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Summary 
Using yearlong high resolution driving and charging data of 153 PHEVs in California, we identified driving 

style, daily vehicle miles traveled (DVMT), and charging behavior as the major causes for disparities between 

the sticker label UF and observed UF. These differences are attributable to PHEVs having higher DVMT 

compared to mainstream vehicles, accomplishing higher share of distance at higher speeds that are not 

represented in certification cycles, and being used as a HEV. Analysis revealed that the magnitude and 

direction of difference between observed UF and label UF depends on the impact of charging frequency on 

DVMT and electric range.  
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1. Introduction 
Plug-in electric vehicles (PHEVs) are an integral component within the larger context of mitigating light duty 

vehicle (LDV) sector greenhouse gas (GHGs) emissions. PHEVs are equipped with a larger battery back 

compared to conventional HEV that could be charged using grid electricity and also have an internal 

combustion engine (ICE). PHEVs combine the advantages of engine downsizing, minimal energy losses due 

to engine idling, and regenerative braking capabilities of a HEV with the all-electric capabilities of a battery 

electric vehicle (BEV) [1]. The flexibility in fuel use allows them to be driven on three distinct modes: i) 

electricity alone in the charge depleting (CD) or zero emission (ZE) mode where the engine is never turned 

on and the entire motive demand is met by the electric motor; ii) charge depleting blended (CDB) mode 

where the motive demand is met by the electric motor and the ICE; and iii) charge sustaining (CS) mode 

where the motive demand is met entirely by the ICE. This unique flexibility of PHEVs enables them to 

substitute gasoline use with electricity and to be immune from range anxiety concerns. Gasoline is entirely 

and partially substituted by electricity in the CD and CDB modes respectively.  Significant emission benefits 

are realized when the PHEVs are operated in the CD mode since electricity is much cleaner than gasoline 

[2] . Assuming a fully charged battery, the maximum distance a PHEV drives in the CD mode until the battery 

is depleted without engine being turned on is called the CD range or the all-electric range(AER). The CD 

range depends on the battery capacity and under ideal conditions the CD range is same as the AER capabilities 

of the PHEV. Even though the AER is directly related to the battery capacity, it is not always possible to 

recover the entire AER in CD mode since it depends on host of other factors such as the drivetrain 

architecture, powertrain control and battery management strategies, propulsion demand, road conditions, 

driving and charging behavior, and driving style[3, 4].  

A critical aspect in assessing the performance of PHEVs thus depends on how much do we know about their 
real-world operation, particularly fuel economy and exhaust emissions. In this context, the concept of Utility 
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Factor (UF) has been developed, which represents the proportion of VMT travelled on electricity (eVMT). 

The formal procedures and test conditions under which the UF and the “sticker fuel economy” is estimated 

are outlined in Society of Automotive Engineers (SAE) J1711- Recommended Practice for Measuring the 
Exhaust Emissions and Fuel Economy of Hybrid-Electric Vehicles, Including Plug-in Hybrid Vehicles [5] and 

SAE J2841 -   Utility Factor Definitions for Plug-In Hybrid Electric Vehicles Using Travel Survey Data [6] 
standards respectively. In order to ensure a fair comparison between different PHEV types, standardized 

certification cycles [7] are recommended in SAE J1711 in order to test the PHEV in both CD and CS modes. 

CD mode per-mile electricity consumption and CS mode per-mile gasoline consumption are the important 

outputs of SAE J1711 [8]. Since driving behavior, DVMT, road network conditions varies geographically, 

the distribution of per mile energy consumption by mode is weighted against national driving statistics such 

as the National Household Travel Survey (NHTS)[9] in order to determine at an aggregate level, how much 

of a vehicle’s driving can be accomplished on CD mode and the CS mode respectively  in SAE J2841. The 

significance of UF estimated using SAE J1711/SAE J2841 cannot be understated since it is the most 

important performance metric on which vehicle emissions and label fuel economy estimates [10, 11] credit 

allocation under the zero emission vehicle(ZEV) mandate and the Low Carbon Fuel Standards (LCFS) in 

California, Corporate Average Fuel Economy, and Pavley GHG emission standards rely significantly [12, 

13].  

