DC Fast charging scenario. Based on this result  

one may conclude that the scenario of combined Level 2 home-charging and DC Fast public charging  

has a greater potential impact on the system. The impact on distribution equipment overloads is another 

important aspect in determining which scenario has the most significant impact. Table 4-25 provides a 

tabular summary of the number of equipment overloads for comparison of each scenario.  

Table 4-25. Summary of Distribution Equipment Violations Scenario Comparison 

Comparison of Distribution Equipment Overloads   
Combined LV2 

&LV3 
Level 2 only  Base 

Case  
10% Pen 20% Pen 10% 20% 

 

Single Phase Distribution Transformers (Quantity) 83 90 98 106 70 
three-phase Distribution Transformers (% 

overload) 
173 173 146.

2 
148.

3 
144 

Step Transformer 1 (greatest % Overload) 85 127 196 282 167 
Step Transformer 2 (greatest % Overload) 249.4 419.4 177 189 127.4 

Station Transformer (% Above Base OA Rating) 26 33 23.5 28 22 
three-phase lines (Quantity) 29 70 3 4 1 

1 Phase Lines (Quantity) 3 14 1 9 1 
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The table shows the combined Level 2 home and DC Fast public charging scenario has a greater  

impact on distribution equipment overloads in many aspects. As expected, there are more severe  

single phase distribution transformer overloads that occur in the Level 2 home charging scenario  

due to greater demand from home charging without public charging options. The severity and quantity  

of three-phase overhead distribution transformer overloading is higher in the combined Level 2 and  

DC Fast scenario caused by an increased daily peak load and the high three-phase demand of the  

charging stations. The step transformer 1 overload is greater in the Level 2 only scenario due to the  

many residential customers downstream from the transformer. The increase in daily peak load from  

Level 2 charging in the residential areas exacerbates the overloads. The demand is lower in the combined 

case because the demand from home charging is offset by the public charging options. However, the  

step transformer 2 is far more overloaded in the combined case due to high demand downstream and  

low and imbalanced voltage on the severely overloaded phases, as shown in Table 4-24 with a per unit 

voltage of only 0.821 per unit (pu). The substation transformer is more severely overloaded in the 

combined case due to the higher peak load as referenced in Table 4-23. When comparing the number  

of three-phase line overloads in the system, it is important to note that in the 20 percent case, the number 

of overloads given in the table is not representative of the number of overloads present at peak load. 

Rather, the number given represents the number of three-phase line overloads present at the time when 

the cumulative loads of the charging stations on the feeder is the greatest, which is 1:55 p.m. Obviously 

the impact of the combined charging scenario is greatest on three-phase line overloads due to the high 

demand of the DC Fast charging stations. The impact on single phase distribution line overloads is 

greatest in the combined scenario as well when the low line voltage resulting from the increased peak 

load pairs with the demand of the Level 2 charging loads fed by the single phase distribution lines in 

residential areas.  

The conclusion, based on a comparison of impact on daily peak load, distribution equipment, and  

voltage imbalance, is that a scenario where charging is uncontrolled in both Level 2 home and  

DC Fast public charging applications will have a greater effect.  
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5 Conclusions 

5.1 Work Presented  

The research conducted in this project examines the effect of EV charging on the NYS distribution 

system. To best test the effect of EV charging on the grid, realistic stochastic transportation models  

used data from the NHTS to accurately determine when the vehicles are most likely to charge and the 

initial SOC of the vehicles upon plugging in. The transportation model developed load profiles for DC 

Fast charging stations in conjunction with Level 2 home charging models for various scenarios and  

EV penetration levels. Models compared the potential cost of a public DC Fast charge for comparison 

home charging methods and determined that under some rate structures, the cost of a DC fast charge is 

comparable to a Level 2 home charge. Almost all scenarios studied the cost of charging and found an  

EV is lower than the cost of fuel for an internal combustion engine vehicle. DEW software simulated  

the NYS distribution system and conducted analysis on the feeder for various penetrations of EVs  

and charging scenarios using DEW, power flows, voltage distance, and equipment violations. For the 

purposes of testing, using the most heavily loaded feeder on the most heavily loaded substation explored 

the potential worst case for the simulated distribution system. This report explains and summarizes the 

effects of these tests throughout. 

The impact of EV charging is significant on the NYS distribution system, even in moderate penetrations. 

Testing the simulated system with varying penetrations of EVs found that an increase in the penetration  

of EVs yields greater violations on some distribution equipment. The effects of the increased penetrations 

of EV charging include daily peak load increase, daily peak load shift, voltage imbalances on the lines, 

distribution line overloads, low voltages at service points, quantity of overloaded distribution 

transformers increases, and overloaded station transformers.  

