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ABSTRACT: A detailed understanding of the climate and air quality
impacts of mobile-source emissions requires the characterization of
intermediate-volatility organic compounds (IVOCs), relatively-lowvapor-pressure gas-phase species that may generate secondary organic
aerosol with high yields. Due to challenges associated with IVOC
detection and quantiﬁcation, IVOC emissions remain poorly understood at present. Here, we describe measurements of the magnitude
and composition of IVOC emissions from a medium-duty diesel
engine. Measurements are made on an engine dynamometer and
utilize a new mass-spectrometric instrument to characterize the load
dependence of the emissions in near-real-time. Results from steadystate engine operation indicate that IVOC emissions are highly
dependent on engine power, with highest emissions at engine idle and low-load operation (≤25% maximum rated power) with a
chemical composition dominated by saturated hydrocarbon species. Results suggest that unburned fuel components are the
dominant IVOCs emitted at low loads. As engine load increases, IVOC emissions decline rapidly and become increasingly
characterized by unsaturated hydrocarbons and oxygenated organics, newly formed from incomplete combustion processes at
elevated engine temperatures and pressures. Engine transients, including a cold-start ignition and engine acceleration, show
IVOC emission proﬁles that are diﬀerent in amount or composition compared to steady-state combustion, underscoring the
utility of characterizing IVOC emissions with high time resolution across realistic engine operating conditions. We ﬁnd possible
evidence for IVOC losses on unheated dilution and sampling surfaces, which need to be carefully accounted for in IVOC
emission studies.

■

INTRODUCTION
Emissions of organic species from mobile sources include air
toxics, primary organic aerosol (POA), and precursors of ozone
and secondary organic aerosol (SOA) and hence have
important impacts on air quality,1,2 climate, and human
health.3−5 Measurements of organic species from engines
have traditionally focused on emissions of volatile organic
compounds (VOCs)6 and POA,7,8 which are directly related to
regulations targeting ozone and primary particles. However,
recent work has demonstrated the potential importance of an
additional class of compounds, intermediate-volatility organic
compounds (IVOCs), gas-phase species with eﬀective saturation concentrations (c*) between 103 and 106 μg m−3. Such
species have been shown to serve as important precursors to
SOA9,10 and thus are likely to play a major role in the air quality
and climate impacts of mobile sources.6,11,12
While total hydrocarbon emissions from mobile sources have
been shown to depend on engine design, operation, and fuel
formulation13,14 at present, relatively little is known about the
amounts and chemical composition of combustion-related
IVOCs. This arises largely from the lack of analytical methods
© 2015 American Chemical Society

