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Abstract: Landfill gas produces ozone precursors such as nitrogen oxides and formaldehyde when
combusted in flares or stationary engines. Solid waste landfills are also the third largest anthropogenic
source of methane in the United States. Methane is both a greenhouse gas and a tropospheric ozone
precursor. Despite its low photochemical reactivity, methane may noticeably affect urban ozone
if released in large quantities along with other organic compounds in landfill gas. A fine-scale
3D Eulerian chemical transport model was used to demonstrate that, under meteorological and
background chemical conditions conducive to high ozone concentrations, typical emissions of ozone
precursors from a single hypothetical landfill may result in persistent daytime additions to ozone of
over 1 part per billion (ppb) by volume tens of kilometers downwind. Large leaks of landfill gas can
enhance this ozone pollution by over a tenth of a ppb, and external sources of non-methane ozone
precursors may further exacerbate this impact. In addition, landfill gas combustion may increase
near-source exposure to toxic formaldehyde by well over half a ppb. In Southeast Michigan, the
combined influence of several landfills upwind of key monitoring sites may contribute significantly
to observed exceedances of the U.S. ozone standard.

Keywords: landfills; ozone; methane; formaldehyde; Non-Methane Organic Compounds; nitrogen
oxides; air quality

1. Introduction

Solid waste landfills are the third largest anthropogenic source of methane (CH4)
emissions in the United States [1]. Methane is a greenhouse gas with an atmospheric
lifetime of about 9 years [2]. It is also a global ozone (O3) precursor due to its ability to
alter the balance of tropospheric radicals. West and Fiore [3] suggested that a 17% decrease
in world emissions of methane may result in a 1 part per billion (ppb) by volume average
reduction in global tropospheric ozone.

While the U.S. Environmental Protection Agency (USEPA) does not classify methane as
a Volatile Organic Compound (VOC) due to its low photochemical reactivity [4], methane
may nevertheless contribute significantly to urban (as opposed to global background)
ozone if released in large quantities, especially if coincident with high-density emissions of
ozone precursors from mobile and stationary sources.

Large methane leaks are known to occur from underground natural gas pipelines.
Emissions from natural gas distribution and end use may in fact be 2–3 times larger
than predicted by existing inventory methodologies and industry reports [5], with older,
corrosion-prone distribution lines leaking ~25 times more methane than more modern
pipelines [6]. Phillips et al. [7] identified 3356 methane leaks in Boston from measured
ambient air concentrations exceeding up to 15 times the current global background level of
over 1.8 parts per million (ppm) by volume [8]. Recent studies suggest that landfills may
have releases of methane to the atmosphere comparable to defective natural gas pipelines.

When estimating emissions, there are two general classes of methods, often referred to
as “bottom-up” (i.e., based on emission factors and activity metrics) and “top-down” (i.e.,
based on ambient air measurements). “Bottom-up” estimates of methane emissions from
landfills are often obtained from the USEPA’s Landfill Gas Emissions Model (LandGEM) [9],
and are typically well below 1000 kg/h of CH4. The increasing availability of advanced
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optical methods such as cavity ring-down spectrometry (CRDS) has made it possible
to make much more revealing measurements of methane emissions in real time using
“top-down” analysis techniques.

The California Methane Survey [10] deployed airborne visible and infrared imaging
spectrometry to measure methane point sources (i.e., emissions from infrastructure ele-
ments or localized surface features) at 30 landfills and two composting facilities. These
32 sources collectively contributed about 43% to total point source emissions of methane
in California, indicating the presence of super-emitters among the surveyed facilities.
The strong methane plumes at some of the landfills may have been associated with gaps
in intermediate cover, delays in construction projects, and/or leaking gas capture wells.
Duren et al. [11] compared airborne measurements of methane emissions at six Califor-
nia landfills analyzed by with bottom-up estimates reported to the USEPA. They found
significant discrepancies between bottom-up and top-down estimates, especially for the
super-emitters releasing over 2000 kg/h of CH4.

