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Plug-in hybrid electric vehicles (PHEVs) consume both gasoline and grid electricity. The corresponding
temporal energy consumption and emission trends are valuable to investigate in order to fully understand
the environmental benefits. The 24-h energy consumption and emission profile depends on different
vehicle designs, driving, and charging scenarios. This study assesses the potential energy impact of PHEVs
by considering different charging scenarios defined by different charging power levels, locations, and
charging time. The region selected for the study is the South Coast Air Basin of California. Driving behaviors
are derived from the National Household Travel Survey 2009 (NHTS 2009) and vehicle parameters are
based on realistic assumptions consistent with projected vehicle deployments. Results show that the
reduction in petroleum consumption is significant compared to standard gasoline vehicles and the ability
to operate on electricity alone is crucial to cold start emission reduction. The benefit of higher power
charging on petroleum consumption is small. Delayed and average charging are better than immediate
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charging for home, and non-home charging increases peak grid loads.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction
1.1. Vehicle electrification

A hybrid vehicle combines two different types of propulsion
systems such as an electric motor and an internal combustion
engine, although other types are possible [1]. The main motivation
for developing hybrid electric vehicles (HEVs) is the possibility to
enhance vehicle fuel economy and to reduce greenhouse gas and
pollutant emissions.

Although HEVs have been on the mass market for over 10 years,
they cannot eliminate the dependence on petroleum fuel and their
reduction of greenhouse gas emissions is limited. As a result, plug-
in hybrid electric vehicles (PHEVs), also called off-vehicle charge
capable vehicles, are being developed, which act as a HEV under
charge sustaining mode [2], and consume grid electricity under
charge depleting mode [2] after battery recharging. Because the
grid load experiences temporal variation resulting in underutilized
generation facilities, research indicates for the United States as a
whole, up to 84% of U.S. cars, pickup trucks, and sport utility vehi-
cles could be supported by the existing electric generation and
transmission infrastructure. This has an estimated gasoline dis-
placement potential of 6.5 million barrels of fuel equivalent per day,
or approximately 52% of the nation’s fuel imports [3]. PHEVs could
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reduce greenhouse gas emissions more than standard HEVs, espe-
cially when the electricity generation mix is cleaner. Also, studies
have shown that PHEVs have greater pollutant emissions benefits
than conventional vehicles and hybrid electric vehicles [4,5].

Since a PHEV consumes both fuel and electricity, it is compli-
cated to assess each of them accurately. A PHEV can be both a HEV
when never charged and an EV when the battery energy is suffi-
cient for an entire trip before the next recharging. In general, fuel
and electricity consumption of a PHEV fleet depends on: (1) vehicle
design parameters, such as battery capacity, electric motor size and
control strategy [6]; (2) driving behaviors, such as trip length and
trip time; and (3) charging behaviors, such as charging power, loca-
tion and time. Several studies have analyzed PHEV adoption [7-11].
However, these assessments are derived from limited analysis,
based on either macroscopic trend analysis or modeling second-by-
second mechanical operations of a single vehicle [ 12]. These studies
cannot simulate the accurate time dependent fuel and electric con-
sumption of the vehicle fleet, nor look into the detailed impact of
charging behaviors.

The goal of this study is to evaluate the temporal fuel, electricity
consumption and emissions, based on different charging scenarios
and vehicle parameters. A key to the study is to select a region
for analysis that is both rich in data and recognized for alternative
vehicle adoption. The South Coast Air Basin of California (SoCAB)
is home to one of the largest vehicle fleets in the U.S. with more
than 10 million vehicles [13], aggressive carbon reduction goals,
and notorious air quality issues. Consequently, it is reasonable to
start research in this area and expand to other areas.
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2. Methodology

The methodology of this study can be summarized as:

1. Observe the individual behavior of current in-use vehicles. In
this study, data are derived from NHTS 2009 [14]. For each sam-
pled vehicle, trip information is included for one day, such as
time, location, and length. These data contain detailed operat-
ing information and have a relatively large sample size (7860
vehicles).