that can accurately measure and quantify IVOCs with high
temporal resolution, as well as the extreme chemical complexity
of IVOC mixtures. Previous measurements of IVOCs from
mobile sources have utilized oﬄine chromatographic techniques for IVOC quantiﬁcation and speciation15−17 or used the
diﬀerences between concentrations of VOCs and total
nonmethane organic gases (NMOG) to infer IVOC
emissions.6,18 Studies of IVOCs from diesel engines, the
focus of the present work, have demonstrated that IVOCs
comprise a signiﬁcant fraction (∼20−60%) of NMOG
emissions.15−18 Measurements of the chemical composition of
the emitted IVOCs showed some similarities to unburned
diesel fuel.15 However, only a small fraction (10−20%) of the
total IVOC mass is routinely speciated, with the remainder
characterized as “unresolved complex mixture” (UCM), likely
made up of cyclic and branched hydrocarbon species.15−17
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ppm of S), and SAE 15W-40 CJ-4 diesel engine oil as lubricant;
while emissions are likely to depend somewhat on the exact fuel
and lubricant used, the investigation of such dependences is
beyond the scope of this study.
An engine dynamometer was used to systematically vary the
engine speed (∼700−2400 rpm; idle −75% max) and load (0−
700 N m; idle −75% max). The present study focuses on a
single engine load sweep, consisting of a cold-start ignition
(with all components initially at ∼25 °C), a period of engine
idle (0% load, with enough time for the engine and sampling
system to reach thermal equilibrium), a stepwise upward ramp
in engine load to 75% load, and a stepwise downward ramp
back to engine idle.
Exhaust emissions were sampled from an unheated dilution
tunnel built and designed speciﬁcally for emissions characterization.27 A schematic of the experimental setup is provided in
Figure S1. Brieﬂy, engine exhaust is subsampled into the
dilution tunnel from which IVOC emissions are sampled and
characterized. The primary dilution ratio (which ranged from 2
to 6) was determined by monitoring the concentrations of CO2
at two positions, the exit of the engine manifold (using
nondispersive infrared spectroscopy, CAI 602P) and at the
IVOC sampling point (using Fourier-transform infrared
spectroscopy, MKS 2030). Sampling into the IVOC instrument
(described below) was through a heated inlet system consisting
of a 3.5 m length of 1/4 in. outer diameter stainless-steel
tubing, coated with SilcoNert 2000 (Silcotek, Inc.) and held at
250 °C to reduce condensational losses. This inlet was located
∼2 m from the primary exhaust ﬂow split, with the tip
positioned at the center line of the 6 in. outer diameter dilution
tunnel, oriented perpendicular to the ﬂow. Sampled air passed
through a SilcoNert-coated (SilcoTek, Inc.), heated metal ﬁlter
to prevent refractory soot particles from clogging the capillary
transfer lines of the instrument. The sampling ﬂow rate through
the IVOC inlet was held at 1.2 L min−1, using a small
diaphragm pump (UN86KTP KNF Neuberger, Inc.) to draw
sample ﬂow through the collector.
IVOC Measurements. The Thermal−Desorption Electron
Ionization Mass Spectrometer (TD-EIMS) has been described
previously;28 only a brief overview is provided here to highlight
the speciﬁc sampling and analysis procedures used in the
current study. The instrument involves the cryogenic collection
of sampled gases, followed by temperature-controlled desorption of the collected organics into the electron ionization region
of a high-resolution time-of-ﬂight mass spectrometer (TOFWERK). In the current experiment, engine exhaust IVOCs
were collected at −6° ± 2 °C for 60 s and desorbed from −6 to
280 °C over a period of 300 s, capturing an estimated volatility
(c*) range between 103 and 107 μg m−3. The temperature was
then held at 280 °C for an additional 60 s prior to cooling the
system back to −6 °C via a ﬂow of liquid N2. Cooling times in
this experiment were typically 90 s, allowing for IVOC
measurements to be made every ∼8 min. During the
temperature desorption ramp, “V-mode” high-resolution mass
spectra were acquired at a rate of 1 Hz, allowing for the
straightforward alignment of IVOC mass spectra with
desorption temperature. Under these operating conditions,
the mass resolving power of the instrument was ∼2000,
providing unambiguous identiﬁcation of major ions in the mass
spectrum and clear separation of any CxHy+ and CxHyOz+ ions
at nominal masses below m/z 150. All identiﬁed carboncontaining ions, with the exception of CO+ and CO2+, which
had high background signals, were included in the analysis of

These previous studies of diesel IVOC emissions were carried
out using chassis dynamometers, with results averaged over an
entire drive cycle. While this approach simulates real-world
driving patterns and provides a benchmark for emissions
comparisons between vehicles, it oﬀers limited assessment of
the combustion processes or speciﬁc engine operating
conditions that control IVOC emissions.
IVOC emissions in diesel engines with no emissions control,
such as the one used in this study, are clearly higher than diesels
equipped with modern emission control technology
(ECT).17,18 While the fraction of non-ECT diesel engines in
the United States and Europe is decreasing through recent
regulations of on and oﬀ-road diesel systems, full adoption of
ECTs is expected to be somewhat gradual due to the relatively
long lifetime of diesel engines. As a result, non-ECT diesel
engines may remain important sources of emissions in the
United States and Europe over the coming decade. Engines
with faulty, early generation, or tampered-with ECT systems
may lead to emission proﬁles that more closely resemble nonECT diesels. Moreover, the use of non-ECT diesel engines is
widespread (and growing) throughout the developing world.
Thus, unregulated (non-ECT) diesel emissions are expected to
be an important and potentially dominant component of
mobile-source emissions through 2040, especially in highly
populated urban centers of the non-OECD economies.19 There
is, thus, a major need to understand the amounts and
composition (and ultimately the atmospheric fate) of IVOC
emissions from diesel combustion.
More generally, the magnitude and composition of IVOC
emissions from diesel combustion (in ECT and non-ECT
engines) are not well-constrained at present. Little is known
about how they are aﬀected by engine operation (engine power,
speed, etc.), and even the source of IVOC emissions (unburned
fuel, incomplete combustion products, products of the pyrolysis
of fuel/lubricant, etc.) remains poorly understood. In recent
years, uncertainties in IVOC amounts and chemistry have led
to contrasting conclusions surrounding the relative impact of
gasoline versus diesel combustion on regional air quality,20−23
further motivating the development and application of
improved IVOC characterization techniques. With this knowledge gap in mind, the aim of the current work is to better
understand the factors and source processes that aﬀect diesel
IVOC emissions. We use a new near real-time mass
spectrometric technique for characterizing the ensemble
composition and amount of the IVOC emissions from a nonECT medium duty diesel engine (MDDV) as a function of
engine load. The high time resolution of the analytical
technique also enables measurements of IVOC emissions
during two engine “transients”, a cold start and an acceleration
from idle to low-load conditions, engine operating conditions
that may produce disproportionately high IVOC emissions in
both non-ECT and ECT-equipped diesel engines.17

