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Abstract-- The uncoordinated charging of several plug-in 

electric vehicles in a parking garage can potentially overload 

distribution transformer reducing its lifetime. Attempting to 

mitigate this issue, this paper proposes a smart charging method 

to minimize electricity consumption costs and avoid transformer 

overloading, considering a charging station integrated with 

photovoltaic (PV) generation and battery energy storage system 

(BESS). The optimal coordination among all these elements is 

investigated assessing transformer hottest-spot temperature and 

loss-of-life, considering a case study with time-of-use rate and 

meteorological data from Texas, USA. In addition, an economic 

analysis is developed to evaluate the viability of the project, with a 

sensitivity study considering different charging fees and variation 

in the daily number of vehicles parked in the garage. The results 

show the proposed approach is feasible, yields tangible financial 

benefits and can preserve distribution transformer life.  

 

Index Terms-- battery energy storage system, economic 

analysis, electric vehicles, photovoltaic generation, smart 

charging, transformer loss-of-life. 

I.  INTRODUCTION 

LECTRIC vehicles (EVs) are quite promising 

transportation technology as its commercialization is 

growing fast as an alternative to reduce fossil fuel consumption 

and greenhouse gas emission. According to the International 

Energy Agency, new registrations of electric vehicles hit a 

record in 2016 with over 750 thousand sales worldwide [1]. In 

addition, the smart grid infrastructure with distributed 

photovoltaic generation and battery storage with advanced 

communication technology creates conducive environment to 

EVs effective use. Among different types of EVs, this paper 

focuses on plug-in electric vehicles (PEVs) as they can be 

charged by plugging into an outlet. These vehicles include 

hybrid EVs (PHEVs) and battery EVs (BEVs), and for the 

purpose of simplicity they will be referred as EVs.  

The increasing penetration of plug-in electric vehicles brings 

new challenges for their proper integration into the grid, 

especially due to uncertainties related to the behavior of EV 

users [2]. If a large number of EVs start charging at the same 

time, a significant power consumption can be experienced 

resulting in distribution transformer overload. This overloading 

causes an increase in transformer operating temperature and 

may lead to its loss-of-life [3].  
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Some studies have been proposed in this area and they focus 

mainly on analyzing the impacts on transformer loss-of-life and 

proposing intelligent charging strategies to avoid transformer 

aging.  Studies in [4,5] analyze the impact of uncoordinated EV 

demand on transformer aging in a residential area. In [6], the 

impact of EVs charging on distribution transformer loss-of-life 

is probabilistically quantified considering a residential area 

with photovoltaic generation (PV). Reference [7] proposes a 

probabilistic approach to quantify the impacts imposed on 

transformer loss-of-life by EV demand in a residential complex 

with PV generation, considering different EV penetration levels 

and charging power for summer and winter seasons. Reference 

[8] investigates the effect of PV generation on reducing 

distribution transformer aging caused by charging EVs in a 

residential area.  

In [9], the authors propose a rule based algorithm which 

determines the minimum charging power level for EVs charged 

at home, and analyze their impact on transformer aging. In [10], 

the authors propose a model to minimize electricity costs and 

transformer loss-of-life in a residential area considering the 

presence of an aggregator, which is a management entity. 

Reference [11] proposes different EV charging algorithms 

based on time-of-use tariff and grid valley filling considering 

transformer maximum power as a constraint and analyzing the 

effects on transformer aging in a residential area. In [12], an EV 

charging method is proposed to prevent transformer 

overloading in an industrial area in Portugal, and transformer 

loss-of-life is evaluated considering both slow and fast charging 

modes. In [13], an approach to optimally design a battery 

energy storage system for a community with high penetration 

of rooftop solar photovoltaics and electric vehicles is proposed. 

The objective is to mitigate transformer aging while 

maximizing the profit. 

Although these studies considered the effect of EV charging 

demand on transformer aging, they focus mainly on the 

residential sector. Few papers analyzed this problem from a 

perspective of a commercial building with parking garage, 
which presents different installation costs, EV charging and 

demand profile, and chronological coincidence between PV 

production and EV demand. Although most EV drivers 

currently charge their vehicles overnight at home, the number 

of new non-residential EV charging station facilities has been 
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increasing significantly and such facilities are expected to keep 

growing in the future years. Then, there is a need for more 

studies to enhance the understanding of the impact of EV 

charging demand on transformer aging by considering non-

residential charging such as the workplace parking garage. The 

integration of PV generation and battery energy storage system 

(BESS) in EV charging infrastructure is a possible way to 

minimize the negative impacts of EVs on the grid, especially in 

commercial building parking garage where EV charging may 

become significant and occur during daytime hours, when PV 

is available, and EVs remain parked for several hours 

throughout the day, offering the possibility to charge with PV 

generation produced locally. 

