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Abstract

attery electric transit buses sold in Canada generally

include a fuel-fired diesel auxiliary heater for cabin

heating in cold weather. This report details a test
project, performed in collaboration with OC Transpo, to
capture and quantify the emissions from such a fuel-fired
heater (FFH) installed on a New Flyer XE4Q0 battery electric
transit bus from OC Transpo’s fleet in Ottawa, Canada.
The FFH was tested while the bus was both stationary
and being driven on-road in cold conditions. The results
include the emissions rates of carbon dioxide, carbon
monoxide, nitrogen oxides, hydrocarbons and methane,
and soot. Additionally, total particulate matter results
were obtained during stationary testing. The results of
stationary testing were compared to the California Air
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Introduction

ransit buses in OC Transpo’s Ottawa fleet regularly

operate in sub-freezing temperatures during the

winter months, and a significant amount of heat
energy is required to maintain a comfortable cabin
temperature for both the vehicle operator and passen-
gers. Diesel fuel-fired heater (FFH) units are equipped on
the majority of the transit buses in the OC Transpo fleet,
irrespective of drivetrain type (both internal combustion
and battery electric), to provide cabin heat during the
winter season. This report focuses on the emissions from
a diesel FFH equipped on a battery electric transit bus,
specifically a 40-foot New Flyer XE4Q. This bus is one of
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Resources Board and European Union standards for FFH
emissions, even though these standards do not apply
directly to buses operated outside of these jurisdictions.
During stationary testing, average emissions of carbon
monoxide and non-methane organic gases (hydrocar-
bons) were 0.069 g/mi and 0.035 g/mi, respectively, which
are both within their respective regulated limits for FFH
emissions in California. However, the California nitrogen
oxide limit was exceeded during stationary testing with
an average value of 0.337 g/mi. In addition, momentary
exceedances of the concentration limits for carbon
monoxide and hydrocarbons set in European Union
Regulation 122 were detected during stationary testing,
but these were very short-lived.

four battery electric buses of the same type, which OC
Transpo has been testing on various transit routes across
the city in preparation for the upcoming purchase of up
to 350 battery electric city buses, which are intended to
begin transitioning the City of Ottawa’s bus fleet to
primarily “zero-emission” vehicles (ZEVs) in order to reduce
greenhouse gas (GHG) emissions from city operations.

Background Information

FFHs have been used in vehicles for decades, both for
cabin heating and/or engine pre-heating. The basic
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operation of the FFH is that fuel is burned in a combus-
tion chamber and the resulting heat is either transferred
to a circulating coolant (which can preheat the engine or
be used in fan-coil systems to heat the cabin) or to the
cabin air directly. The type of FFH used on this bus is a
“hydronic” heater, meaning that an intermediate coolant
fluid is heated rather than the cabin air being heated
directly. The circulating coolant in such systems is gener-
ally a mixture of water and anti-freeze such as glycol (to
avoid freezing during cold temperature).

A simplified schematic of a FFH, which heats a circu-
lating coolant is shown in Eigure 1. On startup, the intake
impeller (powered by a small electric motor) begins
drawing intake air through the combustion chamber and
pushes it out the exhaust pipe. When a sufficient air flow
rate has been reached, the system begins to inject diesel
fuel into the combustion chamber using the nozzle and
the air/fuel mixture is ignited by an ignition electrode
(located in the combustion chamber, not shown in Figure
1). While the fuel is burning in the combustion chamber,
the intake impeller continues to provide intake air and
more fuel is pumped through the nozzle, sustaining the
flame. Coolant is pumped through the water jacket
surrounding the combustion chamber and is heated by
the time it exits the coolant outlet. This coolant circulates
through the engine (for ICE vehicle preheat) and/or to the
heating system for cabin heating. In this case, since the
vehicle uses electrical propulsion, the hot coolant is only
used to heat the cabin.

Alternative approaches to diesel FFH cabin heating
for electric transit buses include fuel-fired heaters using
alternative fuels (such as natural gas or hydrogen), heat
pumps (which use electricity but consume less energy
than typical electric heaters because they can capture
heat energy from the ambient air), and even fuel cell
heating [1]. Additional design improvements such as
increased insulation, driver-specific climate zones, and
heated seats could also further reduce the heating
demand for electric buses [1]. None of these solutions are
utilized on the test vehicle.

The test bus is factory-equipped with a high-voltage
DC electric heater and a diesel fuel-fired heater, both of
which are capable of heating the coolant that circulates
to heat the cabin of the bus. The FFH is limited via

m Schematic of a basic fuel-fired heater.
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software to operate only when the outdoor temperature
is below 5°C, and solely the electric heater is used when
temperatures are milder than this limit. In Canada, it is
common to equip battery electric buses (both transit
buses and school buses) with diesel FFHs to avoid the
significant driving range loss in cold temperatures associ-
ated with electric heater usage.

