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Abstract: The energy stored in electric vehicles (EVs) would be made available to commercial

buildings to actively manage energy consumption and costs in the near future. These concepts known

as vehicle-to-building (V2B) and vehicle-to-grid (V2G) technologies have the potential to provide

storage capacity to benefit both EV and building owners respectively, by reducing some of the high

cost of EVs, buildings’ energy cost, and providing reliable emergency backup services. In this study,

we considered a vehicle-to-buildings/grid (V2B/V2G) system simultaneously for peak shaving and

frequency regulation via a combined multi-objective optimization strategy which captures battery

state of charge (SoC), EV battery degradation, EV driving scenarios, and operational constraints.

Under these assumptions, we showed that the electricity usage/bill can be reduced by a difference

of 0.1 on a scale of 0 to 1 (with 1 the normalized original electricity cost), and that EV batteries can

also achieve superior economic benefits under controlled SoC limits (e.g., when kept between the

SoC range of SoCmin > 30% and SoCmax < 90%) and subjected to very restricted charge-discharge

battery cycling.

Keywords: EV; V2B/V2G; peak shaving; frequency regulation; battery degradation; electricity bill

1. Introduction

The energy stored in electric vehicles (EVs) would be made available to commercial buildings

to actively manage energy consumption and costs in the near future. These concepts known as

vehicle-to-X (V2X) (where X = home (H), building (B), or grid (G)) technologies have the potential to

provide storage capacity to benefit EVs owners, grid companies, and buildings owners by reducing

some of the high cost of EVs, reducing buildings’ energy cost, and providing reliable emergency backup

services [1,2]. For example, Tesla S70 has 90 kWh battery capacity, and its daily consumption for trips

is about 12.5% of this capacity (average daily distance for light vehicles is 53 km [3]). Hence of, 60 kWh

can be used as an energy storage system after reduction of 20% depletion ratio.

More often than usual, when these EVs are not in used for driving purposes, they are sitting in

the garage of the owners or in public parking lots, and the energies stored in the batteries would not be

beneficial. The goal of this study is to use these energies for peak shaving and frequency regulation

in vehicle-to-building/grid (V2B/V2G) technology. Studies in this direction have already been done

and published in the literature. The studies presented in [4] and [5] show the economic benefit of

using stationary batteries and plug-in electric vehicles batteries, respectively for energy arbitrage and

frequency regulation. These early works showed that using batteries for peak shaving and frequency
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regulation simultaneously yields beneficial results in comparison to single application. However, their

approaches did not account for the stochastic nature of the problem. In order to deal with potential

uncertainties from energy and ancillary service markets such as price and frequency regulation signals,

the studies published in [6–8] formulate the battery usage for peak shaving and frequency regulation

as a stochastic problem. Most of these prior works are based on stationary batteries and thus do not

account for power train in the degradation of the batteries.

The current study focuses on EV batteries which are mobile and can be used for driving purposes.

Furthermore, in comparison to the previous works related to stationary energy storage system, the

current study contributes in significantly different ways. A multi-objective optimization framework for

EV batteries to perform load management (building load and driving), peak shaving, and frequency

regulation services is proposed and simulated. This framework accounts for EV battery degradation,

operational constraints, driving profiles, and regulation signals. Since EV batteries cycle multiple times

when used for frequency regulation, peak shaving, and load management, the battery degradation plays

an important role in determining their operations. The simulation in this study was conducted based on

the assumption of five EV users working at the same building with different driving profiles and state

of charge (SoC) limits, EV1 = [10–90%], EV2 = [20–90%], EV3 = [30–90%], EV4 = [40–90%], and EV5 =

[50–90%] = [SoCmin–SoCmax] providing the same ancillary services. The main difference of SoC usage

ranges among the EV users results from the different driving profiles. The SoC limits are correlated to the

driving distance to and from work for each EV user. One major observation in this study is that under

these restricted scenarios, EV batteries can achieve much larger economic benefits if they jointly provide

multiple services under controlled SoC limits and very restricted charge-discharge battery cycling.

The rest of this paper is organized as follows. In Section 2, a detail description of the Materials

and Methods used in this study is performed and the problem formulated. The Results are presented

in Section 3, followed by Discussions in Section 4 and Conclusions in Section 5.

2. Materials and Methods

Our starting point is the calculation of the electricity bill, with the goal to use the energy stored in

EVs batteries to reduce the energy cost not only from the EV owner (i.e., V2H) perspective, but also

from the building owner (i.e., V2B) and grid company perspectives (i.e., V2G). Table 1 shows the list of

variables used in this study and their definitions.