Majority of contemporary studies on the economic, environmental, market potential, and value proposition 

of PHEVs are based on expectations about PHEV use. In the context of this paper, “expected” PHEV use 

refers to the set of assumptions made about PHEV’s daily driving and charging behavior in SAE J2841, the 

driving style of PHEVs which is reflected in the standardized certification drive cycles[7, 14] that are used 

to determine the energy consumption, and label UF listed on the fuel economy database [15].   More recently, 

efforts have been undertaken to observe real-world PHEV driving and charging behavior over a year through 

GPS enabled data loggers [16, 17] to gather a better understanding of their real-world use.  

The objective of this paper is twofold, first we compare and contrast how the observed PHEV driving and 

charging differs from expected PHEV use. Then, using k-means clustering algorithm we identify specific 

driving and charging behavior which caused these differences. Rest of the paper is organized as follows. 

Section 2 provides an overview of contemporary UF and eVMT estimation. Section 3 outlines the dataset 

analysed in this study. In Section 4 we compare and contrast observed PHEV use with the expected PHEV 

use from the perspectives of driving style, DVMT, and charging frequency. In Section 5 we present the results 

of k-means clustering of daily driving and charging behavior and describe how it influences the observed UF 

and eVMT and what aspects of driving and charging behavior contributed to its observed UF and eVMT 

differing their respective label values.  Finally, we present our conclusions and future extensions of this work.  

2. UF Estimation in Practice 
The SAE J2841 methodology for UF estimation is based on certain assumptions about the driving and 

charging behavior of PHEVs which may not be generalizable. Specifically it is assumed that i) PHEV owners 

charge at least once per day at home; ii) travel day begins with a fully charged battery; iii) PHEV owners 

ubiquitous home charger access; iv) ICEs and PHEVs are perfect substitutes and travel patterns of an ICE 

based on a single day travel diary in the NHTS sufficiently characterizes PHEV travel ; v) travel behavior 

has no impact on the PHEV type a consumer decides to purchase; vi) PHEVs are always fully charged at 

their home; and vii) any existing or planned charging infrastructure has no incremental impact on the eVMT  

[8, 18, 19] 

The normative daily distance based UF definition is represented using Eq. (1), where d(k) is the distance 

travelled on travel day k. It denotes the probability that a geographically weighted vehicle based on the NHTS 

will be driven less than or equal to the AER. In other words, the daily distance based UF is the fraction of 

DVMT that could be travelled on electricity alone and the rest of the travel is accomplished using gasoline 

(gVMT). If the DVMT is less than or equal to the AER of the PHEV then the UF is 1 and if DVMT  is greater 

than the AER, then UF is 𝑅𝐶𝐷 𝑑(𝑘)⁄  [20].  

𝑈𝐹𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒(𝑅𝐶𝐷) =
∑ min⁡(𝑑(𝑘),𝑅𝐶𝐷)
𝑁
𝑘−1

∑ 𝑑(𝑘)𝑁
𝑘−1

                                                    (1) 

 

The SAE J2841 UF estimation is defined based on the 2001 NHTS and there have been more recent studies 

that used the 2009 NHTS [8]. In order to determine𝑅𝐶𝐷, standardized certification cycles such as the Urban 

Dynamometer Driving Schedule, Federal Test Procedure, Highway Fuel Economy Test, US06 or 
Supplemental FTP, and the California Air Resources Board (CARB) Unified Driving Schedule (LA92) are 
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commonly used. The tests beings with the PHEV being fully charged and then subject to a sequence of 4-5 

UDDS cycles [13] to first determine the AER and the sequence is repeated in the CS mode when the battery 

is fully depleted. There are additional criteria under which the PHEV is tested such as the soak time, pre and 

post-test vehicle preparation. The UF weighted fuel economy (FE in km/L) and fuel consumption (FC in 

L/km) of a PHEV fleet over a specific drive cycle in CD and CS modes is then estimated according to Eq. 

(2)-(3) [8]. 