The FFH on this bus is a Valeo/Spheros Thermo 230,
which is the latest iteration of a long line of popular FFHs
sold worldwide. The Thermo 230 heater has a peak
output of 23.0 kW (about 80,000 BTU/h) and uses up to
2.5 kg of fuel per hour according to the heater’s specifica-
tions. Most of OC Transpo’s buses with FFHs use a varia-
tion of this heater type, with diesel buses generally using
the slightly larger, 30 kW, version. The heater manufac-
turer claims to have sold over 450,000 FFHs over four
decades in business [1].

In North America, FFHs do not need to conform to
any current emissions standards, except in the State of
California where rules are set by the California Air
Resources Board (CARB) [1]. Since Canada’s regulations
are mainly harmonized with those of the United States
Environmental Protection Agency (US EPA), there is no
current Canadian standard for FFH emissions. Therefore,
emissions from FFHs are essentially unregulated for
transit use in Canada. In addition to CARB standards, there
are European Union standards for FFHs [2]. However, the
limits in the EU regulations use different measurements,
and so are not directly comparable to CARB’s
regulations.

Previous studies have been conducted on FFH
systems, mostly in Europe. A study from Finland found
that auxiliary FFHs installed on recent light-duty vehicles
(LDVs) had particle number (PN) emissions that were up
to three orders of magnitude higher than the corre-
sponding vehicle’s engine tailpipe emissions during idling,
raising questions about the suitability of FFHs for the
intended purpose of reducing overall emissions and for
their use on BEVs [3]. The Euro 5- and Euro 6-compliant
diesel vehicles in this study were each equipped with a
diesel particulate filter (DPF), which significantly reduces
the particulate emissions from the engine tailpipe, but
not from the auxiliary FFH (as the FFH tailpipe was
separate and did not include any aftertreatment systems).
A more recent report about this research by some of the
same authors reached a similar conclusion in that FFH
particle number emissions could be much higher than
engine emissions for these LDVs [4].

A study investigating the effect of using different fuel
blends and alternative fuels was conducted by FORCE
Technology for Movia Public Transport in Denmark [5]. This
study compared the emissions of two heaters using B7
diesel fuel (diesel with 7% biodiesel by volume), hydroge-
nated vegetable oil (HVO), and biodiesel made from fatty
acid methyl esters (FAME). The study showed minor differ-
ences in NO,, CO, and CO, emissions when running on the
different fuels, and large differences in particle number and
particle mass between fuels and between the two different
types of heaters. On B7 diesel, the Spheros Thermo 300
heater emitted 1.2 mg/h PM (which is equivalent to
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0.06 mg/mi PM using the CARB FFH test calculations)
whereas the Stroco 3500 emitted 40 mg/h PM (2.0 mg/
mi as per CARB calculations). Also using B7, the Spheros
heater emitted 8.0 g/h NO, (0.40 g/mi NO, as per CARB)
and 6.0 g/h CO (0.30 g/mi CO as per CARB).

Motivation and Contribution

Since the aforementioned studies of LDVs with FFHs in
Europe showed high levels of particle number emissions
from diesel FFHSs [3, 4], it was deemed important to inves-
tigate the emissions of the larger type of FFHs in use on
electric buses in North America. This larger type of heater
is commonly used on electric buses intended to transition
fleets to low GHG operation. In addition, the FORCE
Technologies study showed a large variation in exhaust
emissions (specifically PM) between different makes of
FFH [5] and this was also deemed worthy of further inves-
tigation. This report therefore attempts to quantify the
emissions from a typical FFH used on electric transit
buses while in-use in ambient, real-world conditions in
Canada (rather than in a lab setting) to inform regulators
of the levels of pollutants that these systems can emit,
including their greenhouse gas (GHG) emissions. Aside
from the GHG considerations when burning diesel fuel
for heating, various pollutants that are harmful to human
health can be present in diesel exhaust. Such components
include carbon monoxide (CO), nitrogen oxides (NO,,
which is made up of NO and NO,), hydrocarbons (HC)
including methane (CH,), and particulate matter (PM,
which includes soot emissions). Therefore, the effective-
ness of electric buses to reduce GHG emissions and
provide cleaner air for cities depends significantly on the
emissions performance of the FFH.

Test personnel used portable emissions measure-
ment systems (PEMS) to measure the concentrations and
mass emission rates of each of the previously mentioned
pollutants while the FFH was in operation. Testing was
split into stationary “idle” tests and “on-road” tests while
the bus was driven along a set route (specifically on the
OC Transpo Transitway, which is a bus-only rapid transit
corridor in the City of Ottawa). Further testing details are
introduced in the Methods section.