In this study, there is special emphasis given to DC Fast charging and its potential impacts in a 

distribution system. To substantiate the importance of studying this constantly evolving technology,  

an in depth study explored the DC Fast charging station’s impacts on the distribution system. In  

Chapter 4, a study looked at the simulated system with a robust DC Fast charging infrastructure, 

assuming a 20 percent usage rate, but ignored the impact of home charging on the distribution system.  

It found that at high penetrations, these charging stations have the potential to create numerous  

substantial overloads on three-phase distribution lines as well as significantly shifting peak loads,  

as discussed in Chapter 4 Section 2. These findings are further supported as the effects of home  

charging on the distribution system are accounted for in addition to the DC Fast public charging. In  
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the worst case scenario the addition of Level 2 charging caused a greater number of three-phase lines  

to overload, especially when the loads from DC Fast charging stations are greatest. Additionally, 

significant voltage imbalances become evident at peak load hours on the three-phase distribution lines  

due to the introduction of Level 2 home charging. However, this imbalance could be corrected. 

There was another thorough analysis on a charging scenario where only Level 2 home charging is 

available and no public charging options exist. The study determined that the impacts of home  

charging alone are significant, even at moderate EV penetration levels especially when looking at  

the effects on single phase distribution transformers, voltage imbalance, and peak load increases. A 

comparison between the combined Level 2 home charging with DC Fast public charging scenarios  

and the Level 2 home charging only scenario determined which charging scenario has the greatest  

impact on the distribution system based on each charging scenario’s impact on daily peak load, voltage 

imbalance, and distribution equipment violations. As discussed in Chapter 4 Section 5, the scenario 

combining Level 2 home charging with DC Fast public charging stations has the most significant impact 

on the system overall. 

5.2 Possibilities for Future Work 

There are a multitude of possibilities to explore in an effort to better understand the potential future 

impacts of EVs. A few aspects in particular may be advantageous to address as EVs continue to gain 

ground in the automotive market in the U.S.  

First: Addressing the possibility of no home charging option for EV owners is very realistic for  

metro areas where home charging is not a possibility for EV owners. For these individuals, public 

charging would be a necessity and would increase the potential usage rate of public DC Fast charging  

or Level 2 charging within an area. In fact, the Matlab program created load profiles for the charging 

scenarios analyzed in this study designed with the capability of defining a percentage of the EV 

population with no home charging.  

Second: Investigating various controlled charging strategies for EV charging, which are well studied  

and documented. Most of these strategies offer advantages in the form of increased reliability, peak load 

shifting, and increasing predictability. A possibility to expand on this topic exists in the form of exploring 

strategies for implementation that have the potential to be widely adopted.  
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Third: Exploring the potential of adding battery backup to public charging stations. High efficiency  

(80-90 percent) lithium ion batteries have the possibility for use in conjunction with time-of-use rates. 

increasing the charging station owners profits. As of now, the cost of energy storage remains too high, 

however, the benefits of such technology will be significant once the cost is non-prohibitive. Each year 

battery technology improves and as they become more cost effective, the batteries could control demand 

charge, store energy at low market price, and discharge to charge vehicles when electricity costs are high, 

thus increasing profit margins and shifting the peak load from charging stations to off peak hours.  

5.2.1 Potential Marketing Opportunities  

With an ever growing number of EVs on the road and a current deficit in EV tailored marketing in the 

U.S., particularly on the East Coast, here are several potential marketing opportunities in New York.  

In the event of a rapidly increasing number of EVs in the State, a potential marketing opportunity for  

a substantially funded company could include, franchising the DC Fast charging infrastructure in such  

a way as to be ahead of the curve with DC Fast charging stations in areas with the highest numbers of 

EVs. Particularly in areas with limited home charging options for residents, piloting the project with a  

few stations strategically placed by matching the number of units at a station with the estimated number 

of EVs in the given region. Another opportunity would create a specialized service for Level 2 and DC 

Fast charger installation at facilities to support the rapidly growing EV charging market. Such a business 

would delve into the electrical contracting side of the market. Additionally, filling the need to build these 

charging stations early could present an opportunity to grow a small business. Finally, coordinating with 

EV manufacturers, utilities, and charger manufacturers to develop a standardized home smart charging 

network with an essential cyber security system in place. 



70 

6 Bibliography 
Bansal, Prateek, Dan Fagnant, and Kara Kockelman. "VARIATIONS IN AMERICANS’ DAY-TO-DAY 

TRAVEL PATTERNS." 2015 Poster Session on Innovative Uses of the NHTS, TRB’s Task Force on 
Understanding New Directions for the National Household Travel Survey.  

