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Abstract—Fine particulate matter exposure is a leading cause
of death and disease globally. The transportation sector is re-
sponsible for over 50% of fine particulate matter emissions. Gov-
ernments and vehicle manufacturers are looking to curtail this
problem through policy reform and technological development.
In this work, we present a new strategy to displace emissions
from Plug-In Hybrid Electric Vehicles (PHEVs) called Adaptive
Green Zone (AGZ) control. When operating in AGZ mode,
vehicle controllers optimize for emissions in high-sensitivity
areas and optimize for performance and range elsewhere. The
vehicle interprets data from local pollution monitors in real-
time to determine which driving mode is appropriate for a given
location. We developed computational simulations to evaluate the
performance of a Honda CR-V that was modified to operate as
a PHEV. With AGZ control, vehicle emissions in Green Zones
were eliminated with a minimal impact on fuel economy. Future
work will continue to expand this concept by studying the effect
of AGZ control from multiple vehicles and through physical
implementation of AGZ control.

I. INTRODUCTION

Particulate matter less than 2.5 μm in diameter (PM2.5)

is a leading cause of death and disease globally [1]. When

inhaled, PM2.5 can penetrate deep into human lungs and

bronchi, which can cause long and short term health problems

[2], [3]. Up to 87% of the global population live in areas

where the average PM2.5 exposure exceeds World Health

Organization guidelines [1]. In 2013 alone, 2.9 million deaths

were attributed to PM2.5 [1].

The transportation sector is responsible for at least 50%

of urban particulate matter emissions [4]. Vehicle exhaust is

the primary source of PM2.5 emissions within this sector.

To minimize public health damages, regional governments

have imposed sanctions on high-emitting vehicles. In 2008,

the cities of London and Munich implemented low emission

zones, in which non-compliant vehicles were banned and

violators fined [4], [5]. These policies considerably altered the

vehicle fleets in these cities with mixed effects on the particu-

late matter levels [6]. In pursuit of similar ends, countries from

all over the world have implemented FE regulations [7], [8],

[9] with many countries taking the initiative to ban gasoline

and diesel powered vehicles outright between the years 2025

to 2040 [10], [11], [12], [13], [14]. Automotive manufacturers

must continue to develop cleaner technologies in order to

comply with these new public health related regulations.

Powertrain electrification is one approach manufacturers are

implementing to reduce emissions. Electric motors coupled

with electrochemical energy storage generate no emissions,

making their use preferable, especially in areas where emis-

sions have higher health impacts. However, electrochemical

energy storage has lower specific energies, lower energy densi-

ties and lower refueling/recharging rates than petroleum-based

fuels [15]. Hybrid electric vehicles (HEVs) utilize petroleum-

based engines in conjunction with electric motors and onboard

electrical energy storage to take advantage of desirable features

associated with both electric and petroleum based propulsion.

Plug-In Hybrid Electric Vehicles (PHEVs) are a particular

type of HEV that can draw a portion of its propulsive energy

from the electric grid [15]. PHEVs can operate in either Charge

Depleting (CD) or Charge Sustaining (CS) mode. In CD mode,

the battery state of charge (SOC) is allowed to decrease,

enabling the vehicle to source all of its propulsive energy from

the battery [16]. For short trips, a PHEV can operate solely in

CD mode and produce zero emissions [15]. In CS mode, the

vehicle controller holds the battery SOC to a constant value

by sourcing power from the engine to drive the wheels and/or

charge the battery. CS mode is typically used after the battery

SOC reaches a minimum allowable value. Due to the lack

of emissions, all-electric CD operation is desirable, but long

routes cannot be achieved with CD operation alone.

To take advantage of the different driving modes available

to a PHEV, one study developed a PHEV driving strategy for

minimizing exhaust-related emissions in pre-designated criti-

cal areas called Green Zones [15]. Under Green Zone control,

the PHEV takes Green Zone emissions into account, in addi-

tion to vehicle performance requirements, when determining

the mode of operation [16]. As conceived to date, green zones

used in the study are static geographic regions. However, air

pollution exposure risk can vary both spatially and temporally

according to factors including wind, temperature, humidity,

cloud cover, traffic, industrial activity and biomass burning

[17], which is not captured by static green zones.

The recent and ongoing development of ”smart cities” has

included the integration of air pollution monitoring technolo-

gies into network-connected infrastructure. For example, the

”Array of Things” in Chicago collects real-time data including

environmental, pedestrian traffic, and air quality data [18].

Efforts are also underway to deploy a widespread network of
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PM monitoring devices via citizen science, which is another

example of a source for real-time PM data [19]. Vehicles

are also increasingly equipped with network connection ca-

pabilities [20]. As real-time pollution monitoring becomes

more widespread and as the connected vehicle fleet expands,

Green Zone definitions can adapt more precisely to real-time

exposure risk levels.