Not all landfills manifest as large point sources of methane. A more recent study of
landfills conducted by California Polytechnic State University (CPSU) [12], based on both
aerial CRDS (16 sites) and synchronous ground-based static flux chamber measurements
(5 sites), found that methane emissions from small, medium, and large landfills varied from
−25 to 11 kg/h, 90 to 638 kg/h, and 602 to 3275 kg/h respectively. Estimated gas collection
efficiencies ranged from 23.2 to 91.4% from aerial data, 38.9 to 100% from ground data,
and 24.5 to 75.9% from LandGEM. The results of the CPSU study also indicated that Non-
Methane Organic Compounds (NMOCs), which include USEPA-delisted low-reactivity
organics other than methane, are a significant fraction of landfill gas.

Ozone precursors are also generated when landfill gas is combusted in flares or by
stationary engines used for gas-to-energy conversion. These precursors include nitrogen
oxides (NOx = NO + NO2) and the hazardous air pollutant (HAP), formaldehyde (HCHO),
as well as other organic species. Formaldehyde is especially important to ozone formation
as a radical precursor [13]; that is, it photolyzes to yield external HOx (= OH + HO2)
radicals that convert emitted NO to NO2, which is then converted to ozone by photolysis
and molecular collisions. This is opposed to most VOCs, which only yield a chain of
internal radicals upon reaction with already-available HOx. To use an analogy, HCHO and
other radical precursors (HONO, higher aldehydes, etc.) are the “matches” that light the
“flame” of ozone chain reactions involving NOx and VOCs.

Primary formaldehyde, that is HCHO directly emitted by industrial (and also natural)
sources, is unfortunately under-reported or even ignored in official emission inventories,
as the standard measurement technique for VOCs used in regulatory settings (flame
ionization detection) does not account for HCHO. Moreover, there exists a widespread
assumption that primary formaldehyde is dwarfed by secondary formaldehyde, that is,
HCHO chemically produced by organic reactions in the atmosphere [13,14]. In the case
of landfills, stationary engine stack tests conducted for permit applications in the State
of Michigan based on extractive Fourier Transform Infrared (FTIR) spectroscopy reveal
HCHO-to-CO molar ratios of the order of 10% or more. This is confirmed by engine stack
test data collected by the State of New Jersey [15], which has since 2018 required more
accurate measurement and reporting of primary formaldehyde from reciprocating internal
combustion engines by permitted industrial facilities [16].

Note that landfill gas combustion may be especially inefficient due to the presence of
organic silicon compounds (e.g., siloxanes) that form silicon dioxide when burned. Silicon
dioxide, commonly known as silica, is a solid at combustion gas temperatures. Silica
deposits often cause maintenance and operational problems in engines.

For flares, the HCHO-to-CO molar ratio is of the order of 5%, based on data collected
by Aerodyne Research, Inc. (Billerica, MA, USA) in 2010 at the John Zink experimental
facility in Oklahoma [17,18]. The combination of HCHO emissions from flares and engines,
as well as other combustion sources such as duct burners, may result in many landfills
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exceeding the major source threshold of 10 short tons per year (tpy) of a single HAP,
triggering the need for a U.S. Clean Air Act Title V permit.

Changes in landfill operation may trigger the need for another type of permit under
the New Source Review (NSR) provisions of the U.S. Clean Air Act. NSR permit decisions
for individual facilities in the State of Michigan consider whether the facility’s contribution
to ambient ozone averaged over 8 h is likely to exceed a Significant Impact Level (SIL) of
1 ppb, among other factors. This impact is typically gauged from reported facility emissions
and pre-computed ozone look-up tables for the region of interest [19].

The goal of this paper was to demonstrate that, under meteorological and background
chemical conditions conducive to high ozone concentrations, a single landfill facility may
persistently contribute over 1 ppb to ambient ozone above the urban background based
on typical emissions of ozone precursors. This was accomplished on the basis of explicit
simulation with a state-of-the-art microscale air quality model.