𝐹𝐸𝑈𝐹𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 =
1

(𝑈𝐹 𝐹𝐸𝐶𝐷⁄ )+(𝑈𝐹 𝐹𝐸𝐶𝑆⁄ )
                   (2) 

               𝐹𝐶𝑈𝐹𝑤𝑒𝑖𝑔ℎ𝑡𝑒𝑑 = 𝐹𝐶𝐶𝐷 ∙ 𝑈𝐹 + 𝐹𝐶𝐶𝐷 ∙ (1 − 𝑈𝐹)    (3) 

More recently, various empirical studies have demonstrated that the UF is sensitive to charging behavior, 

vehicle characteristics, vehicle age , vehicle class, vehicle fuel economy, and the annual VMT, and 

alternative definitions of UF have been proposed that factors the sensitivity of PHEV performance to the 

aforementioned vehicle attributes, driving and charging behavior[8, 18, 21].  
Table 1: Data Overview 

PHEV 

N 

Veh 

N 

Veh 

Days 

Total 

Trips 

ZE 

Trips 

CS 

Trips 

VMT 

miles 

gVMT 

miles 

Charging 

Sessions Energy 

(MWh) 

Prius 22 6981 31473 3226 11184 314231 268113 7773 18 

CMax

Fusion 
52 14650 64076 25004 18276 667656 437710 19621 732 

Volt16 44 13088 51419 37936 6206 566354 204645 15942 100 

Volt18 35 10564 43966 33836 2743 403425 130923 9797 74 

Total 153 45283 190934 100002 38409 1951666 910252 53127 263.8 

 

Table 2: Observed and Label UF and eVMT 

PHEV  

Type 

eVMT 

miles 
Observed UF 

Label 

UF 

eVMT from 

Label UF 

Δ eVMT 

miles 

Prius 46116 0.147 0.29 91127 44935 

CMaxFusion 229926 0.344 0.452 301781 72107 

Volt-16 361708 0.639 0.652 369263 7363 

Volt-18 27250 0.675 0.761 307007 34695 

3. Data Description 
Table 1 summarizes the driving and charging data of 153 PHEVs. 22 Toyota Plug-in Prius (2012-2014), 28 

Ford CMax Energi (2013-2017), 24 Ford Fusion Energi (2013-2017), and 79 Chevrolet Volt (2012-2017) are 

in the data set. The data acquisition happened during 05/2015-10/2018 in California. CMax and Fusion Energi 

have rated battery capacity of 7.7 kWh and identical UF, except for the negligible difference between 2017 

versions, so they have been combined together and addressed as CmaxFusion. 2016-2017 Volts have a 

slightly bigger battery capacity of 18.4 kWh compared to the earlier versions which have rated battery 

capacity of up to 16.5 kWh, they are separately considered in our analysis and addressed as Volt-16 and Volt-

18 respectively. The dataset has close to 45,300 vehicle days (driving only, charging only, or driving and 

charging), 191,000 trips, 1.95 million VMT, 53,000 charging sessions, and 264 MWh of charging energy. 

The percentage share of zero emission (ZE) trips driven on electricity alone was 10% and 39% for the Prius 

and CMaxFusions respectively. Close to 75% of the Volts (Volt-16 and Volt-18) trips were ZE trips. 

Approximately 36% of Prius trips were driven entirely on gasoline in the charge sustaining (CS) mode, 

whereas for the CMaxFusions, 29% of trips were in CS model. The Volt-18 had the lowest share (6%) of 

trips in CS mode and 12% of Volt-16 trips were in CS mode.  Table 2 presents the observed eVMT and UF 

and the EPA label combined city/highway UF[15] and eVMT calculated based on the label UF. The difference 

between label and observed UF is expressed in terms of eVMT (Δ eVMT). Fig. 1a depicts the box plot and 

histogram of observed UF. Fig. 1b shows the ratio of observed UF to the combined city/highway label UF 

for every individual vehicle by PHEV type in the dataset. Referring to Fig. 1b, the observed UF of 80% of 

the Prius (18 out of 22), 63% of CMaxFusions (33 out of 52), 43% of Volt-16 (19 out of 44), and 69% of 

Volt-18 (24 out of 35) is lower than the label UF.  
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4. Comparison of Observed PHEV Use With Expectations 
In this section, we systematically compare how observed PHEV use varies from expected PHEV use from 

the perspective of driving style, DVMT, and charging frequency. First we compare the percentage share of 

driving distance as a function of driving speeds between certification cycles and observed PHEVs. Then, we 

look at how the DVMT of observed PHEVs is markedly different from mainstream vehicles in the NHTS , 

followed by to what extent the travel day assumptions of fully charged battery are valid and how the DVMT 

impacts the UF on these days. Finally, we look at the effect of DVMT and charging frequency separately on 

the observed UF.  