2. Build a computer simulation and replace the vehicles with
PHEVs.

3. Operate each PHEV under the same behavior as observed in the
NHTS, assuming people do not change driving behavior.

4. Obtain individual vehicle’s temporal petroleum and electric-
ity consumption and emission information by varying charging
behaviors and vehicle parameters.

5. Sum the results.

6. Scale the results to simulate the prospective amount of vehicles
or VMT.

3. Data conversion

According to the methodology above, the data used must be
based on vehicle activity. However, NHTS data are based on per-
sonal activity, including any sort of transportation method, such as
walking, biking, mass transit, etc. Additionally, NHTS personal data
may repeat in terms of vehicle activity when there is more than
one person using a single vehicle. In this case, data conversion was
conducted to filter out all the vehicle activities and converted from
person chain to vehicle chain. As a result, 7860 vehicles’ driving and
dwelling information is available for one day and are utilized in the
model.

3.1. Model build

A model has been developed in Matlab. As shown in Fig. 1, the
model consists of two components, operating and charging, cir-
cled by state-of-charge (SOC), which is simplified and defined as
the proportion of instantaneous usable energy in the battery to the
entire usable energy in the battery when full charged. One loop
through the flow chart represents a specific trip and consequent
dwelling activity. NHTS data, which contain the trip and dwelling
information, serves as the internal input. Vehicle parameters and
charging strategies are the external input, which can be changed
for different scenarios. Output is the time-dependent fuel and elec-
tricity consumption and other vehicle operating information such
as number and times of cold starts, and time and duration of all
electric operation.

It is assumed that each PHEV begins the day with a full charge,
having 100% SOC. In the operating component of the model, the
vehicle consumes electricity in the battery first during charge
depleting mode and then starts the engine converting to charge
sustaining mode if the battery is depleted. In the charge depleting
mode, the vehicle can consume both electric energy in the bat-
tery and fuel when the engine is operating to assist with meeting
the extra power demand. The extent of engine operation in this
mode depends on vehicle design parameters, such as battery and
power limit of the traction motor and vehicle operating parameters
such as velocity and acceleration. These complicated parameters
are simplified by one parameter, the electrification ratio (ER), which
defines the ratio of the amount of energy drawn out of the bat-
tery if driven on battery and engine, to the energy drawn out of
the battery if driven on battery only. For example, a vehicle having
0.7 ER, means that for a given operating distance, on average, the

battery provides 70% of the energy and the engine provides 30%.
In the California Air Resources Board’s (CARB) PHEV test proce-
dure, ‘Test Procedures for 2012 and Subsequent Model Off-Vehicle
Charge Capable Hybrid Electric Vehicles’, a closely related ratio is
called the all electric fraction[15], while other studies define similar
ratios as charge decreasing electric energy fraction [16].

The final SOC from the operating component of the model is
passed to the charging component in which the vehicle can be
charged with a given power, location and time strategy. Based on
the NHTS data, the vehicle may then embark on a second trip with
a new initial SOC and go back to the operating component to cir-
culate again until the vehicle activities terminate at the end of a
day.

The parameters used in the simulation are listed below and
shown in Table 1:

1. Vehicle types: conventional vehicle, hybrid electric vehicle,

plug-in hybrid electric vehicle.

. MPG: miles per gallon;

3. kWhmi~!: electric energy consumption per mile in charge
depleting mode from battery; The value of 0.25kWhmi~!
(0.16 kWhkm~1) is derived from simulating the General Motors
EV 1 drivetrain with a Toyota Prius’ mass and aerodynamic
coefficient for two U.S. EPA drive cycles (UDDS and US06) in
commercial vehicle simulation software, ADVISOR;

4. ER: electrification ratio;

. kWh: usable battery capacity from 1 to 10 kWh;

6. Range: the corresponding all electric range from 4 to 40 mi (from
6.4 to 64 km);

7. Charging power: the limit of charging power, 1.44 kW is the typ-
ical National Electric Manufacturers Association 5-15 standard
in North America;

8. Charging location: the limit of charging locations,

a. Home related;

b. Home and work related;

c. Anywhere;

9. Charging time: charging time strategy
a. Immediate charging: the vehicle is recharged immediately

after a trip, at the maximum power when there are no other
restrictions;

b. Delayed charging: if the dwelling time is longer than the nec-
essary charging time, then the charging start time is delayed
to make the ending time coincide with the start of the next
trip;

c. Average charging: the vehicle is recharged at the minimum
constant charging power required for a full SOC using the
whole dwelling time when there are no other restrictions.