Note that Southeast Michigan (including metropolitan Detroit) is currently in non-
attainment of the U.S. National Ambient Air Quality Standard (NAAQS) for ozone (set
at 70 ppb averaged over 8 h), with recent design values (3-year average of the annual 4th
highest daily maximum 8 h ozone) exceeding the NAAQS at the Oak Park, East 7 Mile,
New Haven, and Port Huron monitoring stations run by the Michigan Department of
Environment, Great Lakes, and Energy (EGLE). Figure 1 shows the distribution of landfills
in Southeast Michigan and their spatial relationship to the monitoring network. Given that
ozone exceedances in the region typically occur when the wind blows from the southwest,
a plausible hypothesis is that Southeast Michigan landfills may have a combined impact
on ozone design values at downwind monitors approaching or exceeding 1 ppb. If this
hypothesis is true, then control of landfill emissions of methane, HCHO, and other ozone
precursors is a potentially important strategy for ozone attainment in Southeast Michigan.Atmosphere 2021, 12, x FOR PEER REVIEW 4 of 23 
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2. Methods
2.1. The MicroFACT Air Quality Model

The tool used in this study to demonstrate the potential ozone impacts of landfills
was a fine-scale (horizontal resolution below 1 km) 3D Eulerian air quality model known
as the Microscale Forward and Adjoint Chemical Transport (MicroFACT) model. The
current model version was designed to facilitate weight-of-evidence arguments in an ozone
attainment demonstration, a required component of a State Implementation Plan (SIP) in
many U.S. non-attainment areas. This version, henceforth referred to as MicroFACT_SIP,
can simulate entire urban airsheds, unlike the earlier MATLAB-encoded neighborhood-
scale, near-source air quality model of Olaguer [20–23].

The MicroFACT code takes advantage of the object-oriented features of the Python
language, including the ability to pass different algorithms from the same family as argu-
ments in subroutines. For example, MicroFACT has three different advection solvers for
users to choose: Piecewise Parabolic Method (PPM) [24], Bott [25], and Smolarkiewicz [26].
The numerical performance of the advection solvers was gauged by means of standard
rotating cone tests. Unless otherwise stated, PPM was used for horizontal advection, while
vertical advection was treated using the more economical Smolarkiewicz scheme.

The MicroFACT_SIP chemical mechanism includes 35 advected species, with 116 gas-
phase photochemical reactions [27–29], including some night-time chemistry. In addition,
heterogeneous reactions for the secondary production of nitric and nitrous acid on surfaces
are included [30,31], though they were not used in this study. MicroFACT_SIP includes
its own computationally efficient, semi-analytical solver based on the Euler Backward
Iterative (EBI) scheme of Hertel et al. [32]. Its relative simplicity enables the straightforward
evaluation of the chemical Jacobian matrix. The chemical adjoint resulting from this
Jacobian enables MicroFACT to serve as an inverse model for chemical source attribution
and emission source apportionment, although this feature was not used in this study.

Documentation of the MicroFACT_SIP chemical mechanism and solver is included in
the Supplementary Materials, together with a performance evaluation based on compari-
son of 36 h box model simulation results from MicroFACT to corresponding predictions
by the University of Leeds Master Chemical Mechanism (MCM) [33]. Note that the Mi-
croFACT_SIP chemical mechanism and solver were optimized for urban settings where
there is an abundance of fresh NOx from motor vehicles and industrial sources, unlike
more expanded lumped species mechanisms such as CB6 and its predecessors [34,35] that
are intended to simulate both urban and continental-scale ozone pollution. The limited
night-time chemistry of MicroFACT_SIP was mainly to facilitate model spin-up, as the
focus of simulation was the daytime evolution of atmospheric O3 and its precursors.

2.2. Model Domains and Resolution

The modeling demonstration in this study made use of two domains located in
Southeast Michigan at a nominal latitude of 42.6◦ (for the purpose of calculating daytime
photolysis rates), with the same hypothetical landfill placed near the southwest corner
of each domain. The first domain represents the near-source impacts of the hypothetical
facility and has a horizontal extent of 4 km × 4 km gridded at 200 m resolution. This
extent is equivalent in size to the typical smallest resolvable area of a coarse-grid regional
chemical transport model such as the USEPA Community Multi-scale Air Quality (CMAQ)
model [36]. The second domain represents the far-field impacts of the hypothetical facility
and has a horizontal extent of 30 km × 30 km gridded at 400 m resolution.