This paper proposes a smart charging scheme to optimally 

coordinate EVs and BESS avoiding transformer overloading in 

a commercial building parking garage powered by PV. Practical 

constraints and user preferences are taken into account during 

the optimization, based on time-of-use rate, load and 

meteorological data from Texas, USA. In addition, an economic 

analysis is carried out to verify the viability of the project for 

the garage owner. A sensitivity study is performed considering 

different charging fees and variation in the daily number of 

vehicles parked in the garage. 

The main contributions of this paper are as follows: 

 Propose a smart charging method to coordinate EVs and 

BESS in the presence of PV generation in order to reduce 

energy consumption costs in a commercial building parking 

garage, considering transformer maximum capacity as a 

constraint; 

 Analyze the impact on transformer hottest-spot temperature 

and loss-of-life, incorporating the effect of variations in the 

ambient temperature using localized meteorological data; 

 Assess the economic viability of non-residential EV charging 

stations, and estimate the return on investment and 

profitability with respect to the garage owner under a variety 

of charging fees. 

The remainder of the paper is organized as follows. System 

modeling and EV charging demand are presented in Section II. 

Section III describes the transformer thermal model. The 

proposed optimization method is developed in Section IV. 

Section V presents simulation results, and the conclusions are 

outlined in Section VI, followed by references. 

II.  SYSTEM DESCRIPTION 

The system under consideration consists of a commercial 

building integrated with photovoltaic generation (PV), battery 

energy storage system (BESS) and a garage with 39 EVs 

charging stations. The building is supplied by a 150 kVA 

transformer and is connected to the grid. The use of 

photovoltaic generation has been increasing significantly in 

recent years, not only with the conventional approach of rooftop 

PV systems, but also integrated into building facade and 

parking canopies. The BESS can be used to ensure the security 

of energy supply, storing PV power to use it later (when PV is 

not available or during high tariff periods). This concept of 

smart buildings integrating renewables, BESS and EVs plays 

an important role in the future smart grid [14]. This section 

presents details of the system components used based on data 

from Texas, USA. 

A.  Commercial Building Load 

In this study, the load profile adopted for the commercial 

building is presented in Fig. 1, collected from ERCOT website 

for South Central Texas area [15]. The building load does not 

include electric vehicles charging demand, and a power factor 

of 0.90 was considered. During the day, the electricity 

consumption increases as people arrive in the building to work, 

and decreases in the evening when the building is not occupied.  

B.  PV Generation and Ambient Temperature 

This paper used PVWatts software provided by National 

Renewable Energy Laboratory (NREL) to estimate the output 

power of a 50kW PV system, based on solar radiation and 

ambient temperature historic data from Austin, Texas [16]. The 

summer season was considered in this study since distribution 

transformer is more likely to experience accelerated aging when 

subjected to high ambient temperatures [7]. Fig. 2 shows PV 

generation and ambient temperature profiles during summer 

(June, July and August). Three scenarios were adopted for 

future analysis as shown in Fig. 3: sunny, partly cloudy and 

cloudy. 

C.  Battery Energy Storage System 

This study considered a battery bank of Hoppecke 26OPzS, 

a lead acid battery with total capacity of 200 kWh. The battery 

lifetime is assumed to be 12 years considering a minimum SOC 

of 50% as suggested by the manufacturer (50% DoD – depth of 

discharge) [17]. 

 
Fig. 1.  Commercial building load.  

 
Fig. 2. PV generation during summer in Austin, Texas. 
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Fig. 3. Scenarios analyzed: sunny, partly cloudy and cloudy. 

D.  Time-of-Use Rate 

 With the increasing use of smart meters, many utilities are 

adopting time-of-use (ToU) pricing instead of conventional 

fixed-rate pricing models, in order to change consumer 

behavior and balance demand. The ToU tariff is cheaper during 

off-peak periods when demand is low, and higher during peak 

periods when demand is high. The ToU tariff considered in this 

paper is presented in Table I, which is adopted by a power 

utility from Texas during the summer and applicable to 

commercial users [18]. 

E.  Electric Vehicle Consumption Profile 

The EV parking garage under consideration in this paper is 

in a commercial building where cars are parked during the day. 

The EV charging demand is obtained following the flowchart 

presented on Fig. 4, based on mobility behavior and EV battery 

model data. The EV state-of-charge (SOC) measures the 

remaining energy capacity of the battery. The initial state of 

charge of the vehicles depends on its previous trip, and 

according to [19] vehicle travel an average of 30 miles per day. 

Then, the initial state of charge of each vehicle can be evaluated 

using (1) [20]:  

𝑆𝑂𝐶%
𝑖𝑛𝑖 = 𝑚𝑎𝑥{𝑆𝑂𝐶%

𝑚𝑖𝑛 , 100 × (1 − 𝐸𝑐𝑜𝑛𝑠𝑑/𝐶𝑏)}  (1) 

where Econs is EV energy consumption per mile in 

kWh/100miles, Cb is EV battery capacity in kWh, d is daily 

driven distance in miles, and SOCmin is the minimum SOC to 

avoid battery degradation, which is assumed to be 20%. 