■

EXPERIMENTAL SECTION
Engine and Emissions Sampling System. This study
focuses on emissions from a Cummins preproduction development medium-duty diesel engine based on the 2002 ISB
(Interact System B) 300 platform; as noted above, no ECT is
used on this engine. The engine and emissions sampling
system, located at MIT’s Sloan Automotive Laboratory, have
been described in detail in previous publications (speciﬁcations
are given in Table S1).24−26 All experiments utilized
commercially available ultralow sulfur diesel fuel (ULSD, 15
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Figure 1. Summary of experimental parameters and measured IVOC emissions during a cold-start−load-sweep test cycle. Panels a and b show
engine operating conditions (load, speed, and CO2 concentrations), exhaust gas temperatures, and transient or steady-state sampling intervals. Panels
c and d display the mass concentration and fractional composition (as Δ series contributions) of IVOC emissions. TD-EIMS collection intervals are
indicated by the horizontal dashes displayed in panel c.

Instrument response was calibrated with syringe injections
(10−600 nL min−1; 250 μL syringe, Harvard Apparatus syringe
pump) of eicosane (C20H42) into the inlet of the TD-EIMS.28
This calibration approach ensures that the injected IVOCs are
subject to identical sampling conditions as the engine exhaust
IVOCs, thereby accounting for any potential losses within the
IVOC inlet itself. Because all measurements are referenced to
this one calibration compound, IVOC concentrations are given
in “C20 equivalent” mass concentrations (μg C m−3). Run-torun variability in the TD-EIMS response reveals a calibration
uncertainty of ±15%. This injection method was also used to
introduce unburned fuel into the TD-EIMS to measure its mass
spectrum. Given the conﬁguration of the engine and dilution
sampling system, losses upstream of the IVOC inlet (i.e., within
the dilution or sampling tunnel) could not be characterized
directly. If such losses were signiﬁcant, the present measurements would represent lower limits to the IVOC emissions;
however, by conﬁning IVOC sampling intervals to steady-state
temperature conditions, losses due to changing surface
temperatures are likely to be minimal.
Emission Index. IVOC emissions are expressed in terms of
an emission index (EIIVOC), the mass of IVOCs emitted per
kilogram of fuel consumed (mg kg−1). Fuel consumption was
not directly measured but rather was estimated from emitted
CO2 concentrations. EIIVOC was calculated via eq 1:

the mass spectrometric data. Estimates of H:C and O:C ratios
are obtained from the high-resolution mass spectra using the
approach of Aiken et al.,29,30 though without any empirical
correction accounting for eﬀects of EI fragmentation. Such
approximations may inﬂuence the absolute elemental ratios, but
the qualitative diﬀerences in H:C and O:C at diﬀerent engine
operating conditions will not be aﬀected.
Substantial organic signal was measured even when the
engine was oﬀ. At times during the experiment, ultrazero air
(UZA) was systematically added to the instrument inlet tip to
assess the contribution of background organic signal originating
from the IVOC inlet or from within the instrument itself. In all
cases, such signal was small compared to the overall
background signal, indicating that any measurable IVOC
background signal likely originates from surfaces within the
exhaust and dilution tunnel. The background IVOC contribution to the total measured IVOCs was quantiﬁed through
dynamic blank runs (sampling lab air through the engine
manifold and dilution tunnel with the engine oﬀ). A total of
two dynamic blanks were captured for each experiment: one
prior to engine ignition (“pre-run”) and another immediately
following engine shutdown (“post-run”). Dynamic blanks were
collected using the same sampling parameters (collection
temperature, collection time, and system ﬂows) used during
engine-on exhaust IVOC measurements. The background
temperature-dependent mass spectra acquired during the
dynamic blank were subtracted from all engine-on IVOC
measurements. For the results presented here, the “post-run”
dynamic blank was subtracted from all engine-out IVOC
emission measurements (see Figure S2 and discussion therein
for additional details).

