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Abstract

Biogas consisting primarily of methane (CH4) and carbon dioxide (CO2) can be upgraded to a 

transportation fuel referred to as renewable natural gas (RNG) by removing CO2 and other 

impurities. RNG has energy content comparable to fossil compressed natural gas (CNG) but with 

lower life-cycle greenhouse gas (GHG) emissions. In this study, a light-duty cargo van was tested 

with CNG and two RNG blends on a chassis dynamometer in order to compare the toxicity of the 

resulting exhaust. Tests for reactive oxygen species (ROS), biomarker expressions (CYP1A1, IL8, 

COX-2), and mutagenicity (Ames) show that RNG exhaust has toxicity that is comparable or 

lower than CNG exhaust. Statistical analysis reveals associations between toxicity and tailpipe 

emissions of benzene, dibenzofuran, and dihydroperoxide dimethyl hexane (the last identification 

is considered tentative/uncertain). Further gas-phase toxicity may be associated with tailpipe 

emissions of formaldehyde, dimethyl sulfide, propene, and methyl ketene. CNG exhaust contained 

higher concentrations of these potentially toxic chemical constituents than RNG exhaust in all of 

the current tests. Photochemical aging of the vehicle exhaust did not alter these trends. These 

preliminary results suggest that RNG adoption may be a useful strategy to reduce the carbon 

intensity of transportation fuels without increasing the toxicity of the vehicle exhaust.

Graphical Abstract

Keywords

Biomethane; CNG; RNG; Vehicle emissions; Toxicity

1. INTRODUCTION

Biogas produced from anaerobic digestion of organic waste is a useful renewable fuel that 

has lower lifecycle greenhouse gas (GHG) emissions than fossil fuels.1,2 Raw biogas is 

typically only used for heat and power generation at the local production site because it has a 
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low methane (CH4) content (50%–75%) and high carbon dioxide (CO2) share (25%–50%). 

Upgraded biogas that removes CO2 and other trace chemicals (hydrogen sulfide, 

halocarbons, siloxanes) can be used as a replacement fuel for traditional fossil natural gas in 

most applications. In California, biogas that has been upgraded to more than 89% methane3 

can be used as a transportation fuel commonly referred to as renewable natural gas (RNG) 

that can help reduce “well-to-wheels” GHG emissions by more than 50%4 compared to 

fossil compressed natural gas (CNG).

A careful analysis of potential environmental and human health impacts should be 

conducted before widespread adoption of any new fuel, including RNG. Subramanian et al.5 

compared RNG and CNG vehicle emissions, finding slightly lower fuel economy and higher 

emissions of carbon monoxide (CO), hydrocarbons (HCs), and oxides of nitrogen (NOx) 

emissions from a RNG vehicle. Lim et al.6 found that total hydrocarbons (THCs) in vehicle 

exhaust increase with increasing fuel CH4 content, while exhaust polycyclic aromatic 

hydrocarbons (PAHs) and NOx increase with increasing concentration of higher 

hydrocarbons (ethane, propane) in the fuel. The relationship between fuel and exhaust 

composition has also been studied by modifying CNG composition.7–11 Exhaust HCs were 

found to be correlated with fuel composition, and exhaust NOX, CO, and PM were related to 

the technology used in the vehicle engine and exhaust control system. A few previous 

studies also measured CNG vehicle exhaust toxicity with bacterial mutagenicity tests and 

concluded that PM-induced toxicity response can be attributed to lubricating oil emissions 

and nitro-PAHs in the exhaust.12–15 No previous study has examined exhaust toxicity from 

RNG-fueled vehicles.

In this study, exhaust emissions from a light-duty cargo van operating on commercial CNG 

and two RNG blends was analyzed for regulated compounds (CO2, CO, NOx, N2O, CH4, 

HCs), particulate matter (PM), and a variety of unregulated compounds (alcohols, aldehydes, 

ketone, organic acids, aromatics). Exhaust was photochemically aged in a smog chamber to 

understand how chemical properties would evolve in the atmosphere. Exhaust toxicity was 

characterized with three different bioassays, and the pollutant contributions to toxicity were 

evaluated with elastic net regression combined with predictions from a mutagenicity model 

(VEGA-QSAR). Results from this study help inform scientists and regulators about the 

potential air quality and public health impacts of widespread adoption of RNG as a 

transportation fuel.