Methods

Vehicle Specifications

Selected specifications for the test vehicle are listed in
Table 1. The New Flyer XE4Q is currently the only BEV bus
in use by OC Transpo, but other makes of battery electric
bus are expected to be included in the OC Transpo fleet
in the future (Figure 2). BEV buses are intended to reduce
GHG emissions from transit operation by removing the
typical tailpipe emissions from a diesel-powered bus.
However, like its diesel counterparts in the OC Transpo
fleet, the BEV bus in this study uses a diesel FFH for cabin

TABLE 1 Vehicle specifications.

Parameter Value

Vehicle ID number 2104

Vehicle mileage (km) (approx.) 60,675

Make New Flyer
Model XE40

Curb weight (kg) 15,227

GVWR (kg) 19,960
Drivetrain Rear wheel drive

Cabin heating type Separate electric and diesel-

fired auxiliary heaters
Battery description Li-ion, NMC chemistry
Battery energy, rated gross 525

(kWh)
Vehicle length (m) 12.48
Vehicle height (m) 337

Vehicle width, no mirrors (m) 2.58
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m Test vehicle, the New Flyer XE40 electric bus in
OC Transpo livery.
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heating. A large 525 kWh battery pack is used on this
version of the XE40 to give it sufficient range for all-
season operation in Ottawa. The battery pack was made
using cells with a lithium nickel manganese cobalt oxide
(NMC) cathode chemistry.

FFH Emissions Regulations
Overview

CARB Regulations The CARB specifies that FFHs used
for heating vehicle cabins must conform to the emissions
limits in Table 2 when tested in an applicable manner [1].
These limits are based on the CARB LEV Il ULEV Standards
for LDVs [6]. The compounds that are regulated include
carbon monoxide (CO), nitrogen oxides (NO,), non-
methane organic gases (NMOG), and formaldehyde
(HCHO).
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TABLE 2 CARB FFH regulated emissions limits.
NMOG

NO, [g/mi] [g/mi] [g/mi]

0.040 0.008

© His Majesty, the King in Right of Canada, as
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HCHO

Species

€O [g/mi]
Limit 17 005

The CARB test procedure specifies a full-power,
20-minute bench test of the heater unit, with a cold-start
ambient temperature of between 20°C and 30°C [7]. The
emissions from such tests are generally captured using
a constant volume sampling (CVS) system in a lab setting.
The resulting emissions from this 20-minute procedure
are collected in mass units (grams). CARB uses the rule
of thumb that a vocational vehicle of the type to use such
a FFH will travel 1 mile every 3 minutes (which equates
to an average speed of 20 mph). Therefore, the collected
mass of each regulated chemical species is divided by 20
(to obtain a mass emissions per minute value in g/min)
and then multiplied by 3.0 (to obtain the emissions on a
mass per distance basis in g/mi) [7]. The results are then
compared to the regulated limits in Table 2 to determine
whether the FFH conforms to the regulation.

European Regulations The European R122 regulations
for FFHs are different than those created by CARB and
are not directly comparable. The European test procedure
is similar to CARB’s but includes a one-hour test duration
rather than 20 minutes [2]. In addition, instead of regu-
lating the emissions on a mass per distance basis, the
European regulations limit the instantaneous tailpipe
concentration of CO, NO,, and hydrocarbons (HC) (all
values are “dry” concentrations); and a smoke opacity
number on the Bacharach scale is used for PM [2]. The
R122 regulated limits are shown in Table 3 [], 2].

United States EPA and Canadian Regulations There are
currently no applicable FFH criteria emissions regulations
from either the United States Environmental Protection
Agency (US EPA) or from any Canadian regulator (federal
or provincial). This means that FFH criteria emissions are
essentially unregulated in Canada and most of the
United States. Heaters that are sold in these locations
may meet the CARB or EU regulations discussed in the
previous sections, but this is up to the discretion of the
manufacturer.

Instrumentation

The primary instruments for this test program were a
Sensors Inc. Semtech LDV PEMS with an exhaust flow
meter (EFM) and an AVL PM-PEMS unit (Figure 3). The
Semtech LDV PEMS recorded emissions of CO, CO,, NO,
NO,, HC, and CH,, and the exhaust flow rate in kg/h. The

TABLE 3 European R122 standard regulated emissions limits.

PM
Species CO[ppm] NO,[ppm] HC[ppm] [Bacharach]
Limit 1000 200 100 4

© His Majesty, the King in Right of Canada, as
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m Rear of test vehicle, showing the exhaust flow
meter attached to the tailpipe, along with heated sample lines
for on-board instrumentation (Semtech LDV and AVL PM-
PEMS).
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TABLE 4 Semtech LDV and AVL PM-PEMS measurement
specifications.