In this work, we propose a novel Adaptive Green Zone

(AGZ) PHEV control strategy that utilizes connected in-

frastructure data to enable high-resolution, real-time vehicle

emissions displacement. Utilization of real-time emissions data

to inform a vehicle control strategy to reduce emissions has

not been explored in the literature thus far and this is important

because it could facilitate a major reduction in human PM2.5

exposure.

II. METHODS

For this demonstration, we simulated a vehicle model uti-

lizing the AGZ strategy. The vehicle model was the Honda

CR-V (Fig. 1), modified to operate as a PHEV. This model

was simulated over real-world drive cycles in Fort Collins, and

Adaptive Green Zones were simulated using PM concentration

data gathered by monitoring devices spread across Fort Collins

over a three day period.

Fig. 1. Conventional Honda CR-V.

A. Vehicle Model

The Honda CR-V is one of the best selling vehicles in

the United States, particularly among SUVs. For personal

vehicles, SUV sales are increasing while sedan sales are

decreasing [21]. SUVs have lower fuel economy (FE) and gen-

erally produce more emissions per mile than sedans. Equipping

SUVs with emissions-reducing and fuel-saving technologies,

like plug-in hybrid technology, would result in a significant

emissions reduction. This opportunity is addressed by modi-

fying a CR-V model to operate as a PHEV.

The Honda CR-V PHEV model was developed in Simulink

and validated against a conventional CR-V using publicly

available performance data, as shown in Table I. Selected

component parameters for the model are given in Table II.

The listed performance parameters for the PHEV model were

determined in simulation.

B. Drive Cycle Development

A drive cycle was developed from real-world driving in Fort

Collins, CO, as shown in Figs. 2 and 3. The route was chosen

Comparison Criteria: CR-V PHEV CR-V
Curb Weight (kg) 1505 1609

Max Power (hp) 180 185
City Fuel Economy (mpg) 30.2 60.1

Highway Fuel Economy (mpg) 39.2 60.0
Battery-Only Range (mi) 0 24

0-60 mph time (sec) 7.3 7.4
Maximum Grade @ 60 mph 6% 6%

Maximum Starting Grade 45% 45%

TABLE I
CR-V MODEL VALIDATION FOR PERFORMANCE.

Maximum Engine Power 63 kW
Maximum Traction Motor Power 75 kW

Battery Capacity 6.25 kWh

TABLE II
SELECTED COMPONENT PARAMETERS FOR CR-V MODEL.

to include both mid-city driving, which is likely to be within an

Adaptive Green Zone, and outskirts driving, where air quality

is higher and emissions have less immediate human health

impact.

Fig. 2. Map of Fort Collins drive cycle. The cycle begins at point A, then
travels clockwise around the loop to return to point A.

C. Adaptive Green Zone Definition Development

PM concentrations were measured at eight locations across

Fort Collins for 3 days and used to generate a temporal PM

concentration model for the city. The data were interpolated

via biharmonic spline interpolation [22] at each timestep to

generate a continuous estimate of PM concentration as a

function of GPS location. Adaptive Green Zones were defined

as zones where the estimated PM concentration exceeded
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Fig. 3. Speed trace for Fort Collins drive cycle.

the World Health Organization interim target of 15 micro-

grams/cubic meter [23]. In practice, different threshold values

may be used in accordance with local PM mitigation goals.

An example map of PM concentrations is shown in Fig. 4,

with the corresponding Green Zone definition shown in Fig.

5.
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Fig. 4. Contour plot of estimated PM concentration at one point in time,
shown relative to the route for the Fort Collins drive cycle and the locations
of the PM monitoring devices.

D. Vehicle Control Strategies

Three control strategies were simulated: (1) a CS strategy;

(2) a CD-CS strategy, where CD mode is utilized until a

minimum SOC value of 20% is reached; and (3) the AGZ

control strategy, which operates in CD mode when the vehicle

is inside a green zone, and CS mode when the vehicle is not in

a green zone or battery SOC is equal to or below a minimum

value (20%). Strategy 1 would be typical of a non-plug-in

HEV and serves as a lower bound on PHEV FE, emissions,

and operating cost. Strategy 2 would be typical of a PHEV

without green zone consideration, and serves as a comparison

point for PHEV control.

E. Simulation Outputs

Vehicle performance in simulation was evaluated in terms

of FE, operating cost, and emissions. The operating cost was

determined using Equation 1:

Cost = Vfuel × Pricefuel + Eelec × Priceelec (1)
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Fig. 5. Adaptive Green Zone definition for PM concentrations shown in Fig.
4, where green coloring denotes areas where PM concentration exceeds 15
μg/cubic meter. The drive cycle route and PM monitoring device locations
are also shown.

where Vfuel is fuel consumed in gallons, Pricefuel is

$2.50 per gallon [24], Eelec is electrical energy consumed in

kWh, and Priceelec is $0.10 per kWh [25]. Emissions were

determined using Equation 2:

mPM = demit × remit (2)

where mPM is the mass of PM2.5 emitted in green zones,

demit is the distance (miles) within green zones that the vehicle

travels with its engine on, and remit is the rate of emissions,

0.08 grams per mile [26].