EIIVOC = (ΔIVOC/ΔCO2 )*(T /P)*4478

(1)

where ΔIVOC is the background-subtracted mass concentration of IVOC (μg m−3), ΔCO2 is the background-subtracted
CO2 concentration (ppmv) measured at the IVOC sampling
inlet (thereby taking dilution into account), T is the sampling
temperature (K), and P is the ambient pressure (Torr). The
13485
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Transient operating conditions refer to IVOC collection
intervals that coincide with a transition in engine operating
state, which results in nonequilibrium temperature eﬀects in the
engine manifold and exhaust sampling system. During a
transient state, the composition and magnitude of IVOC
emissions may be inﬂuenced not only by the rapidly changing
combustion conditions (equivalence ratio, temperature, pressure) but also by potential condensational or evaporative losses
to/from the engine manifold and exhaust sampling surfaces.
Here we operationally deﬁne steady-state conditions as
collection intervals, during which the exhaust gas temperature
is within ±10% of the average steady-state temperature for that
load. For temperature ratios outside of this range, the collection
interval is designated as a transient. During the load sweep, two
transient states were sampled, shown as purple bars in Figure
1a. The ﬁrst corresponds to the warm-up interval directly
following engine ignition (cold-start transient), and the second
refers to the engine acceleration from idle to 12% load. Steadystate and transient IVOC emission characteristics are described
separately in the following sections.
The loading and fractional composition of the IVOC
emissions are plotted in panels c and d of Figure 1. Each
IVOC measurement is background-subtracted and integrated
over the full desorption (i.e., with no volatility separation). Bulk
IVOC composition is displayed in terms of contributions by
each ion Δ series grouping, as described above. Despite changes
to the IVOC emissions across the load sweep shown in Figure
1, we do not observe signiﬁcant diﬀerences in the bulk IVOC
volatility proﬁle (Figure S3) as a function of engine load. This
may indicate that diﬀerent types of IVOCs emitted at diﬀerent
engine loads have similar volatility distributions. However, this
is more likely a result of the dependence of desorption
temperatures on IVOC concentrations. As engine load changes,
this eﬀect may shift the volatility measurement “window”,
possibly obscuring any changes to volatility distributions of the
emissions. Thus, the role of engine load on IVOC volatility is
diﬃcult to assess in the present experiments, and so here we
focus only the overall (volatility-averaged) IVOC emissions at
each engine power.
Panels c and d of Figure 1 show that the magnitude and
composition of the IVOC emissions are strongly dependent on
engine load. Emissions are highest at engine idle; as engine load
increases, total emissions decrease dramatically. Similarly,
emissions at low engine powers are dominated by relatively
saturated species (Δ = +2, 0, and −2), with the contributions of
unsaturated species (lower Δ series ions and “aromatic” ions)
increasing as engine load is increased. Figure 1 also reveals signs
of a hysteresis eﬀect on the magnitude of the IVOC emissions.
As the engine load is decreased from 75% to idle, IVOC
emissions are systematically lower (by up to a factor of 2) than
they were during the increasing load ramp. This may be the
result of improved combustion eﬃciency of the engine
following the high temperatures and fuel ﬂows necessary to
reach and maintain the 75% load condition but could also
reﬂect variable interactions (condensation and revolatilization)
of IVOC emissions with the surfaces of the dilution tunnel
itself. It is not possible to separate these two processes clearly;
therefore, one or both processes may be impacting the
measured IVOC emission proﬁle throughout the load-sweep.
We note that such potential interactions of IVOCs with
surfaces is not unique to the present experiments and instead is
likely to impact any emissions measurements in which dilution
and sampling surfaces are not actively heated. The response of