Species Measurement ranges

CcO 8% vol.

CoO, 18% vol.

NO 3000 ppm

NO, 1000 ppm

HC 10,000 ppmC, (selected range)
CH, 10,000 ppmC; (selected range)

Soot (AVL PM-PEMS) 0.001-50 mg/m?

© His Majesty, the King in Right of Canada, as
represented by the Minister of the Environment

AVL PM-PEMS instrument is focused on PM emissions
and captured total particulate matter (TPM) emissions
on Teflon filters during the stationary tests, and second-
by-second soot emissions during both stationary and
on-road tests (soot is one component of TPM). Both
instruments used probes installed in the exhaust system
to sample the exhaust and heated lines to deliver the
small exhaust samples to the instruments. Details of the
instrument capabilities are included in Table 4 and a sche-
matic of the instrument installation is shown in Figure 4.
All instrumentation was powered by portable lithium ion-
based battery packs for the duration of testing.

Test Procedures

Stationaryldle Test The test procedures for this program
can be grouped into stationary “idle” testing and on-road
testing types. Stationary testing was modeled on the
CARB procedures explained in previous sections. However,
CARB test procedures specify a bench test with the FFH
in a lab setting, whereas testing for this report was
conducted while the FFH was installed on the test vehicle.
This difference in testing procedure may have caused
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significant differences in test results, along with the fact
that CARB testing is conducted between 20 and 30°C
ambient temperatures while our testing was conducted
at <5°C. The following paragraphs explain the test proce-
dure used in this study in more detail.

Overnight, prior to a test, the vehicle was left indoors
at the OC Transpo garage, hooked up to a DC fast charger
or simply parked (if sufficient battery charge was available
for the next day’s test). The temperature set point inside
the garage facility is 18°C and this is typically where BEV
buses are stored overnight prior to operation. This means
that the FFH was essentially soaked at 18°C overnight
prior to testing.

In the morning, the bus was driven (without starting
the FFH) from the indoor garage to the BEV maintenance
bay and the bus was parked outdoors next to the main-
tenance bay doors. This meant that the bus was subjected
to ambient conditions during testing. This was necessary
since the vehicle’s FFH will not operate unless the bus
detects an ambient temperature of less than 5°C. Above
this set point, the fully electric auxiliary heater is used
instead of the FFH to provide cabin heating, meaning no
tailpipe emissions would be produced.

Calibration was then performed on the PEMS instru-
ments, which took between 20 minutes and an hour, while
the bus was turned off and parked outdoors. Then the
instruments were set to capture the emissions data
throughout the test.

Finally, a test began when the bus was turned on and
“heat” mode was selected on the operator’'s HVAC control
dial to keep the FFH active for a total of 20 minutes (“auto”
heat mode was not used for stationary testing in order
to keep the heater on for the entire test). After the
20-minute test time was reached, both the heat mode
and the vehicle itself were turned off.

The on-road test procedure began imme-
diately after the conclusion of the stationary test proce-
dure. The test instrumentation was the same between
these tests (except no TPM filter collection was done
on-road), and a new test file was started on each instru-
ment prior to on-road testing. The PEMS units did not

require recalibration prior to the on-road test because
they had already been calibrated prior to the stationary
test. The purpose of the on-road test was to monitor the
FFH operation and emissions in real-world conditions
encountered by the BEV bus when in use in the field. The
cabin heating “auto” setting was used for the duration of
the on-road test (instead of the “heat” setting). This
setting controls the interior temperature of the bus to a
set point of 21°C. This is the default set point of the XE40
bus control system.

The on-road route consisted of two “laps” of the
Ottawa Transitway between Hurdman Station and the
Hunt Club Loop roundabout (just after the South Keys
Stop, at the southern end of the Transitway). Short
portions of driving from the OC Transpo garage to
Hurdman station at the start of the test, and back to the
OC Transpo garage from Hurdman station at the end of
the test, were also included in the results. The duration
of an on-road test varied slightly but was generally about
one hour in total.

Data Analysis

As
mentioned in the Regulations Section, CARB uses the rule
of thumb that a heavy vehicle travels approximately 1 mile
every 3 minutes [7]. Therefore, the mass emissions rates
for stationary tests in grams per mile were calculated
using the total emissions (in grams) for each chemical
species (Mspecies) @nd converting that via Equation 1, as
defined by CARB [7].