N

[9)]

Delayed and average charging can be considered as two smart
charging strategies that vary the charging start point, end point and
charging power, but transfer the same total energy to the battery
at the end of the charging period.

4. Results

The analysis determines total fuel consumption, number of cold
starts, instantaneous electricity consumption, and impact on the
existing grid load by varying charging strategies, charging location,
time and power. All of the results below account only for the 7860
vehicles from the NHTS survey located in the SOoCAB.

4.1. Fuel consumption

Fig. 2 shows the total fuel consumption per day for
CV, HEV and PHEV having battery capacities ranging from
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Fig. 1. PHEV operating and charging model.

Table 1
Simulation parameters.

Vehicle type MPG (L kWhmi-! ER kWh Range (mi) Charging Charging Charging time  Efficiency from
100km™1) (kWhkm~1) (km) power (kW) location grid to battery
v 25(9.4) N/A N/A N/A N/A N/A N/A N/A N/A
HEV 45(5.2) N/A N/A NJA N/A N/A N/A N/A N/A
PHEV 45(5.2) 0.25(0.16) 0.1-1 1-10 4-40(6.4-64) 1.442.88 Home, home Immediate, 0.85
and work, delayed,
anywhere average
1kWh to 10kWh, corresponding to all electric range Emission measurements of a Prius PHEV prototype indicate that

of 4-40 mi (6.4-64 km).

Fuel consumption can be reduced 45% by simply switching
from 25MPG (9.4L 100km~!) CVs to 45MPG (5.2L 100km~1)
HEVs. Furthermore, PHEVs with 16 and 40mi (6.4 and 64 km)
all electric range can reduce fuel consumption an additional 45%
and 70% respectively, compared to HEVs by only using 1.44 kW
(SAE J1772 Level 1) home recharging. This result is consistent
with that in the literature [17]. Fig. 2 shows that the successive
reductions in fuel consumption diminish with increasing battery
capacity. It is also observed that increasing charging power from
1.44 KW to 2.88 KW does not substantially reduce fuel consump-
tion for any charging scenario; this is investigated further in a later
section.

4.2. Cold start

It is important to point out vehicle cold starts due to the large
proportion of pollutant emissions generated during these events.

cold start emissions continue to make up the majority portion of
pollutant emissions [18]. Also, EMFAC [13], a vehicle operation and
emission inventory model, defines cold start and operating emis-
sions for all vehicles in the SOCAB. The greatest cold start pollutant
emission reduction benefits from PHEVs can be achieved with all
electric operation where ER equals 1. Research shows that blended
PHEVs, such as modified PHEVs based on the Toyota Prius HEV with
ER less than 1, can generate more pollutant emission than the orig-
inal HEV due to numerous engine start and stops in the charge
depleting mode [19].

This study assumes that cold starts occur once per trip for CV and
HEV. For PHEV with all electric ability (ER equal to 1) the number
of cold starts per trip is either 1 or 0, depending on whether the
engine is required. Compared to fuel reduction, cold start emission
reductions are even more significant for PHEVs, as shown in Fig. 3.
PHEVs with 16-40 mi (6.4 and 64 km) all electric range can achieve
65% to 88% cold start emission reductions by only using Level 1
charging at home.