constant 4478 incorporates the CO2 emission index of 3160 g
CO2 per kg fuel, which assumes 100% combustion eﬃciency of
diesel fuel with a hydrogen-to-carbon ratio of 1.9.28,31 This
assumption of high combustion eﬃciency is likely valid because
THC and CO constitute <0.5% of the total carbon emissions
from this engine.
Δ Series Approach. The high-resolution mass spectra of
the measured IVOCs are exceedingly complex. For ease of
visualization and interpretation, mass spectra are described
using the Δ series approach.32 This approach combines ions
with similar functionality but diﬀerent number of CH2 groups,
with each Δ series grouping deﬁned by Δ = m/z − 14n + 1.
Electron impact spectra are dominated by even-numbered Δ
ions, most importantly the Δ = +2 series, associated with
saturated hydrocarbons (CxH2x+1+ ions from straight-chain and
branched alkanes). Lower Δ values are associated with higher
degrees of unsaturation in the parent organic molecule. Δ = 0
(CxH2x‑1) ions are typically associated with branched alkanes
and alkenes, Δ = −2 ions with cycloalkanes, Δ = −4 with
bicycloalkanes, and Δ = −6 with tricycloalkanes. Similar
approaches have been previously utilized for interpreting
aerosol mass spectrometer data of particulate matter from
chamber SOA33 and in-use mobile combustion sources;34,35
here, we extend its use for characterizing IVOC bulk
composition.
Because of the dominance of hydrocarbon species in the
engine exhaust, we categorize only the ions of formula CxHy+ as
Δ = +2, 0, −2, −4, and −6. Other ions are categorized as one of
three additional groups: “aromatic”, “oxidized”, or “remainder”.
The “aromatic” grouping is deﬁned as all ions with H/C ratios
of ≤1.2 (which are not included in the Δ = +2 to −6 series),
providing a rough metric of the contribution of aromatic ion
fragments to the mass spectra. Likewise, the “oxidized” ion
series includes all CxHyOz+ ions, providing information on the
contribution of oxygenated organic species. The “remainder”
series contains all other HR ions, which in this case are
predominately odd Δ series ions. 13C isotopes were not ﬁt in
the high resolution mass spectra and were therefore not
included in analysis.

■

RESULTS AND DISCUSSION
Overview of Measurements. Operating parameters and
emissions measurements from the cold-start/load-sweep experiment are shown in Figure 1. Engine operating parameters
(speed, load, and exhaust gas temperatures) are provided in
panels a and b, along with the CO2 concentration measured at
the IVOC inlet position. This concentration is used in the
calculation of the emission index of the measured IVOCs (eq
1). The time series in Figure 1 begins with a cold-start ignition
and a hold at engine idle (760 rpm, ∼ 0% load) to allow the
engine manifold and exhaust sampling surfaces to reach thermal
equilibrium. The engine load is then systematically increased,
ramping through a series of low-, intermediate-, and high-load
operating conditions, and is then stepped down across the same
load points, returning the system to idle. This experimental
design allows the semicontinuous measurements with the TDEIMS (1 min of sampling every ∼8 min) to capture and
characterize IVOC emissions for a range of engine operating
conditions.
IVOC emissions were measured for two general types of
operating conditions; transient and steady-state. Steady-state
conditions refer to IVOC collection intervals during which
engine and sampling system temperatures are constant.
13486
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have also been observed from heavy-duty direct-injection diesel
engines.36
The composition of the IVOCs also exhibits a major
dependence on engine load. At low loads (≤25%), approximately 75−80% of IVOC ion signal is from Δ = +2, 0, and −2
ions, indicating the composition is dominated by alkanes,
alkenes, and cycloalkanes. In fact, the Δ series composition of
the engine-idle IVOC emissions bears close resemblance to that
of unburned fuel (bottom left of Figure 2). This strongly
suggests that under idle conditions, unburned fuel components
may make up a large fraction of IVOC emissions, a result that is
consistent with previous studies.15,16 As load increases, the Δ =
+2 contributions decrease from >40% of the total IVOC signal
at idle to <10% of the signal at 75% power. The opposite trend
is observed for ions corresponding to highly unsaturated
species (Δ = −6 and aromatic ions), which together increase
from ∼5% at engine idle to more than 20% of the IVOC
emissions at 75% load. Similarly, the fractional contribution of
oxidized species to the total IVOC emissions is 6% at engine
idle but is as high as 16% at 75% load. Somewhat smaller
contributions from oxidized ions are observed at low-tointermediate loads; the reason for this nonmonotonic behavior
is not clear at present and highlights the need for further study
of oxygenated IVOC emissions.
The Δ series approach used here suggests that at low engine
loads, IVOC emissions are dominated by unburned fuel, with
other IVOC sources becoming dominant at higher loads. This
is illustrated in greater detail in Figure 3, which compares the
relative intensities of the high-resolution ions for unburned
ULSD fuel with exhaust IVOC at idle and at 75% load. The
high-resolution mass spectra for exhaust at idle and ULSD fuel
(Figure 3a) are highly correlated (R2 = 0.94), with major ions
(Δ = +2, 0, −2) falling on the 1:1 line, conﬁrming the strong
chemical similarity of these two mixtures. However, even at
engine idle, some diﬀerences are clear. Oxidized ions, most
notably with 3 or 5 carbon atoms (C5H5O+, C5H7O+, C5H9O+,
C3H7O3+, and C3H9O3+) are enhanced in engine-idle exhaust
relative to the unburned fuel. Such oxygenated IVOCs could
arise from the formation of long-chain (C10-C20) n-alkanoic
acids37 or ketone and aldehyde derivatives of poly aromatic
hydrocarbons (oxy-PAH)38,39 within the engine; however,
additional speciated measurements are necessary for deﬁnitive
source attribution. In addition, the engine-idle exhaust also
exhibits elevated contributions from a few select “aromatic”
ions, most importantly CH+, C6H+, C6H2+, and C7H3+,
indicating that the emissions are also enhanced in aromatic
character relative to the unburned fuel.
In contrast to the engine-idle IVOC emissions, the
composition of engine exhaust at 75% load is fundamentally
diﬀerent from unburned fuel (Figure 3b; R2 = 0.34). Under this
higher-load condition, the saturated aliphatic ions (Δ = +2 and
Δ = 0) are depleted relative to the mass spectrum of the
unburned fuel, and the strongly unsaturated ions (Δ = −4 and
Δ = −6) are greatly enhanced. Most dramatic are the
enhancements in aromatic and oxidized ions, indicating the
increased formation of aromatic and oxygenated IVOCs at the
higher temperatures and pressures of high-load engine
operation. Figure S5 shows the relationship between the
engine idle and 75% load IVOC mass spectra.
Figure 4 shows the contribution of unburned fuel to total
IVOC emissions for all engine-load conditions studied, as
estimated from spectral subtraction. In this approach, similar to
that used previously for studying the oxidative aging of diesel