The energy needed to recharge the battery until the required 

state-of-charge 𝑆𝑂𝐶%
𝑟𝑒𝑞

 is expressed by (2), where EV is the 

charging efficiency assumed in this case to be 0.95. 

𝐸𝑟𝑒𝑞 = (𝑆𝑂𝐶%
𝑟𝑒𝑞

− 𝑆𝑂𝐶%
𝑖𝑛𝑖) × 𝐶𝑏/(

𝐸𝑉
100)   (2) 

In this paper, two charging strategies are investigated: the 

uncoordinated charging and the proposed smart charging. In the 

uncoordinated charging scheme, EV owners start to charge their 

vehicles immediately after arriving at the building and parking 

their cars (plug and charge). In this case, electric vehicles are 

charged with constant power P and the charging duration Chtime 

in minutes can be obtained by [20]: 

𝐶ℎ𝑡𝑖𝑚𝑒 = (𝐸𝑟𝑒𝑞 × 60)/𝑃      (3) 

TABLE I 

COMMERCIAL TIME-OF-USE RATES 

 May – October (Summer) 

 On-Peak hours (3p.m. - 8 p.m.) Off-Peak hours 

$/kWh 0.163989 0.070605 

 
 

 

 

 

 

 

 
 

 
Fig. 4. Flowchart for EV load profile evaluation. 

The vehicles arrival rate curve adopted in this paper is 

presented in Fig. 5, and based on this curve and on the charging 

duration time, it is possible to determine the total electric 

vehicle consumption profile. In the proposed smart charging 

scheme, the hourly EV charging power is evaluated according 

to the optimization model, which will be presented next. 

Among the electric vehicles considered, it is assumed that 

around 44.4% are Nissan Leaf (BEV) and 55.6% are Chevy 

Volt (PHEV), which are one of the most popular EV cars in the 

USA. The battery specifications are presented in Table II, and 

an average of 5 hours is adopted for the electric vehicles parking 

duration. EV loads are modeled as constant power load using 

charging station AC Level 2, which is more suitable for 

workplace garages [21]. The charging power is mainly limited 

by EV on-board charger. The different EV models may have 

different sizes of on-board chargers from 3.3 kW in Chevy Volt 

to 6.6 kW to Nissan Leaf. This study considers a maximum 

output power of 3.3kW for all vehicles. 

III.  TRANSFORMER THERMAL MODEL 

Overloading transformers above their nameplate capacity 

may cause the temperature to rise. The insulation properties 

may deteriorate prematurely, resulting in transformer loss-of-

life. These thermal effects are mainly affected by the loading 

and ambient temperature [22]. Transformer hottest-spot 

temperature and loss-of-life can be estimated according to the 

model presented in IEEE standard C57.91 [23].  

 
Fig. 5. Arrival rate curve. 

TABLE II 

ELECTRIC VEHICLES MODEL AND SPECIFICATION 

 
Battery Capacity 

(kWh) 

Electricity Consumption 

(kWh/100miles) 

Nissan Leaf 24 0.34 

Chevy Volt 16 0.36 

Initial 

SOC 

Required 

Energy 
Charging 

Duration 

EV Load 

Profile 

Driving 

distance 
Charging 

Power 

Arrival 

rate 

EV model 
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The hottest-spot temperature HT can be calculated as in (4): 

𝜃𝐻𝑇 = 𝜃𝐴 + ∆𝜃𝑊 + ∆𝜃𝑇𝑜      (4) 

where A is the ambient temperature, W is the winding 

hottest-spot rise over top-oil temperature, and To is the top-

oil rise over ambient temperature, all in C.  

The temperature rise W and To are obtained as: 

∆𝜃𝑊 = (∆𝜃𝑊,𝑓 − ∆𝜃𝑊,𝑖) (1 − 𝑒
−

𝑡

𝜏𝑤) + ∆𝜃𝑊,𝑖   (5) 

∆𝜃𝑇𝑜 = (∆𝜃𝑇𝑜,𝑓 − ∆𝜃𝑇𝑜,𝑖) (1 − 𝑒
−

𝑡

𝜏𝑇𝑜) + ∆𝜃𝑇𝑜,𝑖    (6) 

where, W,f is the final winding hottest-spot temperature rise 

over the top-oil, W,i is the initial temperature rise at the 

beginning of a time interval, To,f is the final top-oil 

temperature rise over the ambient, To,i is the initial top-oil 

temperature rise over the ambient at the beginning of a time 

interval, W and To are the winding and oil time constant 

respectively, and t is the time interval in hours. 