= 12,000 —+—1.44kw home charing
g N —
_L‘i 10,000 45% ~-1.44kw home&work charging
P from CV
= toHEV ——1.44kw anywhere charging
-
3 8000
8 —<2.88kw home charging
=]
N 6,000
é 45% from —+—2.88kw home&work charging
HEV to 70% from
s PHEV40 fEVD :
s 4,000 —— PHEV40 2.88kw anywhere charging
£
E ~—1.44 kw home 2.88kw work
S 2,000 charging
E 1.44kw home 2.88kw others
L] 0 charging
-—CV25MPG
S O ON O X e
T T 0 T o T T
—+—HEV 45MPG

Battery Capacity

Fig. 2. Fuel savings as a function of vehicle type, PHEV battery size, and different charging scenarios.
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Fig. 3. Cold start emission reductions as a function of PHEV battery size and different charging scenarios.
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Fig. 4. Distribution of dwelling time by destination activity.

4.3. Charging location and power sensitivity

Fig. 4 shows the distribution of dwelling time for different trip
destinations. Average dwelling time is shown in Fig. 5 for differ-
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Fig. 5. Average length of dwelling time by destination activity.

ent trip destinations. Home related dwelling time makes up 75% of
total dwelling time with an average of more than 10 h, while work
related stops account for just 14% of total dwelling time and an
average of 6 h. As for the other non-home locations, they account
for only 11% of the total dwelling time, with most averaging less
than 2 h. These properties of dwelling locations and correspond-
ing average dwelling time lead to the fuel reduction sensitivity of
different charging locations and power.

Fig. 6 shows the sensitivity of fuel consumption ratio to charg-
ing scenarios at different locations for Level 1 (1.44 kW) for vehicles
having battery capacities from 1 kWh to 10 kWh. For each battery
capacity, the fuel consumption for home charging is normalized
as 1. For larger batteries, the trends from ‘home charging’ to ‘any-
where charging’ show greater benefits for larger batteries. When
the battery capacity increases to 8 kWh, the fuel reduction of “home
and work” and “anywhere” charging is more than 14% and 25%,
respectively compared to home charging. These two numbers are
the proportions of dwelling time of work related and non-home
locations on the whole dwelling time, shown in Fig. 4. This result
demonstrates that larger batteries can enhance the benefit of charg-
ing at non-home locations. However, the extra fuel reduction relies
on infrastructure improvement at these locations. In a recent sur-
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Fig. 6. Charging location sensitivity on fuel consumption for different PHEV battery capacity.

vey conducted to evaluate PHEV infrastructure readiness, results
show that few respondents found non-home recharge locations:
4.8% found outlets at work, 2.3% at a store or restaurant, and 9.7%
at other locations [20].

In Fig. 2 it is difficult to distinguish the fuel reduction impact
from 1.44 kW to 2.88 kW charging. Similarly, Fig. 7 shows charging
power sensitivity, in which fuel consumption for 1.44 kW charg-
ing is normalized as 1. For both 4 kWh and 8 kWh battery capacity
PHEVs (PHEV16 and PHEV32), increasing home charging power
from 1.44 kW up to 7.2kW can reduce fuel consumption by less
than 5%, because home related dwelling time is longer than 10h,
on average. When it comes to both home and work related charg-
ing, the benefit of faster charging is still less than 10% due to the
relatively long average dwelling time, more than 6 h at work related
locations.

For locations other than home and work due to the shorter
dwelling time (about 4 h at school and about 2 h or less elsewhere)
increasing charging power, up to 7.2 kW, decreases fuel consump-
tion by 20% when compared to 1.44 kW charging. However, this
benefit relies on higher power circuit upgrades at non-home loca-
tions.

Based on the results presented in Figs. 2, 6 and 7, it is shown that
increasing battery capacity and utilizing only home charging may
offer a greater benefit for fuel reduction compared to upgrading
non-home charging infrastructure. However, accurate battery and
infrastructure cost is necessary to provide a more comprehensive
comparison.