MicroFACT is designed to be paired with the Quick Industrial Complex (QUIC) urban
wind model [37] driven by 3D building shape files, and either sparse wind measurements
or output from coarser-grid regional meteorological models, such as the Weather Research
and Forecasting (WRF) model [38]. For this conceptual study QUIC was not used, since
urban morphology was ignored in both model domains, as was topography.

Note that while landfill topography is important in assessing near-source exposure to
fugitive emissions of landfill gas, the ozone impacts of such emissions are more likely to be
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important further downwind. Moreover, combustion activities in the hypothetical landfill
were assumed to take place on level ground downwind of any elevated terrain.

The two modeling grids have the same vertical extent above ground level of 1 km.
The temporal evolution of the atmospheric boundary layer height was ignored so that the
model top was also the top of the daytime boundary layer. In both grids, there are ten
vertical layers with increasing resolution ∆z toward the surface (∆z = 4.44 m at z = 0 m,
∆z = 260 m at z = 834 m).

The time period of the simulation was from noon to 3 P.M. local standard time (LST).
Steady meteorological conditions and constant emissions were assumed to prevail, so that
an approximately steady-state ozone plume emanated from the hypothetical landfill at the
end of the simulation. A time step of 20 s was used to maintain computational stability
according to the Courant-Friedrichs-Lewy criterion [39].

2.3. Meteorological and Chemical Assumptions

The meteorological parameters and chemical boundary conditions assumed for this
study represented 8 h averages for the nominal date of 29 June 2018 and time period from
10 A.M. to 6 P.M. LST. This was to avoid performing repeated computationally intensive
runs (baseline plus sensitivity experiments) spanning roughly half a (simulated) day
each, including model spin-up. Instead, the model endpoint at 3 P.M. LST approximately
simulated the mid-point of the 8 h period. The simulation results should then be roughly
representative of the 8 h ozone impacts of the hypothetical landfill.

A constant horizontal wind was assumed to prevail, with a wind speed of 4.45 m/s
derived from the magnitude of the vector-averaged 8 h wind at the Oak Park monitor
(42.463◦ latitude, −83.183◦ longitude), the location of the highest ozone design value in
the Southeast Michigan non-attainment area. The wind direction, however, was arbitrarily
set to the southwesterly direction (225◦) to allow for maximum plume range within the
model domains and to represent generally prevailing conditions during ozone exceedances
in the target region (note that the vector-averaged wind direction during the actual 8 h
period was 190◦). While a zero vertical wind speed was assumed, the model did allow for
vertical eddy diffusion, with a diffusivity profile as shown in Figure 2. The horizontal eddy
diffusivity, on the other hand, was set at 50 m2/s.
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Uniform surface temperature and pressure were assumed for both domains, with
the thermal lapse rate equal to the moist adiabatic value of 12 K/km. Relative humidity
was also held constant. MicroFACT input parameters were obtained by averaging hourly
data for a 4 km horizontal resolution run of CMAQ provided by the USEPA for the 8 h
period of interest on 29 June 2018 at a location in Southeast Michigan (42.537◦ latitude,
−83.190 longitude) slightly north of Oak Park, as shown in Table 1 for meteorological
parameters. Table 2 shows corresponding 8 h average surface concentrations of 35 species
derived from the same CMAQ run. These were used to specify uniform upwind boundary
conditions for the 35 advected species. Table 2 also shows dry deposition velocities assumed
for some of the species [40,41].

Table 1. Meteorological parameters for an 8-h time period on 29 June 2018. Average values of the
meteorological parameters over the 8-h period are bolded, along with the corresponding time span
to distinguish them from hourly values.

Time (LST) Pressure (Pa) Temperature (K) Relative Humidity

10:00 99,271 301.74 0.54027

11:00 99,235 303.13 0.47248

12:00 99,206 304.19 0.43763

13:00 99,174 304.84 0.41445

14:00 99,127 305.05 0.41848

15:00 99,081 305.03 0.43777

16:00 99,048 304.92 0.46994

17:00 99,027 304.66 0.49497

10:00–18:00 99,146 304.20 0.46075

Table 2. Chemical boundary conditions derived from CMAQ 8 h average concentrations for
10:00–18:00 LST on 29 June 2018 at a location slightly north of Oak Park.