Grahn, Pia. Electric Vehicle Charging Impact on Load Profile. Thesis. Lic-avh. Stockholm: Kungliga 
Tekniska Högskolan, 2012.  

Park, Woo-Jae, Kyung-Bin Song, and Jung-Wook Park. “Impact of Electric Vehicle Penetration-Based 
Charging Demand on Load Profile.” Journal of Electrical Engineering and Technology 8.2 (2013): 
244-51. 1 Jan. 2016 

Qian, Kejun, Chengke Zhou, Malcolm Allan, and Yue Yuan. "Modeling of Load Demand Due to EV 
Battery Charging in Distribution Systems." IEEE Trans. Power Syst. IEEE Transactions on Power 
Systems 26.2 (2011): 802-10.  

SAE Electric Vehicle and Plug-in Hybrid Electric Vehicle Conductive Charge Coupler, SAE Standard 
J1772, Oct. 2012. 

“State & Urbanized Area Statistics- Our Nation’s Highways – 2000. “State & Urbanized Area Statistics – 
Our Nation’s Highways – 2000. Department of Transportation, 20 Feb. 2015. 20 July 2015.  

US. DOE. "All-Electric Vehicles." All-Electric Vehicles. USDOE. Web. 10 Mar. 2015. 
<https://www.fueleconomy.gov/feg/evtech.shtml> 

Wishart, Jeffery, “Lessons Learned – The EV Project – DC Fast Charge – Demand Charge Reduction”, 
ECOtality North America. May 2012.  



71 

7 References 

1  Yilmaz, Murat, and Philip T. Krein. "Review of Battery Charger Topologies, Charging Power Levels, and 
Infrastructure for Plug-In Electric and Hybrid Vehicles." IEEE Transactions on Power Electronics IEEE Trans. 
Power Electronics. 28.5 (2013): 2151-169. 1 Jan. 2016.  

2  Giarratano, Alex M. Evaluating the Impact of EVs on Distribution Feeders and the Potential for a Novel EV’ 
Charging Management Strategy. MS Thesis, Clarkson University, 2013 

3  Darabi, Zahra, and Mehdi Ferdowsi. "Aggregated Impact of Plug-in Hybrid Electric Vehicles on Electricity Demand 
Profile." IEEE Trans. Sustain. Energy IEEE Transactions on Sustainable Energy 2.4 (2011): 501-08. 

4  Liu, Ryan, Luther Dow, and Edwin Liu. "A Survey of PEV Impacts on Electric Utilities." IEEE PES Innovative 
Smart Grid Technologies Conference 2011 (Jan. 2011). Anaheim, CA. 

5  Celli, G., G. Soma, F. Pilo, F. Lacu, and N. Natale. "Aggregated Electric Vehicles Load Profiles with Fast Charging 
Stations." IEEE Power Systems Computation Conference (August, 2014), Wroclaw, Poland. 

6  Wu, Qiuwei, A. H. Nielsen, Jacob Østergaard, Seung Tae Cha, F. Marra, Yu Chen, and C. Træholt. "Driving Pattern 
Analysis for Electric Vehicle (EV) Grid Integration Study." 2010 IEEE PES Innovative Smart Grid Technologies 
Conference Europe (ISGT Europe) (Oct. 2010). Gothenberg, Sweden. 

7  Schey Stephen, “Q2 2013 Report: The EV Project”, Electric Transportation Engineering Corporation, 2013. 
8  Neubauer, Jeremy, Aaron Brooker, and Eric Wood. "Sensitivity of Battery Electric Vehicle Economics to Drive 

Patterns, Vehicle Range, and Charge Strategies." Journal of Power Sources 209 (2012): 269-77. 
9  Sioshansi, Ramteen, Riccardo Fagiani, and Vincenzo Marano. "Cost and Emissions Impacts of Plug-in Hybrid 

Vehicles on the Ohio Power System." Energy Policy 38.11 (2010): 6703-712. 
10  Adornato, B., R. Patil, Z. Filipi, Z. Baraket, and T. Gordon. "Characterizing Naturalistic Driving Patterns for Plug-in 

Hybrid Electric Vehicle Analysis." 2009 IEEE Vehicle Power and Propulsion Conference (Sept. 2009) Dearborn, 
MI. 

11  “2009 National Highway Travel Survey Tabular Summaries and Graphics,” U.S. Department of Transportation 
Federal Highway Administration, 2011. 

12  Transportation Energy Data Book, Edition 34. Oak Ridge National Laboratory. September, 2015. 
13  Santos, N. McGuckin, H.Y. Nakamoto, D. Gray, and S. Liss “Summary of Travel Trends” National Household 

Travel Survey 2009. U.S. Department of Transportation Trends in travel behavior, 1969–2009. Federal Highway 
Administration June 2011. 