2.1. Electricity Bill Calculation

An industrial building or a commercial unit, whose daily electricity bill H is the summation of

energy charge off peak and on peak demand charge is considered.

H = Helec + Hpeak = αelec

T∫

T0

r(t)dt + αpeak max
︸︷︷︸

t=T0...T

[r(t)] = αelec

T∫

T0

r(t)dt + αpeakrpeak (1)

where αelec = energy price in $/MWh, r(t) power consume at time t, αpeak = peak demand price in $/MW.

The peak demand charge rpeak is based on the maximum power consumption, and it is calculated from

a running average of power consumption over 15 or 30 min [8,9].

2.2. Problem Formulation

The goals of this study are:

• To find the optimal policy and strategies for using the energy stored in EV batteries to reduce the

total energy cost H of the building owner.

• To find the SoC optimal range of EV batteries with slow battery degradation, while providing

building load supply when necessary, powertrain for the EV, peak shaving and frequency

regulation simultaneously.
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Table 1. List of variables used in this study and their definitions.

Notations Definitions

H Daily electricity bill in $

Helect Daily off-peak electricity bill in $

Hpeak Daily on-peak electricity bill in $

Ha Adjusted electricity bill after peak shaving

αelec energy price in $/MWh

αpeak peak demand price in $/MW

r(t) power consume at time t

rpeak power consume during peak hours

bn(t) Energy store in the nth battery

bn(t) The average power injection of the nth battery

N Number of EVs

λn
cell is the nth MBESS cell price $/Wh

Kn Number of cycles that the nth MBESS could be operated within

s(t) The normalized frequency regulation signal

αc Frequency regulation revenue

αmis Frequency cost mismatch penalty

C Power capacity

SoCmin Min State of Charge

SoCt Current State of Charge

SoCmax Max State of Charge

cn Frequency regulation capacity of each EV

bch
n (t) Battery charging of the nth EV

bdc
n (t) Discharging power of the nth EV

y(t) Frequency regulation load baseline

Pn
max Battery capacity power of the nth EV

2.3. Peak Shaving

Peak demand charges can significantly increase the electricity bill. Smoothing these peak demands

represents one of the best ways for reducing electricity cost. Several techniques have been developed and

proposed in the literature for peak shaving: using energy storage [10], load shifting and balancing [11].

In this study, a set of N EVs, each having one mobile battery energy storage system (MBESS), which

can be connected to the grid via fast bidirectional chargers installed in the parking lot of a commercial

building is considered. The MBESS can discharge energy to the grid when it is connected and electrical

demand is high and charge in other times to smooth building’s energy consumption profiles.

Let us define bn(t) the power that the nth MBESS can inject in the grid at a given time t. Note that

bn(t) > 0 for discharging, bn(t) < 0 for charging. The total adjusted electricity bill Ha is now given by

Equation (2).

Ha = αelec

T∫

T0




r(t) −

N∑

n=1

bn(t)




dt + αpeak max

︸︷︷︸

t=T0...T




r(t) −

N∑

n=1

bn(t)]




+

N∑

n=1

f (bn) (2)
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In Equation (2), r(t) is the power meter reading at time t, bn(t) is the average power injection of the

nth battery, ra(t) = r(t) −
N∑

n=1
bn(t) is the actual power meter reading when the N EVs are connected to

the grid, and f (bn) is the operating cost of the nth battery.

2.4. EV Battery Model and Degradation Cost

A vital element in the operational planning of MBESS is their operating cost, a majority of which

comes from the degradation of MBESS cells subjected to repeated charge and discharge cycles, aging,

and temperature effects. In this study, the generic model battery (Figure 1a) developed and verified

within the Matlab/Simulink software environment [12–14] (Figure 1b) is used.

Figure 1. Generic Matlab/Simulink battery model with temperature and aging (equivalent full

cycle) effects.

The controlled voltage source is described using Equation (3) below, and Vbatt = E − Ri.

E = E0 −K
Q

Q−
∫

idt
+ Ae−B

∫

idt (3)

E = no-load voltage in volts, E0 = battery constant voltage in volts, K = polarization voltage in

volts, Q = battery capacity in Ah,
∫

idt = actual battery charge in Ah, A = exponential zone amplitude

in volts, B = exponential zone time constant inverse in (Ah)−1, Vbatt = battery voltage in volts, R =

internal resistance in Ohms, and i = battery current in (amps). The model can accurately represent the

behavior of many battery types, provided the parameters are well determined. The main feature of

this battery model is that the parameters can be easily deduced from a manufacturer’s discharge curve

and can be set to account for temperature and aging effects [12–14].