Chemical Species Symbol Boundary
Condition (ppb)

Deposition
Velocity (cm/s)

Nitric Oxide NO 0.793

Nitrogen Dioxide NO2 3.56 0.36

Ozone O3 70.3 0.42

Nitrous Acid HONO 0.0576 1.9

Formaldehyde HCHO 2.84 0.54

Carbon Monoxide CO 260

Ethene C2H4 0.734

Propene 1 C3H6 0.313

1,3-Butadiene 1 C4H6 0.020

1-Butene 1 BUT1ENE 0.020

2-Butenes 2 BUT2ENE 0.075

Isobutene 1 IBUTENE 0.020

Isoprene ISOP 0.804

Toluene TOL 0.480

Xylenes XYL 0.255
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Table 2. Cont.

Chemical Species Symbol Boundary
Condition (ppb)

Deposition
Velocity (cm/s)

Organic Nitrates RNO3 0.701 0.32

Paraffinic Bond PAR 27.9

Acetaldehyde CH3CHO 1.09 0.2

Methacrolein + Methylvinylketone ISPD 0.508 0.2

Peroxyacetyl Nitrate PAN 0.785 0.27

Methane CH4 1904

Methanol MEOH 2.20 0.7

Ethanol ETOH 0.697 0.6

Nitric Acid HNO3 2.49 2.7

Terpenes TERP 0.0377

Ethane C2H6 1.58

Ketone Bond KET 5.42

Glyoxal GLY 0.165

Methyl Glyoxal MGLY 0.147 0.2

Unsaturated Aldehyde from ARD 3 OPEN 0.0234

Unsaturated Ketone from ARD 3 XOPN 0.0165

Cresol CRESOL 0.0191 0.2

Higher Aldehyde ALDX 0.596

Higher Peroxyacyl Nitrate PANX 0.290 0.4

NO3 + N2O5 NO3X 0.000696 2.7
1 CMAQ species OLE (terminal olefin) assigned primarily to propene, with minor concentrations assigned to
1-butene, isobutene, and 1,3-butadiene. 2 BUT2ENE concentration derived from CMAQ species IOLE (internal
olefin). 3 ARD = Aromatic Ring Decomposition.

The assumed boundary conditions, which also serve as uniform initial conditions,
represent the upwind influence of the most industrialized portion of Southeast Michigan
during a typical summer high ozone episode in a low NOx environment (away from
freeways or strong point sources). The modeling domains themselves have no emissions of
ozone precursors other than from the hypothetical landfill. This may underestimate the
far-field ozone impacts of individual landfills. For example, large methane leaks influence
the ozone production not only of co-located emissions, but also of other emissions that
contribute to downwind plume concentrations, such as those from mobile sources.

2.4. Hypothetical Landfill Emissions

Table 3 summarizes emissions of ozone precursors from incomplete combustion at
the hypothetical landfill. Emissions of NOx and CO were assigned based on typical
values reported by permitted facilities in Southeast Michigan for combustion sources. The
effective release height (including plume rise) for these emissions is 97 m. NO emissions
were assumed to be 90% of total NOx emissions, while emissions of HONO were computed
based on a HONO/NOx mass ratio of 0.8% [42]. Stack test data were used to assign
emissions of HCHO and VOCs from engines based on corresponding CO emissions. A 15%
HCHO-to-CO mass ratio (14% molar ratio) was first applied to engine emissions. Mass
ratios relative to HCHO were then used to assign emissions to two additional compounds:
ethene (2%) and methanol (0.5%). Flare emissions of formaldehyde were computed based
on a HCHO-to-CO molar ratio of 5%, while flare emissions of other VOCs were assigned
based on typical reported values and treated as propene emissions [21].



Atmosphere 2021, 12, 877 8 of 22

Table 3. Combustion emissions of ozone precursors (tpy) for a hypothetical landfill.