14  “BU-409 Charging Lithium-ion” – Battery University. Cadex, 05 Nov. 2015 Web. 1 Jan. 2016 < 
http://batteryuniversity.com/learn/article/charging_lithium_ion_batteries> 

15  “Charging Lithium-Ion Batteries.” – Battery University. Cadex, 8 Nov. 2010. Web. 1 Nov. 2015 
16  AESC “Cell, Module, and Pack for EV Applications” AESC, 1 Jan. 2016. Web 1 Jan. 2016  

< http://www.eco-aesc-lb.com/en/product/liion_ev/> 
17  US, DOE “2015 Nissan Leaf” USDOE. Web. 1 Jan. 2015. 

<https://www.fueleconomy.gov/feg/noframes/34918.shtml> 
18  Rauh, N., T. Franke, and J. F. Krems. "Understanding the Impact of Electric Vehicle Driving Experience on Range 

Anxiety." Human Factors: The Journal of the Human Factors and Ergonomics Society 57.1 (2014): 177-87. 1 Jan. 
2016. 

19  Aerovironment “Public /Commercial DC Fast Charging Stations”, NSQC442E Spec Sheet, 2012 
20  United States Department of Transportation. 2009 National Household Travel Survey. Report FHWA-PL-11-022. 

 

http://batteryuniversity.com/learn/article/charging_lithium_ion_batteries
http://www.eco-aesc-lb.com/en/product/liion_ev/
https://www.fueleconomy.gov/feg/noframes/34918.shtml


NYSERDA, a public benefit corporation, offers objective 
information and analysis, innovative programs, 
technical expertise, and support to help New Yorkers 
increase energy efficiency, save money, use renewable 
energy, and reduce reliance on fossil fuels. NYSERDA 
professionals work to protect the environment 
and create clean-energy jobs. NYSERDA has been 
developing partnerships to advance innovative energy 
solutions in New York State since 1975. 

To learn more about NYSERDA’s programs and funding opportunities, 

visit nyserda.ny.gov or follow us on Twitter, Facebook, YouTube, or 

Instagram.

New York State  
Energy Research and 

Development Authority

17 Columbia Circle
Albany, NY 12203-6399

toll free: 866-NYSERDA
local: 518-862-1090
fax: 518-862-1091

info@nyserda.ny.gov
nyserda.ny.gov



State of New York 

Andrew M. Cuomo, Governor

New York State Energy Research and Development Authority

Richard L. Kauffman, Chair  |  John B. Rhodes, President and CEO


	1 Introduction
	2 Background and Literature Review
	2.1 Distribution System Impacts Resulting from Electric Vehicle Charging

	3 Model Description
	3.1 Distribution System Model
	3.2 DC Fast Charging Station Load Model
	3.2.1 Variables and Assumptions

	3.3 Level 2 charging model
	3.4 Cost model
	3.4.1 DC Fast Charging Station cost of electricity
	3.4.2 Customer Cost to Charge


	4 Testing Strategies and Analysis of Results
	4.1 Base Case
	4.1.1 Power Flow
	4.1.2 Base Case Equipment Violations

	4.2 DC Fast Charging Only on the Feeder
	4.2.1 DC Fast Charging with 10 Percent EV Penetration
	4.2.1.1 Power Flow
	4.2.1.2 Distribution Equipment Violations

	4.2.2 DC Fast Charging with 20 Percent EV Penetration
	4.2.2.1 Power Flow
	4.2.2.2 Distribution Equipment Violations

	4.2.3 DC Fast Charging with 40 Percent EV Penetration
	4.2.3.1 Power Flow
	4.2.3.2 Distribution Equipment Violations


	4.3 Combined Level 2 and DC Fast Charging
	4.3.1 Combined Level 2 & DC Fast Charging with 10 Percent Penetration
	4.3.1.1 Power Flow
	4.3.1.2 Distribution Equipment Violations

	4.3.2 Combined Level 2 & DC Fast Charging with 20 percent Penetration
	4.3.2.1 Power Flow
	4.3.2.2 Distribution Equipment Violations
	4.3.2.3 Cost / Benefit Analysis


	4.4 Level 2 Home Charging Only
	4.4.1 Level 2 only on system 10 percent penetration
	4.4.1.1 Power Flow
	4.4.1.2 Distribution Equipment Violations

	4.4.2 Level 2 only on system 20 percent penetration
	4.4.2.1 Power Flow
	4.4.2.2 Distribution Equipment Violations
	4.4.2.3 Cost / Benefit analysis


	4.5 Comparisons

	5 Conclusions
	5.1 Work Presented
	5.2 Possibilities for Future Work
	5.2.1 Potential Marketing Opportunities


	6 Bibliography
	7 References