The final temperature rise (W,f,To,f) are obtained by: 

∆𝜃𝑊,𝑓 = ∆𝜃𝑊,𝑟𝐾𝑓
2𝑚        (7) 

∆𝜃𝑇𝑜,𝑓 = ∆𝜃𝑇𝑜,𝑟 [
𝐾𝑓

2𝑅+1

𝑅+1
]

𝑛

      (8) 

where W,r is the winding hottest-spot temperature rise over 

top-oil at rated load, To,r is the top oil temperature rise over 

ambient at rated load, Kf is the ratio of final load to rated load, 

R is the ratio between loss at rated load and no load loss, m and 

n are empirically derived exponents and their values depend  on 

transformer cooling mode. 

The aging acceleration factor for a given load and hottest-

spot temperature can be obtained using (9). According to [23], 

normal aging occurs at the reference hottest-spot temperature 

of 110oC. Then, if FAA > 1 the transformer is experiencing 

accelerated aging. 

𝐹𝐴𝐴
𝑡 = 𝑒𝑥𝑝 (

15000

110+273
−

15000

𝜃𝐻𝑇
𝑡 +273

)     (9) 

The equivalent aging FEQA over the time period the 

transformer is under study can be evaluated as shown in (10).  

𝐹𝐸𝑄𝐴 =
∑ 𝐹𝐴𝐴

𝑡 ×∆𝑡𝑁
𝑡=1

∑ ∆𝑡𝑁
𝑡=1

       (10) 

where N is the total number of time intervals. 

Transformer percent loss-of-life (LOL) can be obtained by 

(11), where t is the time period of the analysis in hours.  

𝐿𝑂𝐿(%) =
𝐹𝐸𝑄𝐴×𝑡×100

𝑁𝑜𝑟𝑚𝑎𝑙 𝐼𝑛𝑠𝑢𝑙𝑎𝑡𝑖𝑜𝑛 𝐿𝑖𝑓𝑒
      (11) 

The normal insulation life is not uniquely defined and IEEE 

standard C57.91 provides some benchmark values. Based on 

this data, this study adopted a retained tensile strength (RTS) of 

20% as the end of life criteria, which is equivalent to a normal 

insulation life of 150,000 hours (17.12 years) at the reference 

temperature of 110°C, and yields a normal loss-of-life of 

0.0160% for a period of 24 hours. The tensile strength is a 

mechanical property of the insulation material that can indicate 

its aging process and degradation state. This property decreases 

with time and is accelerated under thermal stress. The RTS can 

be evaluated as shown in (12), and T is time in per unit life [24]. 

The thermal parameters used in this study to estimate 

transformer hottest-spot temperature and loss-of-life were 

obtained from [23]. 

𝑅𝑇𝑆 = 97.05𝑒−1.58𝑇      (12) 

IV.  FORMULATION OF THE PROPOSED OPTIMIZATION METHOD 

The proposed smart charging method coordinates a PV-

BESS charging station in order to minimize the electricity 

consumption cost and analyze its impact on transformer loss-

of-life. Since transformer lifetime is affected by its temperature, 

which in turn increases with ambient temperature and active 

loading, the objective is to reduce high peak demand caused by 

EV charging. From the perspective of the charging station 

owner, the main objective is to minimize the daily costs of 

purchasing power from the grid considering a time-of-use tariff. 

It is also important to consider BESS lifetime in the 

optimization process since battery life is significantly reduced 

according to its usage, and its early replacement causes extra 

costs. Then, a multiobjective optimization is employed with the 

goal of achieving minimum electricity consumption cost while 

at the same time extending battery lifetime, as shown in (13). In 

order to avoid transformer overloading, constraint (16) is added 

in the optimization model. 

𝑀𝑖𝑛. 𝑓 = ∑ 𝑃𝑇
𝑡  ∆𝑡 𝑇𝑎𝑟𝑡 + 𝐵𝐷𝑐𝑜𝑠𝑡 ∑ 𝐸𝐵𝐸𝑆𝑆

𝑡𝑁
𝑡=1

𝑁
𝑡=1       (13) 

where Pt
T is the transformer loading at time t in kW, Tart is the 

energy tariff at time t in $/kWh, Et
BESS is BESS energy at time t 

in kWh, BDcost is the battery degradation cost in $/kWh, t is 

the time interval, and N is the total number of time intervals 

during simulation. 

The battery degradation cost BDcost can be defined in terms 

of the battery lifetime reduction due to a charge cycle, and can 

be evaluated by (14) [25].  

𝐵𝐷𝑐𝑜𝑠𝑡 =
𝑅𝑐𝑜𝑠𝑡

𝐿𝑇×√𝜂
         (14) 

where Rcost is the battery replacement cost in $, LT is the lifetime 

throughput of the battery in kWh,  is the roundtrip battery 

efficiency in %. 

The lifetime throughput (LT) is the total amount of energy 

that can be charged and discharged from the battery until its 

end-of-life is reached. There is a lifetime throughput LTi 

associated to each depth of discharge i, which can be calculated 

by finding the product of the maximum capacity of the battery 

EBESSmax, the depth of discharge DODi, and the associated 

number of cycles to failure (nci) as shown in (15). Then the 

battery lifetime throughput LT can be obtained by averaging LTi 

in the allowable depth of discharge range. 