III. RESULTS AND DISCUSSION

Results from simulating the vehicle model over the Fort

Collins drive cycle for the AGZ control strategy are shown

in Fig. 6. Green highlighting marks times when the vehicle

is in an Adaptive Green Zone. Since the vehicle operates in

CD mode when in green zones and in CS mode otherwise,

in green zones, no fuel is consumed and the engine power is

zero.

Results are also reported in terms of FE, operating cost, and

emissions in Table III.

Control FE (mpg) Cost ($/mi) AGZ PM (μg)
CD 79.3 0.068 4,960

AGZ 54.7 0.076 0
CS 26.5 0.104 9,430

TABLE III
FE, OPERATING COST, AND EMISSIONS FOR THE THREE SIMULATED

CONTROL STRATEGIES OVER THE FORT COLLINS DRIVE CYCLE.

High fuel economy (FE) operation of a PHEV traditionally

involves exclusively CD operation until the minimum value of

battery SOC is reached, at which point the vehicle operates in

CS mode. This maximizes the proportion of electric power

used, particularly in typical day-to-day driving when the
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Fig. 6. Simulation results over the drive cycle. Shown in the top plot is the
cumulative energy consumption for each power source, in the form of SOC
for the battery and fuel consumption for the engine. Traces of electric and
engine power are shown in the bottom plot. Green-highlighted portions of the
drive cycle represent AGZ operation.

minimum SOC value may not be reached. AGZ mode may

involve operating the PHEV in CS mode before this minimum

SOC is reached, potentially increasing the total proportion of

power sourced from the engine and resulting in lower FE. As

shown in Table III, AGZ control offers a FE benefit over a CS

strategy, but achieves lower FE than the CD case. Similarly,

the operating cost for AGZ control is lower than for CS mode

but higher than for CD mode. However, AGZ control is the

only strategy that eliminates emissions in green zones, and air

quality and other benefits may exceed the benefits of improved

FE and cost. A driver may wish to selectively operate in AGZ

mode so that both FE and air quality benefits can be obtained.

FE and emissions tradeoffs with AGZ mode depend signif-

icantly on trip length. AGZ mode may not be optimal for

short trips with total distances within the PHEV’s battery-

only range, in which case CD mode could result in fewer

emissions as well as lower fuel consumption relative to AGZ

mode. Instead, AGZ mode would be optimal on longer trips

that involve travel in and out of green zones. For example,

if a commuter were to drive into a city from a rural area,

the emissions impact would be reduced by first driving in

CS mode, then switching to CD mode after reaching green

zones in the city. With a traditional PHEV, CD mode would

be implemented outside the city, displacing emissions into an

emissions-sensitive area.

One way to incentivize AGZ operation, achieving air quality

improvement, noise reduction, and other benefits, is through

regulatory incentives. If compliance to green zone emissions

regulations were rewarded with a tax credit or other incentive,

any costs associated with FE reduction via AGZ operation

could be reduced or eliminated.

The connectivity of modern vehicles could be leveraged

to improve the AGZ strategy, particularly with respect to

trip length. With integrated guidance and routing systems,

route and destination information is already made available to

vehicle controllers. This could enable a smarter AGZ strategy

that selectively utilizes CS mode outside of green zones only

if the trip cannot be completed in CD mode. For example,

since both cycles simulated for this paper were well within the

model’s battery-only range, an optimal AGZ strategy would

operate exclusively in CD mode, regardless of Green Zone

boundaries. Longer trips could be approached as optimization

problems, where estimates of future green zone boundaries

would introduce uncertainty and more complicated tradeoffs

between FE and emissions.

IV. CONCLUSIONS AND FUTURE WORK

In this work we have defined a real-time, changing green

zone based on emissions measurements around Fort Collins,

CO. We developed a custom vehicle model and drive cycle

to capture relatively high-emissions driving in low- and high-

exposure areas. The vehicle control strategy was updated to an

AGZ strategy by operating in charge sustaining mode outside

of green zones and operating in charge depleting mode within

green zones. We demonstrated that the presented Adaptive

Green Zone control strategy limits PM2.5 and other emissions

in critical areas according to real-time input from a network

of PM2.5 monitoring devices.

The AGZ strategy would have the highest impact potential

when implemented in conjunction with municipal pollution

regulations. Under such regulations, consumers would be

financially incentivized to purchase and drive compliant ve-

hicles. AGZ PHEVs may help to ease the transition to a zero-

emissions fleet in the future by directing initial focus to the

most critical regions. Emissions monitoring devices can also

serve as a built-in validation network to evaluate progress to-

ward exposure goals. Future work will investigate the impacts

of multiple vehicles operating with an AGZ strategy, real world

testing of an AGZ strategy, and incorporation of other control

strategies such as Eco-routing, Eco-driving, and Optimal EMS.
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