The degradation cost of the nth MBESS is then modeled using Equation (4) [8,15].

f (bn) =
λn

cell
× 106

2Kn

(

SoCn
max − SoCn

min

)

∣
∣
∣bn(t)

∣
∣
∣ (4)

In this equation λn
cell

is the nth MBESS cell price ($/Wh). Kn is the number of cycles that the nth

MBESS could be operated within.



World Electric Vehicle Journal 2020, 11, 14 5 of 11

2.5. Frequency Regulations

In addition to peak shaving, the MBESS is also used for frequency regulation market. A simplified

version of the Pennsylvania, New Jersey, and Maryland (PJM) frequency regulation market [16] is used

in this study. The revenue for providing frequency regulation service over time T is then defined by:

S = αcCT − αmis

T∫

T0

∣
∣
∣
∣
∣
∣
∣

N∑

n=1

bn(t) −Cs(t)

∣
∣
∣
∣
∣
∣
∣

dt−

N∑

n=1

f (bn) (5)

In Equation (5), f (bn) is the operating cost of the MBESS and s(t) is the normalized frequency

regulation signal. Compared with traditional frequency regulation signals, it has a much faster ramping

rate and is designed to have a zero-mean within a certain time interval, which is well aligned with

the characteristics of MBESS. Note that, for providing frequency regulation service, the grid operator

pays a per-MW option fee αc to a resource withstand-by power capacity C for each hour. While during

the frequency regulation procurement period, the resource is subjected to a per-MWh regulation

mismatch penalty (αmis) for the absolute error between the instructed dispatch and the resource’s

actual response [16].

2.6. Multi-objective Optimization

The EV batteries are used for load management (house load, building load, and powertrain) but

also to provide frequency regulation (building grid side) service and peak shaving. These put several

constrains on the EV owner which can be summarized as follows.

- Minimize EV’s owner electricity bill

- Such that

# The gain from selling EV energy to building owner is maximized.

# Minimize battery degradation thus minimize battery cost.

# Keep SoC within SoCmin < SoC < SoCmax.

The objective on the building owner side is to reduce its electricity bill at any cost. Unfortunately,

this can only be accomplished while taking into consideration EV owners and grid company

requirements. Mathematically, this is described by Equation (6) and can be viewed as a multi-objective

optimization problem with the goal of finding a middle ground where all the parties involved agree.

Hmulti = min
︸︷︷︸

cn,bch
n (t), bdc

n (t),y(t),N

Ha − αcT

N∑

n=1

cn − αmin

T∫

t=T0

| − r(t) +
N∑

n=1

bn(t) + y(t) −
N∑

n=1

Cns(t)|dt (6)

Such that :





bn(t) = bdc
n (t) − bch

n (t)
N∑

n=1
cn ≥ 0

SoCn
min
≤

SoCn
ini
+
∫ t

τ
[b(τ)ηc−

bdc
n
ηd

]dτ

E ≤ SoCn
max

0 ≤ bch
n (t) ≤ Pn

max

0 ≤ bdc
n (t) ≤ Pn

max

(7)

Most of the constraints are on the EV owner side. On the building owner side, as in [8], the

multi-objective optimization model should capture both the uncertainties of future demand r(t) and

future frequency regulation signals s(t). The objective function in Equation (6) minimizes the total

electricity cost of a commercial user for the next day, including the energy cost, peak demand charge,

and EV battery degradation cost and frequency regulation service revenue. Unlike [8], optimization
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variables are considered at the EV level and are frequency regulation capacity cn of each EV, battery

charging/discharging power bdc
n (t), bch

n (t), of each EV, number of EVs connected at a given time t, and

frequency regulation load baseline y(t). Participants in frequency regulation market should report a

baseline y(t) to the grid operator ahead of their service time [16]. For a commercial user, the baseline

y(t) is its load forecasting including the projected driving patterns of the EV owners. [T0 T] = time

interval considered, αc = frequency regulation revenue, and αmin = frequency cost mismatch penalty.