𝐿𝑇𝑖 = 𝐸𝐵𝐸𝑆𝑆𝑚𝑎𝑥 × 𝐷𝑂𝐷𝑖 × 𝑛𝑐𝑖    (15) 

The optimization period considered is 24 hours with a 30-

minute sampling interval. The proposed method uses day-

ahead information to take optimal decisions. The expected PV 

generation, building load and EV demand are assumed to be 

known 24-hour day-ahead. The constraints that must be 

satisfied during the optimization process are as follows: 

1) Transformer capacity limit: 

The transformer rating capacity must not be exceeded after 

adding EVs and BESS, avoiding high transformer temperature 

and lifetime deterioration.  

𝑆𝑇
𝑡 ≤ 𝑆𝑛𝑜𝑚   ,𝑡 = 1. . . 𝑁              (16) 



1949-3053 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2018.2866938, IEEE
Transactions on Smart Grid

 5 

where Snom is the transformer nominal rating and St
T is the total 

apparent power of the transformer at time t after the integration 

of EVs, PV and BESS. 

2) Transformer demand: 

The total transformer demand at any time t after the 

integration of EVs, PV and BESS is given by: 

𝑃𝑇
𝑡 = 𝑃𝑏𝑎𝑠𝑒

𝑡 + ∑ 𝑃𝐸𝑉
𝑖,𝑡𝑁𝐸𝑉

𝑖=1 − 𝑃𝐵𝐸𝑆𝑆
𝑡 − 𝑃𝑃𝑉

𝑡 ,𝑡 = 1. . . 𝑁   (17) 

where Pt
base is the building load at time t, Pi,t

EV is the charging  

power of the ith EV at time t, Pt
BESS is the BESS 

charging/discharging power at time t, Pt
PV is the photovoltaic 

power at time t, all in kW, and NEV is the number of electric 

vehicles. The sign convention adopted to the BESS is negative 

power while charging and positive power when discharging. 

3) Electric Vehicle SOC: 

Equation (18) represents the SOC of charging the ith EV in 

period t. Also, the vehicles should have a desired departure 

state of charge according to customer preferences, as shown in 

(19). The required SOC considered in this study is 80%. 

𝑆𝑂𝐶𝑖,𝑡 = 𝑆𝑂𝐶𝑖,𝑡−1 + 
𝐸𝑉

𝑃𝐸𝑉
𝑖,𝑡

∆𝑡/𝐶𝑏 , 𝑖 = 1 … 𝑁𝐸𝑉      (18) 

𝑆𝑂𝐶𝑖,𝑡𝑑𝑒𝑝 = 𝑆𝑂𝐶𝑟𝑒𝑞 ,     𝑖 = 1 … 𝑁𝐸𝑉   (19) 

where SOCi,t is the state of charge of ith electrical vehicle at time 

t, tdepart is the departure time, SOCreq is the required state of 

charge, Cb is EV battery capacity in kWh, and EV is charging 

efficiency. 

4) BESS Energy balance equation:  

Equation (20) represents the BESS energy balance, and (21) 

forces the battery storage value for the last time instance to be 

the same at the beginning of the optimization period. The 

charger efficiency  is assumed to be 95%.  

𝐸𝐵𝐸𝑆𝑆
𝑡 = 𝐸𝐵𝐸𝑆𝑆

𝑡−1 − 𝜂𝑃𝐵𝐸𝑆𝑆
𝑡 ∆𝑡 ,𝑡 = 1. . . 𝑁               (20) 

𝐸𝐵𝐸𝑆𝑆
𝑡𝑒𝑛𝑑 = 𝐸𝐵𝐸𝑆𝑆

𝑡𝑜        (21) 

5) Electric Vehicles and BESS operation limits: 

The SOC and charging power allocated to each EV i must be 

within its operational limits in every step of the simulation. The 

same applies to the BESS. 

𝑆𝑂𝐶𝑚𝑖𝑛
𝑖 ≤ 𝑆𝑂𝐶𝑖,𝑡 ≤ 𝑆𝑂𝐶𝑚𝑎𝑥

𝑖  , 𝑡 = 1. . . 𝑁       (22) 

 0 ≤ 𝑃𝐸𝑉
𝑖,𝑡 ≤ 𝑃𝐸𝑉𝑚𝑎𝑥

𝑖  ,𝑡 = 1. . . 𝑁            (23) 

𝐸𝐵𝐸𝑆𝑆𝑚𝑖𝑛 ≤ 𝐸𝐵𝐸𝑆𝑆
𝑡 ≤ 𝐸𝐵𝐸𝑆𝑆𝑚𝑎𝑥  ,𝑡 = 1. . . 𝑁         (24) 

𝑃𝐵𝐸𝑆𝑆𝑚𝑖𝑛 ≤ 𝑃𝐵𝐸𝑆𝑆
𝑡 ≤ 𝑃𝐵𝐸𝑆𝑆𝑚𝑎𝑥 , 𝑡 = 1. . . 𝑁       (25) 

The proposed optimization model is solved using the linear 

programming solver LINPROG from MATLAB with matrix 

formulation as follows. 