2. METHODS

2.1. RNG Sample Collection and Analysis.

RNG was collected from three different biogas facilities (two food waste digesters and one 

dairy waste digester) using a mobile membrane separation unit (model HL-X1, Helee Inc., 

Hayward, CA) as described in previous studies.16,17 RNG was compressed to 3600 psi in 61 

L cylinders (CNG Cylinders International, Oxnard, CA) using a natural gas compressor 

designed for refueling CNG vehicles (PHILL Compressor, BRC Fuel Maker Corporation; 

Cherasco, Italy). Each cylinder required ~10 h to fill using the small compressor, and 2–3 

cylinders were filled at each site depending on the availability of RNG. The collected gas 

therefore represents the average composition of RNG over 2–3 days.
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The fuel cylinder in the test vehicle maintained a minimum gas pressure of 1000 psi during 

normal operation. This resulted in fuel blending when the tank was refilled (~1/3 old fuel 

and ~2/3 new fuel). Note that fuel blending would frequently occur in real-world practice 

when vehicles switch between different CNG and RNG fueling stations depending on 

location. Table 1 lists the chemical compositions of the three different gaseous fuel blends 

tested in the current study. The first was commercial CNG from a commercial filling station 

(3528 E Foothill Blvd, Pasadena, CA). The second, named RNG1, was a mixture of 27.8% 

CNG and 72.2% RNG from a food waste digester. The third, named RNG2, was a mixture 

of 7.7% CNG, 33.5% RNG from dairy waste, 34.4% RNG from a food waste digester, and 

24.4% RNG from a second food digester. Tables S6–S8 in the Supporting Information also 

list the chemical composition of each biomethane stream.

2.2. Vehicle Exhaust Collection and Chemical Analysis.

Motor vehicle exhaust tests were performed at the California Air Resources Board (CARB) 

Haagen-Smit Laboratory located in El Monte, CA. The lab is equipped with a 48-in. (1.2 m) 

single-roll electric chassis dynamometer for light-duty vehicles, a constant volume sampler 

(CVS, AVL CVS i60 medium-duty) operating at 22.3 m3·min−1, and an exhaust sampling 

system that meets certification requirements defined by 40 CFR 86. A 2015 Chevrolet 

Express 2500 cargo van designed to run on CNG was used for all emissions tests. This 

vehicle had a sequential fuel injection (SFI) system and a heated oxygen sensor (HO2S) 

three way catalytic converter (TWC). No modifications were made to the vehicle when 

fueled with RNG. The standard California unified cycle (UC cycle) was selected as the 

driving schedule for all tests. The UC cycle consists of three phases: a “cold start” phase 

(Phase I: 300 s), a “stabilized phase” (Phase II: 1135 s), a “hot soak” period where the 

engine is off (600 s), and a final “hot start” phase (Phase III: 300 s, a repeat of phase I). A 

speed-time trace for the UC cycle is presented in Figure S1. The test vehicle was driven at a 

constant speed of 80 km·hr−1 for 5 min, and then stored in a room at a controlled 

temperature of 25 °C for 14 h prior to each cold-start test. Two tests were conducted for each 

fuel over a total of 6 days in the order of CNG, RNG1, and RNG2.

The concentrations of regulated gaseous constituents (CO, CO2, NOX, N2O, CH4, THC) 

were measured with a HORIBA MEXA-ONE motor exhaust gas analyzer platform 

(HORIBA, Ltd.). Diluted exhaust from each phase of the driving cycle was drawn at 

constant flow rate from the CVS tunnel into a Tedlar bag. Each phase-averaged bag was 

analyzed separately at the end of the driving cycle. Fourier-transform infrared spectroscopy 

(FTIR, AVL, SESAM 4) was used to measure a variety of gaseous species (CO2, CO, NOx, 

NH3, SO2, small HCs) from the undiluted tailpipe exhaust. The FTIR measured at 1 Hz with 

a flow rate of 13 LPM through a heated (191 °C) sampling line to avoid interference from 

condensing water. A PTR-MS (Ionicon PTR-TOF 8000) measured a variety of volatile 

organic compounds (m/z 1~500) from the CVS tunnel at a rate of 1 Hz. A further sample gas 

dilution of 1:4 was applied for all of the tests to optimize the linear signal response range for 

the current condition. Limits of detection (LODs) were calculated as the average value of the 

background (measured before or after each test) plus 3 times the standard deviation. The 

LODs, listed in Tables S1 and S2, vary from 0.36 to 4.05 ppm for FTIR measurements and 

0.5–38 ppb for PTR-MS measurements. An EEPS (TSI Model 3090) measured particles 
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with diameters between 6.4 and 523 nm from the CVS tunnel at a rate of 1 Hz. Exhaust from 

CVS was also collected with XAD-2 sorbent tubes (8 mm × 110 mm 400 mg/200 mg, SKC, 

Inc.) at a flow rate of 1 L min−1 throughout the UC cycle. The XAD-2 tubes were analyzed 

for semivolatile organic compounds (SVOCs) using an Agilent 7890B gas chromatograph 

followed by a 7200B quadrupole-time-of-flight mass spectrometer (GC-QTOF-MS). Details 

of the sorbent tube analysis are provided in the Supporting Information.