NO NO2 HONO HCHO CO C2H4 C3H6 MEOH

100.55 11.17 0.89 22.27 126.45 2.22 0.20 0.56

To represent large leaks of landfill gas, an emission rate of 3000 kg/h of CH4 was
assumed. Accompanying emissions of NMOC were computed based on a typical reported
NMOC/CH4 mass ratio of 0.44%. The NMOC emissions were then assigned to various
chemical species according to Table 4 based loosely on reported Michigan data. Note that
the bulk of NMOC emissions (86.9%) was assigned to paraffinic bonds (PAR).

Table 4. Mass percentages of NMOC fugitive emissions for a hypothetical landfill.

PAR C2H6 TOL XYL ETOH KET

86.9 7.76 4.54 0.37 0.36 0.07

3. Results
3.1. Model Scenarios

The ozone impacts of the hypothetical landfill are presented in the context of three
model scenarios for both the near-source and far-field domains. The first of these scenarios
was the Baseline simulation, in which no emissions were present within the model grids,
and the ozone generated during the three-hour (12:00–15:00 LST) simulation period was
solely due to the propagation of the uniform boundary conditions by a southwesterly wind
of 4.45 m/s. The second scenario was the Combustion Only simulation, in which landfill
combustion emissions were added to the Baseline scenario conditions according to Table 3.
The third scenario was the Fugitives + Combustion scenario, in which fugitive emissions of
3000 kg/h (=28,969 tpy) of CH4 and 13.2 kg/h (=127.5 tpy) of NMOC, the latter speciated
according to Table 4, were added to the Combustion Only scenario conditions.

3.2. Near-Source Simulation

Results are first presented for the near-source simulation. Figure 3 displays surface
concentration isopleths for ozone and key ozone precursors (NO, NO2, HCHO, CH4, and
PAR) at the end of the three-hour simulation period for the Baseline scenario.
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Figure 3. Near Source: Baseline Scenario.Final surface concentrations of (a) NO, (b) NO2, (c) O3,
(d) HCHO, (e) CH4, and (f) PAR at the end of the 3 h simulation in the Baseline scenario for the
4 km × 4 km domain.

Note that the downwind ozone concentrations were below the inflow level of 70.3 ppb
because of dry deposition within the model domain, as well as some titration of ozone
by incoming NOx. Downwind HCHO was increased above the inflow concentration of
2.84 ppb due to secondary formation by decomposing incoming organic species.

Figure 4 presents the end-of-simulation differences from the Baseline scenario due
to landfill combustion sources in the Combustion Only scenario. Landfill NOx emissions
increase the titration of ozone near the source, hence the negative contours in the ozone
isopleths in the vicinity of the NOx enhancements. Incomplete combustion also significantly
increases near-source formaldehyde exposure, with a peak enhancement of 0.68 ppb above
the baseline concentration.

Figure 5 presents the end-of-simulation differences from the Combustion Only scenario
due to the addition of fugitive emissions of methane and NMOC in the Fugitives + Combustion
scenario. Note that the additional reactivity introduced by fugitives was not enough
to overcome the effects of the combustion NOx titration of ozone near the source. The
maximum enhancements of methane and PAR above background due to landfill fugitives
were 22.6 ppm and 98.7 ppb respectively. The former value is comparable to urban methane
concentrations in the vicinity of leaking natural gas pipelines [7] and to some CRDS
measurements of ambient methane outside Michigan landfills during EGLE inspections.
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(d) HCHO, (e) CH4, and (f) PAR between the Combustion Only and Baseline scenarios at the end of
the 3-h simulation for the 4 km × 4 km domain.
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Figure 5. Near Source: Fugitives + Combustion − Combustion Only. Difference plots of (a) NO,
(b) NO2, (c) O3, (d) HCHO, (e) CH4, and (f) PAR between the Fugitives + Combustion and Combus-
tion Only scenarios at the end of the 3-h simulation for the 4 km × 4 km domain.
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3.3. Far-Field Simulation

Figure 6 displays surface concentration isopleths for ozone and key precursors for the
Baseline scenario, but for the larger 30 km × 30 km domain. In this scenario, the downwind
edge of the far-field domain surpassed the inflow ozone concentration due to longer-range
photochemical reactions, which also consumed NOx down to about a third of the boundary
conditions. Meanwhile, the far-field methane concentration decayed nearly to the global
background value with no interior sources in the domain. Formaldehyde peaked in the
interior of the far-field domain at 3.3 ppb due to secondary formation.