Min
𝑥

𝑐𝑇𝑥 

𝐴1𝑥 ≤ 𝑏
𝐴2𝑥 = 𝑑

𝑥𝑚𝑖𝑛 ≤ 𝑥 ≤ 𝑥𝑚𝑎𝑥

       (26) 

V.  SIMULATION RESULTS 

The proposed smart charging method was applied to the 

commercial building garage and different scenarios are 

analyzed to verify the impact on peak load reduction, electricity 

consumption costs and transformer life expectancy. In addition, 

an economic analysis of the proposed PV-BESS charging 

system is performed to determine the viability of the approach, 

and the results are presented next. 

A.  Peak Load Reduction 

In order to verify the effectiveness of the proposed smart 

charging method, the following scenarios are investigated. 

 Uncoordinated charging: EV starts charging as soon as 

vehicle-owner arrives at work with a charging power of 

3.3kW without PV-BESS; 

 Uncoordinated charging with PV: EV starts charging as 

soon as vehicle-owner arrives at work with a charging 

power of 3.3kW, connected with PV under different 

weather conditions; 

 Smart charging with PV-BESS: proposed charging scheme 

with PV-BESS under different weather conditions. 

The uncoordinated charging scenario was used as a baseline 

solution for comparison with the other scenarios. Fig. 6 shows 

transformer load under uncoordinated charging and connected 

with PV. The transformer exceeds its maximum capacity even 

during sunny days with high levels of solar production, since 

electric vehicle peak demand occurs right after noon, at the 

same time the building load is at its maximum value.  

Fig. 7 shows transformer load with smart charging and PV-

BESS. With the proposed smart charging strategy, even during 

cloudy days with lower levels of solar production, the 

transformer does not exceed its limit and operates under its 

maximum loading capacity. Fig. 8 shows EV, PV and BESS 

operation on a sunny day in summer season. The BESS charges 

during off-peak hours and supplies energy to the building while 

the transformer is operating at its maximum capacity. The EV 

energy consumption reduces during peak hours, reducing as a 

consequence the transformer load during this period. Is it 

important to note that the minimum and maximum levels of 

BESS state-of-charge (50% and 100%) are maintained to 

preserve battery life. Also, the number of BESS 

charging/discharging cycles per day is only one avoiding 

battery degradation with unnecessary cycling. 

 
Fig. 6.  Transformer load with uncoordinated charging and PV. 



1949-3053 (c) 2018 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission. See http://www.ieee.org/publications_standards/publications/rights/index.html for more information.

This article has been accepted for publication in a future issue of this journal, but has not been fully edited. Content may change prior to final publication. Citation information: DOI 10.1109/TSG.2018.2866938, IEEE
Transactions on Smart Grid

 6 

 
Fig. 7.  Transformer load with smart charging and PV-BESS. 

 
Fig. 8.  EV consumption, PV and BESS operation on a sunny day in summer. 

B.  Effect on Transformer Life Expectancy 

Fig. 9 and 10 show transformer hottest-spot temperature and 

accelerated aging factor respectively to all scenarios analyzed. 

Under the uncoordinated charging scenario, the transformer 

hottest-spot temperature goes beyond the normal operating 

temperature limit even when PV is connected. As a 

consequence, the instantaneous aging factor exhibits a period 

with values above one, indicating that transformer is 

experiencing accelerated aging. During the period that EVs 

exhibit higher arrival rate, the building load and the ambient 

temperature are both high, making the conditions even worse. 

The proposed smart charging scheme significantly decreases 

transformer hottest-spot temperature for all scenarios analyzed 

(sunny, partly cloudy and cloudy), staying below the reference 

temperature of 110oC during the entire day.  

Table III shows transformer equivalent aging factor and loss-

of-life to the scenarios analyzed considering a single operating 

day. It is observed that FEQA changes significantly with 

transformer load profile variation. For the uncoordinated 

charging scenario, the results show an equivalent aging of 1.479 

days, which is equivalent to 35.50 hours of life lost in one day 

indicating accelerated aging. When PV is added to the 

uncoordinated charging, the equivalent aging is lower than one 

for all weather conditions, even though transformer operates 

overloaded. In these cases, the overloaded period has no 

detrimental effect on transformer life since the increased loss-

of-life during overload is balanced by the slower-than-normal 

ageing when transformer operates underloaded [26]. However, 

overloaded operation is not a recommended practice unless in 

emergency situations. With the smart charging scheme a 

significant improvement in transformer aging can be achieved, 

prolonging transformer lifetime. Regarding the transformer 

loss-of-life, the results show the uncoordinated charging 

strategy presents bigger loss-of-life compared to the normal 

loss-of-life, and the smart charging strategy preserves 

transformer lifetime for both sunny and cloudy days. 