2.3. Vehicle Exhaust Toxicological analysis.

2.3.1. ROS Assay.—The macrophage reactive oxygen species (ROS) assay measures the 

ROS-generating capacity of exhaust PM samples collected on Teflon filters (47 mm, pore 

size 2 μm) and extracted in water. PM samples were collected at a flow rate of 61 LPM from 

the diluted CVS tunnel while the engine was running (1735 s total). Exhaust from two cold-

start driving cycles with the same fuel were combined onto the same filter to collect 

sufficient material for analysis (a similar approach was used for all toxicity tests). Filters 

were sealed in cassettes and sent to the Wisconsin State Laboratory of Hygiene for ROS 

analysis, following the method described in previous studies.18–20 Results are reported as an 

increase of fluorescence in treated samples relative to untreated controls. Further details are 

provided in the Supporting Information, and a summary of PM mass collected for different 

toxicity assays is presented in Figure S9.

2.3.2. Mutagenicity Assay.—The microsuspension modification of the Salmonella/

microsome (Ames) assay described in previous studies21,22 was used to measure the 

mutagenicity of exhaust PM. Samples were drawn at a flow rate of 225 LPM from the 

diluted CVS tunnel through 1 in. (2.54 cm) insulated stainless-steel tubing to a 90 mm 

precleaned Teflon filter (Zefluor, Pall, Ann Arbor, MI., 2 um pore size) in a stainless-steel 

filter holder. Filters were stored at −20 °C until shipment to the University of California, 

Davis, where they were extracted using pressurized dichloromethane (Burdick and Jackson 

GC grade) at 2000 psi and 100 °C. The extracts were then dried and redissolved in dimethyl 

sulfoxide (DMSO) for testing. Further details are provided in the Supporting Information.

2.3.3. Biomarker Assay.—The expression of in vitro pro-inflammatory markers 

induced by exhaust PM was measured in human U937 macrophage cells (American Tissue 

Culture Collection, Manassas, VA) following the methods described in a previous study.23 

Extracts were in dimethyl sulfoxide (DMSO). Measured biomarkers included Cytochrome 

P450 monooxygenase (CYP1A1) which is a marker for PAHs, Interleukin 8 (IL-8) which is 

a marker for inflammation, and Cyclooxygenase (COX-2) which is a key enzyme for 

production of prostaglandins mediating pain and inflammation. Further details are provided 

in the Supporting Information.

2.3.4. Elastic Net Regression.—Elastic net regression24 was used to find relationships 

between the measured chemical features and toxicity responses. Toxicity data and chemical 

data (emission factors or mass spec peak area count) were log2 transformed, and chemical 

data was further cyclic loess normalized. The linear combination of chemical features that 

was most predictive of log2 transformed toxicity response was then identified by the elastic 

net regression. Positive coefficients were returned for each toxicity end point, with the larger 
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coefficients interpreted as a stronger association. A detailed description of the method is 

provided in the Supporting Information.

2.3.5. VEGA-QSAR Mutagenicity Model.—The VEGA-QSAR (quantitative structure 

activity relationship) model can be used to link chemical structures described by molecular 

descriptors to toxicity.25 The mutagenicity (Ames test) of gas-phase species in the current 

study was predicted on a scale of 0–1 using the CONSENSUS model, v1.0.3. The 

concentrations of all gas-phase compounds quantified with PTR-MS were multiplied by 

their predicted mutagenicity score so that aggregate gas-phase mutagenicity totals could be 

calculated for each fuel (CNG, RNG1, or RNG2).

2.4. Photochemical Aging of Exhaust.

Photochemical aging experiments were conducted in a 5.5 m3 Teflon chamber (0.051 mm 

NORTON FEP fluoropolymer film) equipped with UV light panels (50 W·m−2). The Teflon 

reaction chamber was flushed three times before each test with air that was precleaned using 

granulated activated carbon to remove background gases followed by a high efficiency 

particulate air (HEPA) filter to remove PM. Dark aging tests started by filling the reaction 

chamber to 33% capacity with precleaned air, followed by injecting freshly diluted exhaust 

from the CVS tunnel through a 0.5 in. (1.27 cm) insulated stainless steel transfer line at a 

constant flow rate of 60 LPM over the entire UC cycle while the engine was running (1735 

s). The reaction chamber was then quickly filled to 100% capacity with precleaned air, 

yielding a well-mixed system. The reaction chamber was aged for 3 h to represent a typical 

photochemical cycle, while concentration changes were recorded by the PTR-MS that 

sampled at a flow rate of 0.05 LPM. The light aging tests followed the same experimental 

protocol except that 100 L of VOC surrogate gas (1.125 ± 0.022 ppmv m-xylene and 3.29 ± 