Figure 7 presents the additional ozone formed due to landfill combustion emissions
in the Combustion Only scenario over and above that in the Baseline scenario. Maximum
ozone enhancements were over 1 ppb over a broad segment of the downwind plume.

Figures 8 and 9 show the ozone and methane increments resulting from the addition
of landfill fugitive emissions of ozone precursors in the Fugitives + Combustion scenario.
Note that the methane increment exceeded 100 ppb all the way to the downwind edge of
the far-field domain. The ozone increment exceeded 0.1 ppb beginning at about 16 km
downwind of the hypothetical landfill and maximized at the domain edge.

The ozone increment of over 0.1 ppb due to landfill fugitive emissions is significant
considering that it was due to a single source only. Additional ozone would result from
landfill gas leaks if there were outside emissions of ozone precursors. Emissions from
mobile sources, for example, would tend to counteract the NOx-limited conditions assumed
in this study and attribute more importance to methane as a radical extender, as well as to
formaldehyde as a radical precursor. It is therefore plausible that the ozone increment of a
large leak of landfill gas in a real-life setting could be several tenths of a ppb, a significant
fraction of the ozone design value reductions needed to bring Southeast Michigan into
attainment of the U.S. federal ozone standard. This is in addition to the ozone increment of
around 1 ppb due solely to landfill combustion activities.
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4. Discussion

The boundary conditions and local emission scenarios assumed for these numerical
experiments guarantee that ambient ozone will be more sensitive to emissions of NOx
than to those of organic species, including methane. It is therefore not surprising that the
majority of downwind ozone attributable to the hypothetical landfill in this study was due
to combustion emissions, rather than fugitives.

Most landfills are located away from the urban core, that is, away from areas where
there are dense traffic emissions and industrial point sources at which large combustion
activities take place. The urban core is more likely to have areas that are radical-limited
(“VOC-limited” in traditional parlance) rather than NOx-limited, although the progression
towards cleaner motor vehicles may make this a less-frequent occurrence. Koplitz et al. [43]
used the higher-order direct decoupled method (HDDM) for sensitivity analysis within the
CAMx regional air quality model at 12 km horizontal resolution to examine ozone chemical
sensitivity in 49 ozone non-attainment areas across the United States. They found a trend
towards NOx-limitation in most areas of the country between 2007 and 2016, including
Southeast Michigan. However, the coarse spatial resolution they used in their modeling
study could not capture fine-scale features in emissions and/or meteorology, such as lake
breeze fronts.
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Land-lake breezes in the Great Lakes region were a prominent feature studied dur-
ing the Border Air Quality and Meteorology Study (BAQS-MET) [44] and the 2015 Pan
American Games in Toronto [45]. Using a 2.5 km horizontal resolution version of the
combined Global Environmental Multi-scale (GEM) and Modeling Air Quality and Chem-
istry (MACH) modeling system (GEM-MACH), Stroud et al. [45] discovered that the most
efficient ozone production tends to occur in the updraft region of lake breeze fronts where
NOx emissions are diluted. More recent high-resolution GEM-MACH simulations indicate
that inland frontal boundaries create a region of high ozone in Southeast Michigan which
tends to be radical-limited rather than NOx-limited [46]. Some of the landfills shown in
Figure 1 are precisely in this region. This would enhance the impact of landfill emissions of
formaldehyde and unburned landfill gas on downwind ozone.

Analyses of stationary source formaldehyde emissions by the State of New Jersey in
2017 indicated that 64% of these state-wide emissions were from the combustion of landfill
gas [15]. In this study, a hypothetical landfill’s combustion activities enhanced ambient
formaldehyde near the source by up to 0.68 ppb. To put this enhancement in context, the
2019 maximum annual mean concentration of HCHO in Detroit measured using the DNPH
cartridge technique was 3.4 µg/m3 or 2.7 ppb [47], which is similar to the background
concentration assumed in this study for a single day in summer. In the autumn of 2018
through the summer of 2019, Liu et al. [48] conducted DNPH cartridge measurements
of carbonyls in Taiyuan, China where the coking and steel industries have a significant
presence. They found an annual mean HCHO concentration in ambient air of 7.7 µg/m3

or 6.3 ppb. Thus, even in a heavily industrialized setting, a single landfill facility may
be responsible for a significant fraction of total formaldehyde exposure near the source,
assuming that its combustion activities are steady on an annual basis.