In order to evaluate the remaining transformer life when 

subjected to the uncoordinated charging scenario, typical load 

and ambient temperature profiles are used for each season of 

the year (summer, winter, spring and fall), and a moderate 

annually growth rate of 1.5% is assumed for the building load. 

Transformer retained tensile strength (RTS) and loss-of-life are 

evaluated over the years and the results are presented in Fig. 11. 

After the end of the twelfth year, the transformer reached a RTS 

of 19.7% and used 17.36 years of its normal life. Since the end 

of life criteria considered is a RTS of 20% and a normal life of 

17.12 years, the expected transformer life in this case is only 12 

years, a much shorter lifetime requiring early replacement. 

 
Fig. 9.Transformer hottest-spot temperature to all scenarios. 

 

 
Fig. 10. Transformer accelerated aging factor FAA to all scenarios. 
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TABLE III 

EQUIVALENT AGING FACTOR AND LOL TO DIFFERENT SCENARIOS 

Scenarios FEQA LOL% 

Uncoordinated Charging 1.4790 0.0237 

Uncoordinated Charging with PV (sunny) 0.3171 0.0051 

Uncoordinated Charging with PV (partly cloudy) 0.6177 0.0099 

Uncoordinated Charging with PV (cloudy) 0.7914 0.0127 

Smart Charging with PV-BESS (sunny) 0.0937 0.0015 

Smart Charging with PV-BESS (partly cloudy) 0.0996 0.0016 

Smart Charging with PV-BESS (cloudy) 0.0971 0.0016 

C.  Effect on Energy Consumption Cost for the Garage Owner 

Table IV shows the daily energy consumption cost to all 

scenarios analyzed. The results show higher costs with the 

uncoordinated charging, and a cost reduction when PV is added. 

Even more significant cost reduction is obtained for all weather 

conditions when the proposed smart charging scheme is 

applied. As expected, lower costs occur when there is more 

availability of PV generation (sunny day) and less energy is 

imported from the grid. 

D.  Economic Viability Analysis 

The installation of EV chargers in the commercial building 

represents a daily increase of 23% in energy consumption. 

Then, it is important to perform a detailed economic analysis to 

evaluate the viability of the project, considering the installation 

costs of PV generation, BESS, and EV charging stations. The 

economic analysis was based on the results obtained with the 

smart charging strategy with PV-BESS. Cash flow analysis and 

three frequently used financial indicators are adopted in this 

analysis: net present value, internal rate of return and payback 

period [27,28].  

 
Fig. 11.Transformer RTS and used life over the years. 

 

TABLE IV 

ENERGY CONSUMPTION COSTS 

Scenarios Daily 

Costs ($) 

Daily 

Savings (%) 

Uncoordinated Charging 280.43 -- 

Uncoordinated Charging with PV (sunny) 259.53 7.45 

Uncoordinated Charging with PV(partly cloudy) 271.06 3.34 

Uncoordinated Charging with PV (cloudy) 275.87 1.62 

Smart Charging with PV-BESS (sunny) 239.50 14.59 

Smart Charging with PV-BESS (partly cloudy) 257.52 8.16 

Smart Charging with PV-BESS (cloudy) 265.64 5.27 

 

 

The net present value (NPV) represents the cumulative 

balance of revenues and expenses for every year of the project 

considering the changing value of money over time, and can be 

evaluated as shown in (27). A negative NPV indicates the 

project investment does not bring financial benefits. 

𝑁𝑃𝑉 = −𝐶0 + ∑ 𝐶𝐹𝑡(1 + 𝑟)−𝑡𝑇
𝑡=1      (27) 

where C0 is the initial investment cost in $, r is the discount rate 

in %, T is the period over which the investment is analyzed in 

years, and CFt is the cash flow at year t in $,  defined as the 

difference between incomes and expenses.  

The internal rate of return (IRR) is the expected return 

generated by the project, and can be evaluated finding the 

discount rate that makes the net present value of all cash flows 

equal to zero, as shown in (28). Projects with higher internal 

rate of return are considered a more attractive investment. 

𝑁𝑃𝑉 = −𝐶0 + ∑ 𝐶𝐹𝑡(1 + 𝐼𝑅𝑅)−𝑡𝑇
𝑡=1 = 0   (28) 

The payback (PB) is the time necessary to recover the initial 

investment in a project, obtained when the cumulative cash 

flow becomes a positive number. Shorter payback periods are 

more attractive than those with longer payback periods. 