2.7. Simulation Strategy

For simulation purposes, several scenarios/hypotheses are considered: EV connection to the grid,

EV driver’s behavior, and SoC operation limits. When the EV is used as stationary, the EV is at a parking

lot and connected to the grid for peak shaving and frequency regulation, and the multi-objective

optimization framework is applied. When the EV is used as mobile, it is not connected to the grid and

it is being driven by its owner to go to work, to come back home, or to run some errands. When the EV

is at home, it can be used for house load management, and the batteries get charged overnight every

day during off-peak period, and leave every morning fully charged to the maximum defined SoC. The

simulation in this study is based on the assumption of five EV users working at the same building with

different driving profiles and SoC limits, EV1 = [10–90%], EV2 = [20–90%], EV3 = [30–90%], EV4 =

[40–90%], and EV5 = [50–90%] = [SoCmin–SoCmax] providing the same ancillary services. The main

difference of SoC usage ranges among the EV users results from the different driving profiles. The SoC

limits are correlated to the driving distance to and from work for each EV user.

3. Results

In order to verify the proposed scenarios, a small residential building with an electricity

consumption of 26 kWh/day, a commercial unit with an electricity consumption of 70 kWh/day

and 5 EVs having a battery storage capacity of 24 kWh per EV has been utilized for simulation on

battery degradation and electricity bill estimation. The results are obtained using Matlab/Simulink and

can be applicable to any larger buildings with a fleet of EVs by multiplication and additional detailed

adjustment. In this simulation work, it is assumed that a data centre or commercial building has 70

kWh power consumption with 10 kW peak power between 7:00 and 18:00 in a day.

The volatility of renewable energy poses uncontrollable fluctuations to the power generation in

the electric grid; therefore, it is required to find and connect resources for providing ancillary services

such as frequency and voltage regulations. A fleet of electric vehicles in the parking lot of a building

during working hours can be connected to the electric grid for ancillary services. This simulation

utilizes 5 EVs with different levels of SoC usage for the combination of frequency regulation and peak

shaving as V2B/V2G application between 11:30 and 12:30 in a day.

3.1. EV Owner and Household Bill

For each EV user, a fixed driving profile over a period of 10+ years is hypothesized. The MBESS

of the nth user can be used for household load, building load, and driving purposes. Figure 2 shows

the Simulink schema.

Figure 3 shows the daily profile simulation of EV1, EV2, EV3, EV4, and EV5, respectively. As

shown in Figure 3, every day from 11:30 to 12:30, all the EVs have the same depth of discharge (DoD)

with 20% for selling the same amount of energy to the building owner (V2B) for ancillary services on

the grid side. The rest of the day, EV discharging and charging profiles are different and correspond to

the EV owner’s driving and charging patterns.
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Figure 2. Vehicle-to-X (V2X) Simulink model in a 24 h period.

Figure 3. Daily 24 h profile of electric vehicles (EVs) with state of charge (SoC) limits: EV1 = [10–90%],

EV2 = [20–90%], EV3 = [30–90%], EV4 = [40–90%], and EV5 = [50–90%].
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In each profile, at the first current spike, the daily battery cycling starts with a discharge current

of 25 A (driving to work), at ambient temperature of 25 degrees C. The initial SoC (SoCmax = 90%)

is same for each EV and its battery pack is discharged until the SoC reaches 65% (DoD of 35%), 70%

(DoD of 30%), 75% (DoD of 25%), 80% (DoD of 20%), 85% (DoD of 15%), for EV1, EV2, EV3, EV4, and

EV5, respectively.

The second current spike is related to the V2B application after each EV arrives at work and is

connected to the DC fast charger of the parking lot of the building for ancillary services. For this period,

the discharge current is 25 A and the SoC decreases down to 45% (DoD of 55%), 50% (DoD of 50%), 55%

(DoD of 45%), 60% (DoD of 40%), 65% (DoD of 35%), for EV1, EV2, EV3, EV4, and EV5, respectively.

The third current spike is related to driving back home. The discharge current is 25A and the SoC

decreases down to 20% (DoD of 80%), 30% (DoD of 70%), 40% (DoD of 60%), 50% (DoD of 50%), 60%

(DoD of 40%), for EV1, EV2, EV3, EV4, and EV5, respectively.

The fourth current spike describes the V2H application after each EV arrives at home and is

connected to the EV charger of the house for V2H applications. For this period, the discharge current

is 25 A and the SoC decreases down to minimum SoCmin for each EV. That is: 10% (DoD of 90%), 20%

(DoD of 80%), 30% (DoD of 70%), 40% (DoD of 60%), 50% (DoD of 50%), for EV1, EV2, EV3, EV4, and

EV5, respectively.