measurements to preceding experimental conditions (engine
operating parameters and/or surface temperatures) thus
appears to play a role in recorded emission levels. Subtraction
of the “post-run” dynamic blank (captured with a residually
warm dilution-tunnel system), provides an initial correction for
any IVOC signal originating from sampling surfaces. Given the
near-real-time framework of the current experiment, it is also
important to recognize that changes in IVOC concentration are
assumed to be coincident (and instantaneous) with changes in
CO2 concentration.
Load-Dependent Steady-State IVOC Emission Indices.
The load dependence of the IVOC emissions are shown in
Figure 2. Given the IVOC hysteresis eﬀect described above, we

Figure 2. Steady-state composition and emission indices of IVOCs as
a function of engine load. Upper panel: absolute emission indices.
Lower panel: fractional composition of IVOC emissions, shown in
terms of the Δ series of the mass spectrum (see text for details). For
comparison, the fractional composition of unburned fuel is shown in
the lower left. IVOC data for the 50% load condition were obtained
from an additional load-sweep experiment, not shown in Figure 1. All
data shown are averaged over the duty cycle of the TD-EIMS (1 min
of collection every 8 min).

determine steady-state IVOC emissions factors by averaging the
data from the upward and downward load sweeps together,
presenting the averaged results as a function of engine load.
This averaging serves to at least partially compensate for any
dependence of measured IVOCs on the changing temperatures
of the dilution tunnel surfaces, as described above; diﬀerences
in the measurements at each load are small relative to changes
in averaged emission factors over the load sweep. Results show
that the average IVOC emission index decreases dramatically
with increased engine loading from a maximum of 220 mg kg−1
at engine idle to only ∼5 mg kg−1 at 75% load. This trend is
consistent with diﬀerences in combustion eﬃciency at diﬀerent
engine loads. Because the engine is optimized for high-load
conditions27 and is least eﬃcient at engine idle, IVOC
emissions (at least those that are directly related to fuel
combustion) are expected to decrease with increasing load. We
have observed a similar relationship between IVOC emissions
and engine load in our previous study of aircraft exhaust;28
similar load-dependent trends in POA and THC emissions
13487
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Figure 3. Mass-spectral comparison of fuel and IVOC exhaust measured at engine idle (panel a) and 75% load (panel b). Each ion is colored by its Δ
series attribution. Unburned fuel IVOC spectra are plotted along the x-axis; deviations from the 1:1 line indicate chemical diﬀerences between
emitted IVOCs and the pure fuel. Mass spectra from unburned fuel and engine idle exhaust IVOCs are chemically similar, while IVOC emissions at
75% power deviate substantially from the mass spectral composition of unburned fuel, with enhanced aromatic and oxidized ion signatures in the
exhaust.