  
(a)       (b) 

Figure 1: (a) Observed UF of individual PHEVs ; (b) Ratio of observed UF to label combined UF 

4.1. Effect of Driving Style 

 
(a)                                                                                                       (b) 

Figure 2: (a) Percentage of distance driven under EPA certification cycles at different speeds; (b) Percentage of 

distance driven by observed PHEVs at different speeds 

As mentioned in Section 2, UDDS is the widely used drive cycle to determine the urban AER. The UDDS is 

representative of stop and go urban traffic of 7.45 miles, maximum speed of 56.7 mph, and average speed of 

27.7 mph. FTP is similar to UDDS, HWFET represents highway style driving, and the NYCC represents 

congested stop and go city driving. The maximum speed of LA92 and US06 are 67.2 mph and 80.2 mph 

respectively. CARB uses FTP and US06 for its LDV particulate matter (PM) emission testing and ZEV credit 

allocation  of PHEVs. Fig. 2a. and Fig. 2b shows the compares the percentage of distance travelled in different 

speed bins between certification cycles and observed PHEVs. We can clearly observe that the LA92 and 

UDDS closely resemble the distance travelled by the PHEVs in the 45-60mph speed bin and the FTP closely 
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resembles the distance travelled by the PHEVs in the 30-45mph speed bin. Other than these, none of the 

standard drive cycles adequately characterize the impact of driving speed on the share of total VMT, 

especially at highway speeds (60mph or more). In addition, the UDDS and FTP has a disproportionately 

higher percentage share of distance travelled in 5-30 mph speed bins when we compare it with the observed 

PHEVs.  

4.2. Daily VMT of Mainstream Vehicles and Observed PHEVs 

        

 
(a)                                                                                                        (b) 

Figure 3: (a) Truncated 2009 NHTS and observed PHEV DVMT CDF  (a) 2009 NHTS and observed PHEVs 

percentage of driving days by DVMT binned (miles)  

Fig. 3a shows the truncated (0-100 miles) cumulative distribution plot of DVMT of 2009 NHTS (only LDVs 

with DVMT greater than zero) and the observed PHEVs. Fig. 3b shows the percentage of driving days by 

DVMT binned (miles). The NHTS oversamples driving days where DVMT is less than 10 miles or between 

10-20 miles but under samples the driving days when DVMT was 50 miles or more compared to the observed 

PHEVs. The 2009 NHTS and observed PHEVs align well only when the DVMT is between 20-35 miles. The 

2009 NHTS average DVMT was 37 miles, however all of the four PHEV types have a higher average DVMT. 

Average DVMT of Prius and CmaxFusion was 46 miles, Volt-16 and Volt-18 have average DVMT of 44 

miles and 39 miles respectively. We can posit that the Prius, CmaxFusion, and Volt-16 have a higher annual 

VMT than mainstream vehicles represented in the NHTS.  

4.3. SAE J2841 Travel Day Assumptions 
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Figure 4: (a) UF on SAE J2841 compliant days ; (b) Percentage of driving days that were SAE J2841 compliant and 

when used as HEV  

Fig. 4a shows the how the observed UF varies with DVMT on days when the PHEV was fully charged, 

consistent with the SAE J2841 travel day assumptions. Fig. 4b compares the percentage share of SAE J2841 

days and the days on which the PHEV was strictly used as a HEV where the travel day started and ended on 

an empty battery and the vehicles were not charged at all.   The observed could be either higher or lower than 

the label UF depending on the DVMT and the AER. There is a trend in UF declining with increase in DVMT, 

but on days when the DVMT was no more than twice their respective AER, the observed UF was higher than 

the label UF for the Prius and CmaxFusion. For the Volt-16 and the Volt-18, the observed UF drops below 

the label UF only when the DVMT 50 or more miles. The awareness and perception of remaining range could 

have influenced the driving style of the PHEVs on days when the observed UF was higher than the label UF 

even though the DVMT was more than their AER. From Fig. 4b we could observe that the Prius and 

CmaxFusion are used as a HEV on a higher percentage of driving days compared to days when their travel 

day began with a fully charged battery. This observation further strengthens the rationale presented in related 

studies[22] that report low correlation between needed and actual charging of shorter range PHEVs (Prius 

and CMaxFusions) due to lack of charger accessibility, which results in suboptimal utilization of the AER. 