_ mspecwes . 3 O

Mass emission rate,eqes = >0

Eq. (1)

Fuel Consumption Calculations

The amount of diesel fuel used by the FFH during testing
was calculated based on the amounts of carbon-
containing compounds in the exhaust emissions from the
FFH. The three species involved in this calculation were
CQO, CO,, and HC. The standard molar masses of carbon,
Mc (12.011 g/mol), CO, Mo (28.0101 g/mol), and CO,, Mo,
(44.0095 g/mol), were used in these calculations, along
with the molar mass of hydrocarbons, M, (13.875389 g/mol),
found in exhaust as specified in the United States Code
of Federal Regulations, specifically 40 CFR §1065.1005(f)
(2). In addition, a fuel fraction carbon (FFC) of 0.8641 and
fuel density (pre) Of 827.6 kg/m?* were determined via
laboratory analysis of test fuel samples taken during the
test program. These fuel specifications and physical char-
acteristics were used to calculate the mass of fuel
consumed, Mg, by conducting a basic carbon-balance
procedure using the mass of each measured carbon-
containing exhaust compound (Mco, Mco,, and Myc), as
shown in Equations 2, 3, and 4. These equations were
derived from first principles, as documented in an archived
EPA report [8], but were modified from the equations



6 DIESEL FUEL-FIRED HEATER EMISSIONS FROM A BATTERY ELECTRIC TRANSIT BUS IN REAL-WORLD CONDITIONS

shown in the report to express fuel consumed on a mass
basis rather than in miles per gallon. The summation of
all the masses determined using Equations 2, 3, and 4
equals the final mass of fuel, as shown in Equation 5.
Finally, the volume of fuel consumed, Vi, Was deter-
mined via the total mass of fuel from Equation 5 and the
density of fuel as shown in Equation 6, and then converted
to liters. The fuel consumption was also determined by
dividing the fuel volume by the GPS-captured
distance driven.

M 1

Miyel_co = Mco -Mico FFC Eq. (2)

M 1
m, =Mco> * — Eq. (3
Fuel_co2 co2 Moo, FFC g.(3)
m =3 m . % . i E 4
fuel _HC HC M, FFC g. 4)
Megel = Miel_co T Mrel_coz2 T Mrel_He Eq. ()
Vfuel - mfuel Eq (6)

pfue\

TPM Calculations Unlike the other types of exhaust
emissions data collected during this test program, which
could be collected on a second-by-second basis, TPM
emissions could only be collected as a single value per
test. The gravimetric module of the AVL PM-PEMS system
flows diluted exhaust through a Teflon filter at a specific
rate during the entire test segment, and the resulting
mass deposited on the filter is determined by weighing
the filter before and after the test. For practicality, TPM
was only collected during stationary testing for
this program.

Since the exhaust sample that flows through the filter
is diluted and is only a small portion of the total exhaust
flow from the heater, detailed calculations are required
to convert the mass value from the filter to a complete
TPM value for the test. All calculations used for this
purpose were adapted from the ISO 8178-1:2006 standard
for measuring exhaust emissions including particulate [9].

Initially, the raw filter weight, my, in pg was corrected
using a humidity correction factor, K,, giving a corrected
filter weight, my., as shown in Equation 7.

TABLE 5 Stationary test totals.

Avg. temp. [°C]

CO;[g] CO[g]

NO[g] NO;[g]

Mg =M - Kp Eq (7)

To calculate K, the average absolute humidity during
the test, denoted H,, in [gH,O/kg dry air] was used via

Equation 8.

~ 1
Ko = 1+(00133- (H, -1071)) =0

Then, the particle mass flow rate, g.er, in g/h was
calculated using the corrected filter weight me in pg, the
calculated mass of exhaust passed through the filter mse,
in kg (estimated using a density of 11 kg/m? for diluted
exhaust), the average mass flow rate of wet exhaust g ew
in kg/h, and the average dilution ratio (DR), via Equation 9.

Qrer = M /10° - Iex . DR

sep

Eq. (9)

Finally, this result was multiplied by the filter loading
time tioaqing IN S€CONdS to get a final TPM mass value mypy

in mg via Equation 10.

t\oading

Eq. (10
Y g. (10)

Mrpm = Qrpr

This TPM mass result for stationary tests was also
modified via the CARB method in Equation 1 to obtain a
mass emission rate per unit distance where applicable.

Results and Discussion

Stationary Test Results

The stationary testing results are included in Tables 5 and
6. Table 5 shows the total mass results for each measured
compound, as well as the average temperature during
the test and the calculated volume of fuel consumed.
Table 6 shows the mass emissions per unit distance for
the measured compounds, as well as the average test
temperature and the calculated equivalent fuel consump-
tion (@assuming the vehicle travels 1 mile every 3 minutes
for this stationary test).