As for fugitive emissions from landfills, the amount and speciation of NMOCs in
landfill gas, as well as the volume and frequency of methane leaks in Southeast Michigan,
are not yet fully understood. One particular class of NMOCs is Volatile Chemical Prod-
ucts (VCPs), which are typically solvents or other VOCs used in industrial processes as
well as in everyday items, such as personal care products, general cleaners, architectural
coatings, pesticides, adhesives, and printing inks. Emissions of VCPs may be significantly
underestimated in official inventories [49,50], and this may include emissions from landfills.
As of this writing, a major air quality field study known as the Michigan-Ontario Ozone
Source Experiment (MOOSE) is being conducted in Southeast Michigan to better measure
emissions of methane, formaldehyde, and VCPs from landfills and other sources using
advanced real-time monitoring and remote sensing technologies [51].

5. Summary and Conclusions

Prior to this study, landfills had yet to be scrutinized in detail regarding their impacts
on ambient ozone stemming from combustion activities and leaks of landfill gas, the organic
emissions of which are likely underestimated. A state-of-the-art, fine-scale 3D Eulerian
chemical transport model was used to demonstrate that emissions of ozone precursors
from a single hypothetical landfill under NOx-limited conditions typical of areas outside
the urban core may result in persistent daytime additions to ozone of over 1 ppb (the SIL
used as an ozone threshold in NSR permit evaluation by the State of Michigan) tens of
kilometers downwind during a high ozone episode. Large leaks of landfill gas can enhance
this ozone pollution by over a tenth of a ppb, and external sources of non-methane ozone
precursors may further increase this impact. In addition, landfill gas combustion may
increase near-source exposure to toxic formaldehyde by well over half a ppb.

In Southeast Michigan, the combined influence of several landfills upwind of key
monitoring sites may contribute significantly to observed exceedances of the U.S. ozone
standard, given the southwesterly flow that often accompanies these exceedances. Control
of landfill emissions of methane, formaldehyde, and other ozone precursors is thus a
potentially important strategy for ozone attainment in Southeast Michigan.
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To counteract the ozone impacts of landfills, enhanced control of NOx and primary
formaldehyde emissions from landfill stationary engines may be required. One caveat
is that control strategies that increase temperature or excess air to prevent formaldehyde
generation may increase NOx emissions. Control options include lean-burn engines,
afterburners, catalytic oxidizers, and pre-combustion cleanup of siloxane gases to achieve
more complete combustion. Greater attention is also needed to the quantification of fugitive
methane and accompanying NMOC emissions using advanced techniques, such as drone-
mounted sensors. This will help better identify appropriate leak mitigation measures,
examples of which are improved landfill cover and gas recovery systems.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/atmos12070877/s1, Documentation of the MicroFACT_SIP chemical mechanism. Table S1:
Sample molar assignments to surrogate species. Table S2: Chemical abbreviations. Table S3: Mi-
croFACT_SIP chemical mechanism reactions. Table S4: Daytime chemical production and loss
coefficients of long-lived species. Table S5: Chemical Jacobian terms (daytime only). Table S6: Night-
time chemical production and loss coefficients of long-lived species. Table S7: Initial conditions for
box model run. Table S8: Box model run parameters. Figure S1: NO concentrations predicted by
MicroFACT_SIP (solid line) versus MCMv3.3.1 (dashed line) for the box model experiment. Figure S2:
Same as in Figure S1, but for NO2. Figure S3: Same as in Figure S1, but for O3. Figure S4: Same as
in Figure S1, but for HONO. Figure S5: Same as in Figure S1, but for HCHO. Figure S6: Same as in
Figure S1, but for HNO3.
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