 
                   

               
(a)                                                                                             (b) 

Figure 5: (a) Impact of Daily VMT binned (miles) on the UF; (b) Impact of charging frequency on UF 

4.4. Impact of DVMT and Charging Frequency on UF 
Fig. 5a and Fig. 5b shows the specific impacts of DVMT and charging frequency on the UF. From a DVMT 

perspective the observed UF of CmaxFusion and Volts (Volt-16 and Volt-18) is higher than the label UF when 

the DVMT is less than 50 miles but the UF noticeably drops below the label UF when the DVMT exceeds 

50 miles. In the case of Prius, the observed UF is higher (lower) than the label UF when the DVMT is less 

(more) than 20 miles. Referring to Fig. 3b we can see that the Prius and CmaxFusion have the highest share 

of driving days when the DVMT exceeded 50 miles. From Fig. 5b, we can see that the observed UF of Prius 

is lower than label UF irrespective of the number of charging sessions/day. However for the CMaxFusions 

and Volts (Volt-16 and Volt-18), the observed UF exceeds the label UF only when the number of charging 

sessions/day is 2 or more.  

5. k-Means Clustering of Driving and Charging 
The previous subsection outlined how DVMT and charging frequency independently influence the UF. In 

order to better understand how driving and charging behavior together influence the eVMT and how it varies 

with the AER of the PHEV, we utilized k-means clustering algorithm. The objective of the clustering 

algorithm is to uncover underlying patterns in driving and charging behavior. The driving and charging data 

were combined together into a single dataset by matching the vehicle ID and the day of event from the driving 

or charging dataset. For any data that was missing, we have assumed that the vehicle was observed during 

but not used and imputed with zeros.  The combined dataset has 45,283 samples of vehicle-days (charging 

only or driving only or charging and driving), of which Prius Plug-in accounted for 15%, CMaxFusion 

accounted for 32%, and the Volts accounted for 52% ( 29% from Volt-16 and 23% fromVolt-18). Clustering 
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is done to group these 45,283 samples into type of day that reflects the driving and charging behavior. This 

will then be used to understand how much of a time in terms of percentage of total vehicle days each of the 

PHEV type spends in each of these clusters and subsequently how the observed UF and eVMT of each PHEV 

differs from the label UF and eVMT calculated based on the label UF. The ten variables that were chosen for 

the clustering and the cluster means summaries are summarized in Table 3. Using the cubic clustering 

criterion (CCC), the optimal number of clusters was found to be 7. The k-means clustering algorithm reduced 

the 45,283 to seven driving and charging behavior profiles. Table 4 characterizes these driving and charging 

behavior profiles in the respective clusters.  
Table 3: Cluster Means Summaries 

Cluster 
N 

Days 

SOC Level Daily Charging Daily Driving Daily Trips 

Start End Sessions kWh VMT 
e 

VMT 

g 

VMT 

 

ZE 

 

CS Blend 

C1 848 36 95 1.05 5.17 0.0 0.0 0.0 0.0 0.0 0.0 

C2 3543 99 41 0.0 0.0 35.5 16.4 19.1 2.4 0.5 0.8 

C3 2321 0.8 1 0.0 0.0 47.8 0.6 47.2 0.0 3.2 1.9 

C4 14406 80 81 1.3 6.6 23.1 23.1 0.0 3.9 0.0 0.0 

C5 22476 73 75 1.5 7.2 56.0 22.9 33.1 1.6 1.1 2.0 

C6 1565 1 23 0.3 1.5 45.0 0.0 45.0 0.0 3.1 0.0 

Outlier 124 52 38 1.3 3.61 419 18.9 400.5 0.5 3.0 2.64 
 

Table 4: Driving and Charging Behavior Profiles 

Cluster Characteristics 

C1 Did not drive but charged at least once 

C2 Travel day starts with a fully charged battery 

C3 Strictly used as a HEV and CS day 

C4 Travel day starts and ends at same SOC, lowest VMT (excluding outliers) and ZE day 

C5 Travel day starts and ends at same SOC, highest VMT (excluding outliers) and charging 

frequency  

C6 HEV dominant use , CS day, and minimal charging at the end of last trip 

Outlier Top 0.1 percentile of DVMT 

 