Three stationary tests were scheduled in the test
plan; however, only two test days were sufficiently cold
to keep the FFH running while stationary (during other
test attempts, the heater would run only intermittently

2023-03-28 35
2023-03-30 -55

25159 036 213 012
25468 056 210 014

HC[g] CH,;[g] NMHC[g] Soot[mg] TPM[mg] Fuel[L]
003 0.00 003 478 1057 0.96
004 000 0.04 480 196 097

© His Majesty, the King in Right of Canada, as
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TABLE 6 Stationary test CARB method calculated results.

Avg. temp. CO,

[°C] [g/mi]
2023-03-28 35 377 0054 0320 0017
2023-03-30 -55 382 0083 0315 0021

and so these tests were considered incomplete and their
results are not shown).

Comparing the values in Table 6 to the regulated FFH
emissions regulations in California, the results show that
CO emissions levels were well below the limit, whereas
NO, (NO + NO,) values were above the limit. This higher
NO, result may be due to the testing conditions being
non-standard for this project, as outdoor temperatures
were needed for the control system to allow the heater
to operate, whereas typical CARB testing is done in a
climate-controlled test chamber between 20 and 30°C.

Since the FFH uses diesel fuel, non-methane hydro-
carbon (NMHC) emissions, determined by subtracting the
CH, emissions from the HC emissions, can be considered
equivalent to non-methane organic gas (NMOG) emis-
sions (which are regulated for FFHs by CARB), according
to the US EPA 40 CFR §1066.635(e). When this conversion
is done, the NMHC results obtained during testing are
significantly lower than the NMOG limit imposed by CARB.

Formaldehyde, which is regulated by CARB, could not
be measured by the portable emissions equipment used
during this test program, so the values of this component
of the FFH emissions are currently unknown. In future
studies, formaldehyde could be measured using in-lab
instruments, or a customized portable measurement
system could be fabricated.

Soot emissions and TPM are currently unregulated
under CARB's FFH rules. However, light-duty passenger
vehicles have limits on their PM emissions. The current US
EPA Tier 3 standard for passenger vehicle PM emissions
is 3 mg/mi of TPM, and the current CARB standards are
as low as 1 mg/mi TPM for certain vehicle classes. The
proposed US EPA standard for model years 2027 and later
is 0.5 mg/mi PM [10]. The measured FFH soot mass
emission rates during stationary testing were slightly above
the 0.5 mg/mi level at approximately 0.72 mg/mi in both
successful tests; however, the TPM emissions, to which
these standards apply, were significantly higher since soot
is generally only a fraction of TPM. In addition, there was
high variability in the TPM results and only two test runs
were successfully completed (due to temperature limita-
tions during testing). Further testing of FFH emissions is
recommended to obtain more representative TPM results.

In addition to the CARB-style results, EU-style maximum
concentration results are shown in Table 7. The instantaneous

Soot TPM Fuel cons.

[mg/mi] [mg/mi] [L/100 km]
0004 0.000 0.004 0.718 159 9.0
0.005 0.000 0.005 0.720 29 91

© His Majesty, the King in Right of Canada, as
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dry concentrations of CO and HC exceeded EU limits
momentarily on both valid tests. However, exceedances were
on the order of one or two seconds, while the concentrations
for the rest of the test were below the maximums. Testing
for EU R122 compliance is typically completed at warm
temperatures, and this could explain the higher initial concen-
trations captured during outdoor testing. NO, concentrations
did not exceed the regulated EU R122 limit of 200 ppm during
stationary testing. Unlike the CO and HC concentrations, the
NO, concentration was relatively consistent whenever the
heater was operational. Figure 5 shows a visual representa-
tion of the concentration results for a single idle test over
the entire duration of the test. In this example, CO concentra-
tion peaks as soon as the FFH is started by the vehicle, then
quickly tapers down to very low values as the heater is
running consistently throughout the test time. Hydrocarbon
concentrations show a similar pattern, with a short-lived peak
and tapering off to nearly zero for the rest of the test. NO,,
on the other hand, is more consistent throughout the time
that the heater is running, with tailpipe concentrations of
nearly 90 ppm throughout the test.

On-Road Test Results

On-RoadRoute Statistics Several general route statistics
from on-road testing are shown in Table 8. These include
the total distance traveled while testing, the average
ambient temperature during the test, the average kinetic
intensity (which is a2 measurement of the aggressiveness
of a driving cycle using speed and acceleration rates [11]),
the average speed, the average driving speed (omitting
any stops), the average and maximum acceleration rates,
the average and maximum deceleration rates, and the
percentage of idle time (when the vehicle was stopped)
during the test. Since testing was conducted mostly on
the Transitway, which is closed to private vehicle traffic,
average speeds were relatively high for a transit bus and
there were few stops. This type of driving is representa-
tive of bus rapid transit (BRT)-style operation, but not of
routes where buses would mix with regular traffic.