The project duration time considered is 25 years, which is 

the lifetime of PV modules, the component with longest service 

life in the project. The PV installation costs are based on USA 

national average costs [29]. All other information regarding 

equipment costs and rates were collected from manufacturers 

and different websites [30,31,32]. Table V shows the summary 

of the data used in the economic analysis. It is important to 

mention that some utilities and municipal governments are 

currently offering incentives to install EV charging stations. As 

an example, Austin Energy utility offers a rebate of up to $4,000 

or 50% of the cost to install EV charging stations Level 1/2, and 

rebates up to $10,000 to install DC Fast Charger. Since the 

availability of these incentives depend on the city, they were not 

included in the analysis to get more conservative results. 

Although some places offer free charging while you are 

parked (shopping centers, department stores, hotels etc.), most 

charging points are not free and the price varies by state and 

station, and some adopt kWh pricing while others adopt time-

based charging fees. Table VI shows examples of EV charging 

fees currently adopted by USA charging providers. The EV 

charging fee initially considered in this study is $0.39 $/kWh. 
TABLE V 

INVESTMENT COST AND FINANCIAL PARAMETERS 

Equipment Costs 

PV system 2.13 $/W 

Converter  0.7 $/W 

Battery $1,326.47/unit 

EV charger $1,000.00/unit 

O&M  0.5 %/ year  

Financial parameters 

Inflation rate  1.6% /year 

Discount rate 5.0% /year 

Energy price increase rate  2.5% /year 

TABLE VI 
CHARGING FEES ADOPTED BY SOME CHARGING PROVIDERS 

EV Charging 

Provider 

Fee (Level 2) 

Based on kWh Based on time Flat rate 

Blink $0.39 to $0.79/kWh $0.06/min - 
EVgo - $1.50/hour - 

AeroVironment - - $4.00 

Circuit Electric - $1.00/hour  $2.50 
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Fig. 12 shows the accumulated cash flow for a period of 25 

years with a charging fee of $0.39/kWh, considering the yearly 

increase in electricity prices and the replacement of converter 

and battery system after the end of their lifetime. Under this 

condition, the project payback time is 7 years, which means that 

after this period the investor will recover the money. After 25 

years, the project IRR is 15%, and the NPV is positive with a 

value of $236,321.18, meaning that this investment is 

economically attractive. 

Since the charging fee is completely established by the 

owner, a sensitivity analysis is performed to verify its impact 

on the project payback time considering three charging fees: 

$0.29/kWh, $0.39/kWh, and $0.49/kWh. In addition, a positive 

and negative variation of 20% is considered in the daily amount 

of vehicles in the parking garage.  

Fig. 13 shows the NPV, IRR and Payback to all scenarios. As 

expected, the higher the charging fee, the higher NPV and IRR 

are with lower payback time. The daily variation on the number 

of vehicles parked in the garage represents a maximum 

variation of 50% in the IRR and 50% in the payback time. The 

worst scenario is when the charging fee is $0.29/kWh and the 

daily amount of vehicles is reduced in 20%, leading to negative 

NPV, lowest IRR and payback time of 15 years, which is a long 

period to recover the investment.  

 
Fig. 12.  Cash flow with EV charging fee of $0.39/kWh. 

 

 

 
Fig. 13.  Sensitivity analysis results (NPV, IRR and Payback). 

 

Considering the worst scenario with 20% less vehicles in the 

parking garage, the results show that a charging fee bigger than 

$0.30/kWh should be applied in order to recover the initial 

investment in the project, otherwise, the project will have 

negative NPV and should be rejected, as shown in Fig. 14. 

Different charging fees bigger than 0.30/kWh were analyzed for 

the worst scenario (20% less cars), and the payback, NPV and 

IRR are shown in Fig. 15. Based on this analysis, the most 

adequate charging fee can be selected according to the 

minimum IRR, which is a profitability threshold fixed by the 

investor.  

 
Fig. 14.  NPV with charging fee of $0.30/kWh considering 20% less cars. 

 
Fig. 15.  Payback, IRR and NPV for different charging fees for 20% less cars. 

VI.  CONCLUSIONS 

This paper proposed an optimal charging scheme to minimize 

the impact of electric vehicles charging demand on a 

distribution transformer that serves a commercial building 

parking garage integrated with PV generation and BESS. The 

model considers time-of-use rates in order to minimize energy 

consumption costs and avoid transformer overloading and loss-

of-life, based on load and meteorological data from Texas, 

USA. The investigation is performed by means of both 

technical and economic viability analysis, and important 

conclusions were obtained: 

 Under EV uncoordinated charging scheme the transformer is 

subjected to overloading condition during summer season 

due to high ambient temperatures, exceeding its thermal 

limits and experiencing accelerated aging; 

 The proposed smart charging scheme and PV-BESS system 

can prevent transformer overloading and loss-of-life. PV 

generation can reduce the energy purchased from the grid, 

while BESS can assist during peak hours; 

 The PV-BESS parking garage is a feasible and profitable 

investment, as long as a minimum charging fee is adopted to 

recover the project costs. 
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