  

 
(a)                                                                                                        (b) 

Figure 6: (a) Percentage of vehicle-days spent in each cluster by PHEV type ; (b) UF of PHEVs in the individual 

clusters 

 Fig. 6a shows the percentage of vehicle days spent in each of the cluster by the PHEV type and Fig. 6b shows 

the overall cluster UF and the UF of the PHEV in the six clusters. The label UF is indicated in Fig. 6b to 

highlight how driving and charging behavior profiles revealed by the clustering affects the UF for different 

PHEVs. Since the UF in C1, C3 and C6 is zero, they have been omitted from Fig. 6b for the sake of clarity. 
Prius and CMaxFusions spend a majority of their vehicle days in C5 which is associated with highest DVMT 
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(excluding the outlier cluster) and the highest recharging frequency, whereas the Volts (Volt-16 and Volt-18) 

spend a majority of their vehicle days in C4 which has the lowest DVMT (excluding the outlier cluster). In 

C4, on average the travel day starting and ending SOC are identical, indicative of intraday charging since the 

daily number of charging sessions is greater than 1. Since the DVMT of C4 is lower than the AER of the 

Volts and only slightly more than the AER of the CmaxFusion coupled with the fact that the travel day starts 

with 80% charged battery, the UF of these PHEVs on these vehicle days is 1 (ZE day). The Volts (Volt-16 

and Volt-18) spend close to 50% of their time in C4 and the CMaxFusions spend close to 18% of their vehicle 

days in C4.  In C3 and C6, the PHEVs are used as a conventional HEV (CS day). Though PHEVs charge in 

C6, it is negligible and happened after last trip ended as evidenced by the fact that the charging had no bearing 

on the daily eVMT in C6. Prius spend a combined 12% of its vehicle days and CmaxFusion spend 15% of 

its vehicle days in C3 and C6. Volt-16 spends 10% more of its vehicle days in C5 compared to the Volt-18. 

C2 is representative of a travel day that begins with a fully charged battery. The Prius and CmaxFusion spend 

a higher percentage of their vehicle days as a HEV (in C3 and C6) compared to C2. The outlier cluster 

represents the rarest travel days where the DVMT of the PHEVs was in the top 0.1 percentile (greater than 

400 miles) of the DVMT distribution. The outlier cluster accounts for only 0.27% (124) of the total vehicle-

days. The CmaxFusion spent the highest number of days (55 days) in the outlier cluster followed by Volt-16 

(24 days), Volt-18 (23 days), and Prius (22 days). 

 
Table 5: Average DVMT and charging sessions and energy in clusters causing observed eVMT OE 

Average  DVMT (miles) Daily Average Charging Sessions and Energy 

Cluster 
C 

2 

C 

3 

C 

4 

C 

5 

C 

6 
Outlier C4 C5 C6 Outlier 

       Sess kWh Sess kWh Sess kWh Sess kWh 

Prius 44 45 5 47 30 450 1.20 1.71 1.44 3.33 0.18 0.49 0.73 1.6 

CMax 

Fusion 
44 58 15 52 52 396 1.56 4.48 1.64 6.34 0.24 1.12 2.07 4.3 

Volt16 32 50 24 70 43 408 1.34 6.77 1.41 10.8 0.38 3.65 0.54 3.1 

Volt18 29 38 27 62 22 458 1.12 7.53 1.11 10.19 0.09 1.24 0.83 4.3 

 

5.1. Over (OE) and Under Estimation (UE) of Observed eVMT and UF Compared to 

Label Values 
Referring to Fig. 6b, we can see that except in C4, the observed UF is noticeably lower than the label UF for 

all the PHEV types. In order to gather a deeper understanding of  how and daily driving and/or charging 

behavior contributes to the deviation of observed UF from label UF and by how much the observed eVMT 

differs from the eVMT calculated from the label UF (ΔeVMT), in each of the cluster, we first calculate 

ΔeVMT. If ΔeVMT is positive then the label UF overestimates (OE) the eVMT and when ΔeVMT is 

negative, the label UF underestimates (UE) the eVMT. The sum of OE eVMT and UE eVMT is essentially 

the ΔeVMT for each PHEV type listed in Table 2. Fig. 7a depicts the OE and UE eVMT for each PHEV type 

and we can identify five major reasons for the eVMT OE. From Fig. 7a we can clearly see that across all 

PHEV types irrespective of their AER, a majority of the eVMT OE is due to the driving and charging behavior 

characterized by C5, followed by C3, C6, outliers, and C2. The average DVMT, charging sessions and 

charged energy in these clusters for each PHEV type is shown in Table 5.  