On-Road Total Mass and Emission Rate Results The
emissions results from on-road testing are shown in
Tables 9 and 10. The results in Table 9 show the total
mass of emissions (and volume of fuel used) over the

TABLE 7 Instantaneous maximum concentrations for EU R122 comparison.

Average temperature Maximum CO (dry) Maximum NO, (dry) Maximum HC (dry)
Date [°C] [ppm] [ppm] [ppm]
2023-03-28 35 1601 96 488
2023-03-30 -55 1683 92 527

© His Majesty, the King in Right of Canada, as
represented by the Minister of the Environment
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m Stationary test exhaust concentrations for R122 comparison (test date: 2023-03-30).

Instantaneous CO concentration (dry)

(=3
(-
- =
g
o, ]
B
o 8 4
O wy
[ J—
| | | | | | |
0 200 400 600 800 1000 1200
Time [s]
Instantaneous NO_concentration (dry)
ER :
g % :
= - s
o 5
Z & <
o A [5
| | | | | | — 2
0 200 400 600 800 1000 1200 %
B
Time [s] 3
Instantaneous HC concentration (dry) g
17 g
— = ’ .
g S 7 N
g, _ | 5
& b
— (=] [<)
Q & ‘ &
= 4 5
-1 £
| | | | | | T 2
0 200 400 600 800 1000 1200 ﬁ
2
Time [s] 3

TABLE 8 Route statistics—on-road.

Avg.
Kinetic Avg. driving Max.
Avg.temp. intensity speed speed Avg. accel. accel. Idle time
Dist.[km] [°C] [1/km] [km/h] [km/h] [m/s?] [m/s?] [%]
2023-03-28 397 34 0.723 394 425 0.31 2.26 -0.32 —2.21 74
2023-03-20 401 6.2 0.817 397 428 0.36 2.95 -0.38 —2.01 72
2023-03-30 39.8 =15 0.707 397 438 033 295 -035 -235 95

© His Majesty, the King in Right of Canada, as
represented by the Minister of the Environment

TABLE 9 On-road test total results.

Avg. CO,mass CO mass NO,mass HCmass CH;mass NMHC

temp. [°C] [g] [g] [g] [g] [g] mass [g] Fuel[L]
2023-03-28 34 4689 0.99 3.55 0.30 0.07 0.01 0.06 20.88 1.79
2023-03-29 6.2 4273 103 3.30 0.26 0.08 0.00 0.08 1613 163
2023-03-30 =15 5233 190 390 0.31 0.04 0.00 0.04 2172 200

© His Majesty, the King in Right of Canada, as
represented by the Minister of the Environment
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TABLE 10 On-road test distance-based results.

Avg. Soot Fuel cons.

temp.[°C] CO,[g/mi] CO[g/mi] NO[g/mi] NO,[g/mi] HC[g/mi] CH,[g/mi] [mg/mi] [L/100 km]
2023-03-28 34 190 0.040 0144 0.012 0.003 0.000 0.003 0.847 45
2023-03-29 6.2 17 0.041 0132 0.010 0.003 0.000 0.003 0.647 41
2023-03-30 -15 21 0.077 0157 0.013 0.002 0.000 0.002 0.877 50

entire test, while the distance-based results shown in
Table 10 take into account the GPS-based distance. Note
that TPM results are unavailable for on-road testing as
gravimetric filters were only used on stationary tests.

As shown in Table 10, the CO, emissions rates (and
fuel consumption) were lower on-road when compared
to those calculated during stationary testing (Table 6).
This is partly due to the higher average speed of the test
cycle (the stationary test assumes a speed of 32 km/h
whereas the on-road test average speeds were closer to
40 km/h), as well as the fact that the heater did not run
all the time during the on-road tests. When the cabin was
sufficiently warm, the heater turned off for short periods
of time until it was needed again. CO and NO, emissions
per unit distance were also slightly lower for on-road
testing, likely for the same reasons.

HC and CH, emissions were very low in both stationary
and on-road testing, leading to low NMHC results as well.
Small amounts of hydrocarbon emissions were measured
on each restart of the heater but levels were undetectable
when the FFH was running consistently.

Finally, soot emissions per unit distance on-road
were slightly higher than those calculated during stationary
testing on two of three occasions. Peak soot emissions
during startup of the FFH during on-road testing also
reached higher levels on-road than during stationary
testing. This could be due to the airflow around the heater
and other operating condition differences attributable to
the vehicle being in motion.