4.4. Instantaneous electricity consumption

An important consideration of PHEVs is the instantaneous elec-
tricity consumption of the fleet and the corresponding impact
on existing grid load. PHEV infrastructure readiness survey data
revealed that 52.4% respondents indentified electrical outlets at
their home within 25 ft (7.6 m) of where a vehicle is parked [20].
NEMA 5-15 rated at 1.44kW is the standard electrical outlet in
the U.S. Consequently, 1.44 kW immediate home charging is the
most likely near-term scenario due to the availability of 1.44 kW
electric outlets and a simple charging strategy. Fig. 8 shows the
instantaneous electricity consumption profile for different bat-
tery capacities, from PHEV4 to PHEV40. The curve peak is shifted
from 6:00 p.m. to 9:00 p.m. with increased battery capacity. Fig. 9

1.05
—&—4kwh battery
home charging
2 1 B
=] g
4]
-4 & N N
c WL 4 — 4kwh battery
-3 095 —— home&work
o .
g Q;\'NK charging
§ % 09 —_— == 4kwh battery
S E anywhere
T < charging
2 S o085
; = =>=8kwh battery
'g home charging
E 0.8 =
° = 8kwh battery
z home&work
075 charging
8kwh battery
0.7 + t t ! anywhere
1.44kw 2.88kw 4.32kw 5.76kw 7.2kw charging
charging charging charging charging charging

Fig. 7. Charging power sensitivity on fuel consumption for different charging locations.
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shows the instantaneous electricity consumption profile for dif-
ferent charging power assuming a PHEV32 and immediate home
charging. Increasing charging power raises the peak charging load
and shifts it to an earlier time of day. Similar trends hold for PHEV4
through PHEV40.

Compared to the existing SOCAB grid load during an extreme
summer day as shown in Fig. 10, higher charging power for imme-
diate home charging pushes the PHEV fleet load peak earlier in the
day, closer to the system wide load peak. Immediate home charging
at power greater than 1.44 kW does not significantly impact fuel
reduction as discussed previously; however, higher power home

30,000
25,000 /
20,000

15,000 S

10,000

5,000

Extreme day Electricity Demand in SoCAB (MW)

1 3 5 7 9 11 13 15 17 19 21 23
Hour

Fig. 10. Temporal SoCAB electricity power demand for extreme summer day.
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Fig. 11. Three charging profiles for Level 1 (1.44kW) home charging based on
PHEV32.

charging will have the undesired effect of increasing the peak load
on the electric grid. In contrast, larger PHEV battery capacity utiliz-
ing 1.44 kW immediate home charging will push the PHEV charging
peak away from coincidence with the normal grid peak (Fig. 8).
For reference, there are nearly 10 million light duty automobiles in
the SoCAB region. If just 10% were PHEV32s following the 5.76 kW
immediate home charging scenario depicted in Fig. 9, then 752 MW
of additional generation would be needed from 5:00 to 6:00 p.m.,
resulting in a new maximum summertime peak load.

4.5. Other charging strategies

Home charging and immediate charging are the basic levels for
charging location and charging start time, respectively. Workplace
and anywhere charging locations, and delayed and average charg-
ing times are investigated, as well as their impacts on current grid
load.

As shown in Fig. 11, total charging energy with 1.44 kW home
charging is plotted for immediate, delayed, and average charg-
ing profiles. Delayed charging has a similar profile shape to that
of immediate charging, but the peak is delayed to between 5:00
a.m. and 9:00 a.m. in the morning. The slightly higher and sharper
peak of the delayed charging profile is due to the more consistent
start time of morning trips compared to returning home trips in
the evening. In this case, the PHEV charging electricity peak coin-
cides nicely with the nighttime dip in the SoCAB load curve to fill
the concave valley on existing grid load. However, the impacts to
the distribution grid and local transformers must be further inves-
tigated. Additionally, a strategy that postpones charging until the
early morning would undoubtedly require strong incentives for
consumer adoption.