From Table 5, we can observe that the OE in C5 is due to the fact that the PHEVs drove much longer than 

their AER and did not fully charge even though they charged more than once per day, which resulted in the 

PHEVs being unable to recover even their AER share of DVMT. The second reason for eVMT OE across all 

PHEV types except the Volt-16 is due to C3 where they are used as conventional HEVs. The third reason for 

eVMT OE across all PHEV types except the Volt-18 is due to C6 where they are used as a conventional HEV 

with negligible end of travel day charging. It is interesting to note that the Volt-18 have a higher percentage 

of eVMT OE due to C3 compared to all other PHEV types. Also, from Table 5 we can see that the average 

DVMT of the PHEVs in C3 is higher than that of C6. The fourth reason for eVMT OE is due to the outliers 

in driving and charging behavior. The outlier driving and charging behavior cluster has only 124 days. These 

outliers in driving and charging behavior represent less than 0.3% of the total vehicle days for the four PHEV 

types, Fig. 6a.  The average DVMT in the outlier cluster belongs to the top 0.1 percentile of the DVMT 
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distribution which causes eVMT OE. The final reason for the eVMT OE is due to C2 wherein the travel day 

begins with a fully charged battery but the average DVMT was higher than the AER of Prius and 

CmaxFusion. In C2, the Volt-16 did not fully utilize their AER since the average daily VMT was less than 

the AER. Even though the outlier cluster accounts only for 0.3% of the total vehicle-days, on an absolute 

eVMT and percentage of total eVMT OE basis, the OE from outlier driving and charging behavior is higher 

than that of C2, where the short range PHEVs (Prius and CmaxFusion) drove longer than their AER.  

  
 

 
(a)                                                                                                        (b) 

Figure 7: (a) Total eVMT in miles OE and UE by cluster; (b) Percentage of total eVMT OE by cluster  

Referring to Fig. 7a and Table 5, only C4 contributes to eVMT UE where the PHEVs charged more than once 

and drove less than their AER. On a mileage basis, the eVMT UE was highest for the Volt-16, followed by 

the Volt-18, CmaxFusion, and the Prius which was negligible (only -587 miles) compared to the rest of the 

eVMT UE. Referring to Table 2, since almost an equal number of Volt-16 observed UF was either higher or 

lower than the label UF, at an aggregate level the nett effect of OE and UE eVMT is minimal and the observed 

UF of Volt-16 is therefore very close to its label UF. However for the CmaxFusion and Prius, since they are 

used as a conventional HEV on a higher percentage of their vehicle days compared to the Volts (Volt-16 and 

Volt-18), coupled with the fact that they have higher average DVMT than the Volts (Volt-16 and Volt-18) and 

have lower AER, their observed UF is only 50% and 70% of their respective label UF. The eVMT UE of the 

Volt-18 is mainly due the fact that they were used as an HEV on days when the average DVMT was less than 

their AER, which explains why the observed UF of Volt-18 is only 88% of their label UF.   

 
Table 6: Individual PHEV Level  eVMT OE and UE 

Cluster C2 C3 C4 C5 C6 Outlier 
Total OE 

eVMT 

Total UE 

eVMT 

Nett eVMT 

OE 

Prius 133 428 -27 1256 131 125 2073 -27 2046 

CMaxFusion 116 423 -402 662 407 175 1784 -402 1382 

Volt16 47 41 -1157 926 189 125 1329 -1157 172 

Volt18 40 522 -1010 1202 21 211 1996 -1010 986 

 

In order to account for the sample size of different PHEVs in our dataset, we scaled the total fleet level eVMT 

OE and UE shown in Fig. 7a by the number of PHEVs of each type and Table 6 shows these values. It is 

worthwhile to note that the Nett eVMT OE for the CMaxFusion and Volt-18 are relatively close. However, 

this is due to two entirely divergent driving and charging behavior patterns. The CmaxFusion has the highest 

average DVMT (46 miles) whereas the Volt-18 has the lowest average DVMT (39 miles). Also, the Volt-18 

is not fully utilizing their AER and not charging as often as evidenced by the fact that close to 25% of the 

eVMT OE comes from days on which it was used as a regular HEV. Volt-18 underutilization of AER could 
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be either due to lack of charging need because of their AER or lack of charging availability. In the case of 

CmaxFusion, the incremental gain in eVMT for every additional charging session is not sufficient enough to 

compensate for their higher average DVMT simply because of their AER capabilities.  