Conclusions

Stationary and on-road testing of the diesel FFH installed
on an OC Transpo New Flyer XE40 BEV bus was completed
in moderately cold weather in Ottawa, Canada, in late March
2023. The results showed that during stationary testing,
the heater met CARB's regulated emissions levels for CO
and NMOG emissions (NMHC was considered to be equiva-
lent to NMOG for this test), but that NO, emissions levels
were higher than the CARB standard. However, these high
NO, emissions could have been the result of non-standard
test conditions (@ambient temperatures were colder than
the 20 to 30°C recommended range for bench testing, and
the FFH was installed on a vehicle instead of a test bench).
TPM levels varied significantly between the two successful
stationary test runs and were higher than the latest
proposed 0.5 mg/mi standard for passenger vehicles, but
there is no official CARB FFH PM standard that currently
applies to FFH units. Comparing the test results to EU

© His Majesty, the King in Right of Canada, as
represented by the Minister of the Environment

Standard R122 for FFHs, the concentrations of CO and HC
momentarily exceeded their respective limits; however, the
test was performed at ambient temperatures lower than
those recommended by this standard as well, and the spikes
in values were very short-lived (i.e., on startup of the FFH
only). NO, values were below the EU R122 upper limit.
On-road testing showed that during one hour of
operation on the Ottawa Transitway between Hurdman
and South Keys stations, the emissions levels of most
measured compounds were lower on a mass per distance
basis than their respective results during stationary
testing, except for soot. This is likely due to the high-speed
nature of the Transitway test cycle operation causing
lower values due to the higher distance per unit time, as
well as the fact that the heater turned off for short periods
when the cabin temperature reached its set point. For
soot, the on-road emissions values point to increased soot
emission rates while the vehicle was moving, perhaps due
to different conditions caused by the vehicle’s operation.

Stationary Testing Summary

e Stationary tests at <5°C ambient temperatures
showed levels of CO, emissions from 377 g/mi to 382
g/mi based on CARB calculations, and corresponding
diesel fuel consumption values around 9 L/100 km.

e Stationary CO emissions rates were between 0.054
g/mi and 0.083 g/mi using CARB calculations, which
is lower than the 1.7 g/mi CARB limit.

e Stationary NO, emissions rates were approximately
0.34 g/mi based on CARB calculations, which is
higher than the CARB standard of 0.05 g/mi;
however, the test procedure was conducted at <5°C
rather than the lab test standard of 20 to 30°C,
which could have affected the results along with the
fact that this testing was completed with the FFH
mounted on the vehicle rather than on a test bench.

e Stationary test levels of NMHC were between 4 mg/
mi and 5 mg/mi based on CARB calculations, which
is below the NMOG limit of 40 mg/mi.

e Soot emissions were about 0.72 mg/mi for each
stationary test, according to CARB calculations.

e TPM emissions levels were highly variable, with one
test showing 3 mg/mi and another showing 16 mg/mi.

e When compared to the EU R122 regulations, CO and
HC spikes momentarily exceeded the dry
concentration limits for these species, whereas NO,
was below its limit for the entire test duration.
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On-Road Testing Summary

e CO, emissions and fuel consumption were
approximately 200 g/mi and 4.5 L/100 km,
respectively, during on-road testing. These levels are
comparable to the emissions from an efficient light-
duty passenger vehicle, equating to significant GHG
benefits when the overall electric bus emissions are
compared to those of a typical diesel transit bus (not
including the GHG intensity of the grid
electricity used).

e During on-road testing, CO emissions were between
0.040 g/mi and 0.077 g/mi.

e NO, emissions were between 0.14 g/mi and 0.17 g/mi.
e NMHC emissions were between 2 mg/mi and 3 mg/mi.

e Soot emissions were between 0.65 mg/mi and 0.88
mg/mi, two of three on-road tests showed soot
levels higher than those emitted during stationary
testing on a g/mi basis.

e No TPM data was available for on-road tests.

Recommendations and Future
Work

Further testing could potentially be conducted on FFH
units on various vehicles to determine whether the high
NO, concentrations are a consistent issue when operating
in cold weather, and to determine whether emissions vary
significantly within a fleet of buses using FFHs. Additionally,
testing of ICE vehicles with FFHs could be undertaken to
analyze the current state of emissions from transit fleets,
as the operation of the FFH may be more intermittent
when waste heat from a diesel engine is also available
for cabin heating. Regular maintenance of FFH units is
recommended by their manufacturers, and this could also
potentially reduce the levels of pollutants emitted when
FFHs are used on transit vehicles.

Maintaining enough electric driving range in winter
while heating the cabin sufficiently for passenger comfort
without additional criteria emissions remains a challenge
for electric transit vehicles. Heat pump and all-electric
options may not maintain enough range for some situa-
tions or cold climates. Therefore, FFHs will likely remain
the preferred solution for cabin heating in Canada for the
immediate future unless alternative solutions such as
on-route charging or different routes for electric buses
are explored. Additional emissions controls for FFH units
and alternative fuels for FFHs may provide short-term
emissions benefits, and these topics should also
be explored by researchers.
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