Another feasible charging strategy is average charging, where it
is not necessary to charge the vehicle with the maximum power
limit but instead, the minimum charging power is set depending
on the dwelling time. For the average charging scenario, there is
no peak hour, but a relatively flattened curve which decreases the
maximum magnitude of the other charging strategies by roughly
half. As shown in Fig. 11, it can also make full use of the grid valley in
the late night and early morning period, while slightly increasing
the peak load in the afternoon. Both delayed and average charg-
ing strategies are very basic, only relying on the dwelling time
information. It is believed that with more smart charging strategies
and feedback from the grid, the impact to the existing grid load of
electricity consumption of PHEV fleet can be better optimized [21].

When the charging location is changed to home and work
related and anywhere, the instantaneous electricity consumption
of immediate, delayed and average charging scenarios, as shown
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in Figs. 12 and 13, change in a similar way. Between 9:00 a.m.
and 5:00 p.m., electricity consumption of all three charging strate-
gies increases when the charging location is changed from home to
everywhere. During the other periods of the day, the trend changes
little with only a slight decrease in magnitude. Unlike home based
charging scenarios, at non-home locations, neither the delayed nor
average charging strategy can change the instantaneous electricity
consumption in the time period of 9:00 a.m. to 5:00 p.m.; all have
similar characteristics in terms of trend and magnitude.

The phenomena can be attributed to the property of people’s
activity. Derived from the travel survey data, Fig. 14 shows the dis-
tribution of dwelling vehicles in terms of different trip destinations.
Daytime, particularly from 9:00 a.m. to 5:00 p.m., is when most
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Fig. 14. 24-h distribution of dwelling vehicles for different destinations.

of the non-home dwelling activities happen, while home dwelling
occurs at different times. Therefore, the electricity consumption
increases in this period when work related and other locations are
added for charging. On the other hand, as shown in Fig. 5, the aver-
age dwelling time at other locations is relatively shorter than home;
6 h for work related locations and less than 2 h for other locations,
so immediate, delayed and average charging have little impact for
work related and other locations. Other more intelligent charging
strategies should be evaluated. However, due to the properties of
dwelling time, it is not promising that the electricity consumption
would change significantly in this time period when non-home
charging locations are added.

5. Conclusions

The energy impact of plug-in hybrid electric vehicles in SOCAB
has been evaluated based on NHTS 2009, by analyzing the all elec-
tric range and different charging scenarios in a vehicle operation
and charging model. The following conclusions are drawn:

The study adopts the SOoCAB as an example, but the methodol-
ogy, the model, and the NHTS data can be used for other areas.

PHEV16 and PHEV40 can reduce fuel consumption by 45% and
70% respectively, compared to the corresponding HEV by only
charging at home with Level 1 charging at a maximum of 1.44 kW.
The cold start criteria pollutant emission reductions are 65% and
88%, respectively.

Increasing charging locations to anywhere at 1.44 kW can save
more fuel (up to 35% for PHEV32) compared to only home charging
at 1.44 kW. Increasing charging power to 7.2 kW at home, home
and work related locations, and anywhere can reduce fuel con-
sumption by less than 5%, 10% and 20% for PHEV 32 compared to
1.44 kW charging at these three locations. Considering the massive
installation of infrastructure that would be required for high power,
non-home charging locations, large batteries with home 1.44 kW
charging show the potential for considerable fuel reduction with
minimal infrastructure investment.

Immediate home charging results in an electricity demand peak
from 6:00 p.m. to 9:00 p.m., averaging less than 1kW per vehi-
cle. Increasing immediate home charging power from 1.44 kW to
7.2 KW would undesirably shift the peak hour closer to the existing
grid peak.

By knowing the starting time of the next trip, delayed and aver-
age charging strategies can be implemented having the same fuel
reduction as immediate charging, but different instantaneous elec-
tricity consumption impacts. For home related locations, delayed
charging can move the PHEV charging peak hour to the morning to
avoid the existing grid peak time, smooth the PHEV consumption
curve, and decrease the PHEV demand peak load by 50%.

Charging at non-home locations adds to the existing peak grid
load during daytime, between 9:00 a.m. and 5:00 p.m. Immediate,
delayed, and average charging show similar results in this period.
It is not likely to eliminate this drawback by using more intelli-
gent charging strategies due to the property of people’s driving and
dwelling activity.
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