Figure 4. Contribution of unburned fuel to IVOC emissions and properties of remaining (nonfuel) emissions as a function of engine load, as
determined from spectral subtraction; these fractions represent upper limits because other IVOC types may have similar mass spectra (see text).
Panel a: fuel fraction in the IVOC exhaust as a function of engine load. Panels b and c: elemental abundance and residual mass spectra of nonfuel
components for each load condition.

exhaust particles,40 the unburned fuel mass spectrum is scaled
by some factor and then subtracted from normalized exhaust
IVOC mass spectra. The scaling factor is determined
empirically at each load condition by ﬁnding the largest scaling
factor possible for which no peaks in the subtracted mass
spectrum are negative. This scaling factor is an upper limit to
the fraction of engine exhaust derived from unburned fuel
because other classes of organic species may have similar mass
spectra. The residual (subtracted) spectra then provide a basis

for assessing additional sources of IVOC (other than unburned
fuel) that arise from the diesel combustion process.
As shown in Figure 4, at low (0−17%) engine loads, ∼ 65%
of the IVOC ion signal is attributed to unburned fuel. The
unburned fuel fraction then drops with increasing engine power
and is only ∼25% of the IVOC emissions at 75% load. The
elemental composition of the residual mass spectra show a
coincident drop in the H:C ratio, from ∼1.9 at low loads to
∼1.2 at 75% load. This is consistent with the Δ series results
13488
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measurements, especially when sampling and inlet surfaces
are not actively heated. Understanding the inﬂuence of engine
manifold and exhaust sampling surface temperatures is crucially
important in IVOC emission-characterization studies, and
experiments that neglect such considerations risk underestimating IVOC emission levels.
In contrast to the relatively gradual changes in IVOC
emission index and composition observed during the cold-start
transient, the engine load-transient (from idle to 12% load) is
very short-lived. During this load-transient, the IVOC emission
index was ∼300 mg kg−1; this is substantially higher than the
steady-state IVOC emission index at either idle or 12% load
(220 and 95 mg kg−1, respectively). The Δ series composition
of the IVOCs measured during the idle-to-12% load transient is
very similar to the composition of the steady-state engine idle
IVOC composition, with spectral subtraction indicating an
∼70% contribution of unburned fuel to the measured IVOCs.
This transient pulse of enhanced IVOC emissions may arise
from the imperfect timing of fuel injection upon the initial
increase in load demand on the idling engine. If this eﬀect is
routine during changes in engine load, low-load transients
could be a major contributor to IVOC emissions.
Implications. Our results show that the amount and
chemical composition of diesel engine IVOC emissions are
highly dependent on engine load. The sources (unburned fuel
or lubricant subjected to thermocracking, pyrolysis, and/or
oxidation processes) and resultant impacts of the IVOC
emissions likewise change with engine operation. Generally
speaking, as engine load increases, IVOC emissions decrease
dramatically (by almost 2 orders of magnitude going from
engine idle to 75% load), and the chemical identity of the
IVOCs themselves shift from saturated aliphatic species to
more unsaturated and oxygenated species. The highest levels of
emissions, from engine-idle and low-engine-load (≤25%)
operation, arise mostly from unburned diesel fuel but also
with signiﬁcant contributions of nonfuel aliphatic species, which
may result from mild thermocracking of lubricating oil
constituents. The relative importance of lubricant-derived
IVOC emissions appears to increase with increasing engine
load. To understand the atmospheric implications of such loaddependent IVOC emissions, composition, and sources, the
study of SOA formation from diesel emissions at a single
operating state (most importantly engine power) would help
connect individual IVOC formation processes within the
engine to atmospheric PM formation. This work also
demonstrates that continued SOA laboratory studies utilizing
unburned (evaporated) diesel fuel could further inform the
impact of engine-idle and low-load IVOC emissions, providing
a means to assess how fuel reformulation may impact SOA
formation and, hence, local and regional air quality.
The average steady-state engine idle IVOC emission index
reported here is ∼220 mg kg−1. The magnitude of idle IVOC
emissions compares reasonably well with recent results from
Gordon et al., who reported an unspeciated NMOG emission
index of ∼140−160 mg kg−1 for the cold-start uniﬁed drive
cycle (using a medium-duty diesel engine similar to the system
used in this study). Neither engine system was equipped with
emission control technology, so both studies provide
information on the raw organic exhaust emissions. Despite
source similarities, it remains diﬃcult to directly compare the
steady-state emissions reported here with the cumulative testcycle-average emissions of Gordon et al., as the average
emissions will tend to obscure the dramatic variability in IVOC