6. Conclusions and Future Work 
This study examined how observed PHEV use markedly differs from our expectations and how it contributes 

to the observed UF and eVMT being over or under estimated compared to their label values. Results indicated 

that PHEVs drive longer on average daily and have a higher share of miles driven on highway speeds (60 

mph) compared to national travel statistics and certification cycles respectively. Analyses highlighted how 

DVMT and charging frequency independently and jointly cause the observed UF and eVMT to differ from 

their label values. For the short range PHEVs, label UF is higher than the observed UF due to the fact that 

they are used as a conventional HEV on a higher percentage of driving days compared to days when their 

travel begins with a fully charged battery. For the Volt-16, the observed UF and the label UF were very close 

to each other since the observed eVMT overestimated and underestimated offset each other. The observed 

UF of Volt-18 was lower than the label UF because the Volt-18 has a lower average DVMT compared to rest 

of the PHEV types and used as a HEV on a comparable percentage of vehicle days as the CmaxFusion, 

suggesting that Volt-18 is underutilizing its AER. Furthermore, we observed that just a tiny fraction of 0.27% 

of total vehicle days on which the PHEVs demonstrated outlier behavior accounted for 33% of the total 

observed eVMT overestimation compared to the label values. At an aggregate level, we showed that observed 

UF and eVMT is only 50% of label UF and eVMT for the Prius, 76% for the CmaxFusion, 89% for the Volt-

18 and 98% for the Volt-16.  

The study highlighted the importance and value of understanding how real-world driving and charging 

behavior of PHEVs deviates from assumptions about PHEV use. These assumptions are often used as the 

foundation to shape consumer expectations, inform policies, and evaluate performance of current and 

anticipated PHEV designs. As the PHEV design capabilities evolve , accompanied by changes in purchase 

behavior of prospective PHEV owners, and expansion of charging infrastructure, it is worthwhile to have the 

usage metric on which the PHEVs are evaluated, namely the UF, adequately capture or account for disparities 

between assumptions and their revealed usage.  

While the study does not advocate or recommend moving away from relying on the UF, it does point out that 

there are indeed noticeable differences between actual driving and charging behavior and the assumptions 

made. In spite of the relatively small sample size of 153 PHEV, out analysis indicates that the existing method 

of UF estimation rewards short range PHEVs with a higher share of eVMT than what they actually 

accomplished. Even though assuming that travel day starts with a fully charged battery is feasible, it could 

be over-optimistic especially in the case of short-range PHEVs. Our data also indicated that the incremental 

gains in UF and eVMT levels off with increase in battery capacity as evidenced by the fact that the observed 

UF of Volt-18 is not significantly different from that of Volt-16. In addition, we also observed that a small 

subset of PHEVs exhibited extremities in their driving behavior. This is indicative of the fact that UF 

estimation at an aggregate level dilutes how different consumers value range and how the travel needs and 

usage patterns of two consumers who purchase the same PHEV could be drastically different. The marginal 

changes in UF and eVMT do not have to necessarily move in the same direction in response to marginal 

changes in battery capacity, since range utilization and range maximization are a function of driving and 

charging behavior which could be heterogeneous between different PHEV types and also within the same 

PHEV type. 

From the perspective of GHG mitigation, a critical question facing the policy maker is to decide whether to 

push for more long-range PHEVs on the market or invest in increasing not just the number of chargers but 

also charger utilization. Future work will precisely tackle this question and expand upon the observations 

gathered from this study by looking deeper into driving style to characterize every trip as a highway, city, 

stop and go, or congested city driving, segmenting consumers by their charging frequency and VMT, and the 

inclusion of additional PHEV models (Toyota Prius Prime and Chrysler Pacificas).  
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