Afterwards, the EV battery pack is charged back overnight to 90% SoC with a charge current of 15

A. As this cycle is repeated every day up to 12 years (12 × 365 = 4380 days), the battery age increases

whereas its capacity decreases. Simulation of the battery degradation on ancillary services and driving

over this period is shown in Figure 4. The deeper the depth of battery discharge is used, the more

the battery degradation is pronounced. Short commute driving habit, EV5 with SoC within [50–90%]

shows the lowest battery degradation.

Figure 4. Battery degradation for various driving patterns and SoC limits: EV1 = [10–90%], EV2 =

[20–90%], EV3 = [30–90%], EV4 = [40–90%], and EV5 = [50–90%].

Figure 5 shows the comparison of the original bill normalized to 1 with simulated bills after

frequency regulation only, peak shaving only and combined peak shaving and frequency regulation,

for each of the SoC operation range considered above.

Bill corresponds to the original bill normalized to 1. That is the home owner’s bill without

ancillary services. Frequency regulation, peak shaving, and joint correspond to normalized bill when

participating in frequency regulation, peak shaving, and both services respectively.
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Figure 5. Comparative analysis of the original bill normalized to 1 corresponding to bill without

ancillary services and others with bills after peak shaving, frequency regulation, combination of peak

shaving and frequency regulation, under different SoC limits: Electricity bills to be paid by EV owners

after reflecting reimbursement for ancillary services.

3.2. Electricity Bill for Building Owner

On the Building owner side, we assumed that the 5 EVs are connected during working hours, and

provide a fix amount of power or battery capacity each day to the building owner for peak shaving

and frequency regulations as shown in Figure 3. Figure 6 shows the Simulink schema and Figure 7 the

simulation of bill saving under different scenarios.

Figure 6. Simulink model for building owner.

Bill corresponds to the original bill normalized to 1. That is the building owner’s bill without

ancillary services. Frequency regulation, peak shaving and joint correspond to normalized bill when

participating in frequency regulation, peak shaving and both services, respectively.
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Figure 7. Comparative analysis of the original bill normalized to 1 corresponding to bill without

ancillary services and others with bills after peak shaving, frequency regulation, combination of peak

shaving and frequency regulation, under different SoC limits: Electricity bill for building owner.

4. Discussion

In this study the energy stored in EVs is used for peak shaving and frequency regulation in a

vehicle-to-building/grid (V2B/V2G) application, but also for driving purpose at the same time, with the

goal to study the effect of the different mentioned tasks on EV battery degradation and EV owner’s

electricity bill. Although several studies have been carried out in this direction, mostly using stationary

batteries [8], this study focuses on EV mobile batteries and contributes in significantly different ways.

A multi-objective optimization framework for EV batteries to perform load management (building load

and driving), peak shaving and frequency regulation services is proposed. This framework accounts

for EV battery degradation, operational constraints, driving profiles, and regulation signals. Since the

depth of discharge of EV battery pack increases when used for frequency regulation, peak shaving, and

load management, the battery degradation plays an important role in determining their operations.

Here it is also shown that the V2B/V2G application of EVs can be beneficial when used for ancillary

services and driving purpose, these results were obtained under certain strict conditions such as fixed

driving patterns for EV owners, fixed battery cycling, fixed depth of discharge, and fixed SoC limits,

which are not always the case in real life. In our future work, we would relax all these conditions, add

more stochasticity in the EV owner’s driving behavior and also consider a fleet of vehicles more than

five EVs.

5. Conclusions

In this study, the energy stored in EV batteries is used for V2B/V2G application. This energy was

simultaneously used for power train, peak shaving, and frequency regulation. Simulation of these

tasks on energy bill calculation and battery degradation via a combined multi-objective optimization

strategy which captures battery state of charge, EV battery degradation, EV driving scenarios, and

operational constraints. Under these constraints, the electricity usage/bill can be reduced and EV

batteries can also achieve superior economic benefits under controlled state of charge limits and

charge-discharge battery cycling. Under these assumptions, we showed that the electricity usage/bill

can be reduced by a difference of 0.1 on a scale of 0 to 1 (with 1 the normalized original electricity cost),

and that EV batteries can also achieve superior economic benefits under controlled SoC limits (e.g.,
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when kept between the SoC range of SoCmin > 30% and SoCmax < 90%) and subjected to very restricted

charge-discharge battery cycling.
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