indicating the increasing importance of aromatic emissions with
increasing load. The residual mass spectra (Figure 4c) show
that low-load residual spectra retain many of the saturated ion
signatures (Δ = +2, 0, −2). A possible source of these nonfuel
aliphatic IVOC are n-alkyl fragments resulting from mild
thermocracking (T = 250−400 °C) of lubricant molecules
making up the dewaxed distillate.41 At higher engine loads
(50% and 75%) the composition of the residual spectra begins
to shift toward lower Δ series ions with increasing degrees of
unsaturation, as well as increasing levels of oxidation. This
suggests the increasing importance of pyrolysis and partial
oxidation of fuel and/or lubricant at these high engine loads.
Our load-dependent composition results (Figures 2−4)
indicate that unburned fuel makes up the majority of IVOC
emissions at low loads but also that nonfuel aliphatic and
aromatic IVOC emissions, possibly arising from thermocracking, pyrolysis, or partial oxidation of fuel or lubricant molecules,
also constitute an important fraction of the IVOC emission
proﬁle. To our knowledge, these represent the ﬁrst measurements of the composition of diesel-exhaust IVOCs as a function
of engine load. Nonetheless, these results are in qualitative
agreement with previous IVOC composition measurements
made over entire drive cycles. Schauer et al. measured IVOC
emissions that were similar to IVOCs in pure diesel fuel15 but
with elevated levels of less-volatile PAHs and oxygenates (acids
and carbonyls) in the exhaust. Similarly, Siegl et al. found
evidence of enhancements in IVOC aromatics (such as 1,2methylnapthalenes) in light duty diesel exhaust relative to
unburned fuel.16 The present measurements are also in
agreement with our previous load-dependent measurements
of aircraft exhaust,28 which found that IVOC emissions at low
loads were dominated by unburned fuel, whereas emissions at
higher loads had increased aromatic and oxygenated character.
Transient Emissions. While the above discussion focuses
on steady-state emissions, in which the engine manifold (and
exhaust sampling surfaces) had reached near-thermal equilibrium with the exhaust gas, the time series of IVOC emission
trends displayed in Figure 1 also includes one cold-start
transient and one engine-load transient. The cold-start transient
period is characterized by dramatic changes in the amount and
chemical composition of IVOC emissions spanning the warmup period. Immediately following engine ignition, the IVOC
emission index is relatively small (∼28 mg kg−1) and
predominately composed of oxidized and aromatic ions. As
the engine, exhaust lines, and emissions-sampling system
gradually warm up (with dilute-exhaust temperatures rising
from 25 to 42 °C), the IVOC emission index increases by
nearly a factor of 10, reaching the steady-state IVOC emission
index of ∼220 mg kg−1. Over this ∼30 min interval, the
composition of the emitted IVOCs evolves from highly
unsaturated organic species to aliphatic species with a much
higher degree of saturation (characterized by high intensities of
Δ = +2, 0, and −2 ions, as in the steady-state idle emissions).
These results suggest that unheated engine-system and
exhaust-sampling surfaces can greatly impact measured IVOC
emission proﬁles, presumably due to condensational losses of
IVOCs (particularly the aliphatic species). Cold-start emissions
are generally thought to result in higher emissions due to the
warm-up time associated with emission-control technologies.42
However, for the untreated emissions sampled here, measured
emissions are actually signiﬁcantly lower because of losses to
exhaust transfer lines, dilution tunnel surfaces, and sampling
inlet walls. Such losses could lead to errors in IVOC
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emissions that results from diﬀerent engine loads. Gordon et al.
also report that diﬀerent drive-cycles result in signiﬁcant
changes in the emissions including a ﬁvefold increase in HDDV
NMOG emissions during a “creep and idle” cycle compared to
a standard highway cycle, underscoring the disproportionate
impact that low-load operating conditions can have on organic
(IVOC) emissions. Similarly, Zhao et al., (2015) also found
dramatically increased IVOC emissions under “creep-idle”
conditions, with emissions relative to those under Uniﬁed
Cycle conditions higher by a factor of 6× and 23× for nonECT and ECT vehicles, respectively.17 In the non-ECT case,
the “creep and idle” cycle resulted in IVOC emission factors of
∼4000 mg kg−1 signiﬁcantly higher than the IVOC emission
factors reported here; however, this value was for an HDDV
engine and so is not directly comparable with the present
results Nevertheless, these results (from the present study, that
of Gordon et al.,18 and that of Zhao et al.17 it is clear that
emissions during engine idle and low-load operating states
dominate the overall IVOC emissions from diesel combustion
engines.
The focus of this study was on steady-state IVOC emissions,
although two transients were captured. The two examples
provide context for future experiments targeting transient
IVOC emissions. Eﬀects of load (most often via cold-start)
transients are generally captured in drive-cycle tests, but
devising and implementing transient-speciﬁc approaches to
emissions-testing protocols will help quantify IVOC emission
indices and more accurately assess the SOA formation potential
of mobile sources. Such eﬀorts would complement steady-state
and cycle-average emissions characterization while also
providing future targets for emission reductions.
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