0.07 ppmv n-hexane in air, Scott Marrin, Inc.) was injected into the chamber immediately 

after injecting the exhaust, creating a final VOC concentration of 90 ppbv. Hydroxyl radical 

concentrations during the light aging tests were calculated to be 5–6 × 106 molecules·cm−3 

based on the decay rate of the m-xylene. The final ozone concentrations at the end of the 3 h 

experiment were measured to be 110–125 ppb.

3. RESULTS AND DISCUSSION

3.1. Fuel Composition.

Table 1 summarizes the concentrations of major and trace components in different fuels as 

well as basic fuel properties such as higher heating value (HHV) and stoichiometric air-fuel 

(A/F) ratio. Trace compound concentrations in each fuel are summarized in Tables S3–S5. 

CNG had the lowest CH4 concentration but much higher ethane and propane concentration 

compared to the RNGs. RNG1 had more ethane and propane than RNG2 but similar CH4 

due to blending. Hence, the overall heating value and stoichiometric A/F ratio ranked CNG 

> RNG1 > RNG2. CO2 increased as more RNG was blended into the fuel (CNG < RNG1 < 

RNG2) due to residual CO2 in the RNG even after upgrading.
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3.2. Exhaust Composition.

3.2.1. Gas-Phase Pollutant Emissions.

3.2.1.1. Regulated Pollutants and Fuel Economy.: Emission factors for regulated 

pollutants and fuel economies measured during the cold-start UC cycle are displayed in 

Figure S2, while the pollutant concentrations measured as a function of time by FTIR during 

the cold start period (first 150 s) are presented in Figure S3. The fuel economy of the test 

vehicle was highest when using CNG (2.87 miles·m−3) with reduced fuel economy 

measured for RNG1 (−3.1%) and RNG2 (−4.9%). CO2 emissions factors were inversely 

correlated with fuel economy, with the lowest values measured when using CNG (682 g·mile
−1) and slightly higher values measured for RNG1 (+1.2%) and RNG2 (+5.0%). Emissions 

of CO and total hydrocarbons (HCs) were +59% and +72% higher when using RNG2 

relative to CNG, respectively, while emissions of nitrogen compounds (NOX, N2O, NH3) 

were not strongly related to fuel composition. Further details of regulated pollutant 

emissions are provided in the Supporting Information.

3.2.1.2. Unregulated Gaseous Pollutants.: Figure 1(a–x) presents the emission factors of 

various VOCs and SVOCs measured by PTR-MS. For CNG and RNG1, only one set of 

measurements was considered valid and reported. CVS tunnel background concentrations 

were monitored before each test, and the averaged background values (bkg) were reported as 

part of the test measurements. Background (equivalent) emission factors account for the 

majority of the measured concentrations for many compounds, emphasizing the low 

emissions from both CNG and RNG combustion. The tunnel background concentrations 

observed in the current study are similar to those reported in previous studies.12,26 More 

advanced measurement techniques, improved exhaust-sampling protocols, and new system 

designs will be required to measure low levels of tailpipe emissions in future vehicle tests 

involving clean fuels. In the present study, tailpipe emissions above background were 

detected by the PTR-MS in at least one test phase for formaldehyde, methanol, ethanol, 

propanol, dimethyl sulfide, propene, butene, methyl ketene, and benzene.

Figure 1a–d shows the emission factors for one aldehyde (formaldehyde) and three alcohols 

(methanol, ethanol, and propanol) that were emitted above background concentrations. 

These compounds are formed from the oxidation reactions in the combustion chamber, in 

the exhaust system, and on the surface of the three-way catalytic converter (TWC).27–29 

Studies have shown that the emission of these oxygenated compounds are primarily affected 

by the details of the combustion system with less impact from fuel composition especially 

for the smaller compounds (C1, C2—alcohols, aldehydes, ketones, acids), which can be 

formed through multiple reaction pathways. Important factors include the equivalent A/F 

ratio, exhaust oxygen and HC levels, and exhaust temperature and residence time. Zervas et 

al.30,31 reported that emissions of small alcohols peaked at λ = 1 (stoichiometric 

conditions). Also, organic acid emissions increased when λ > 1 (lean burn conditions), and 

CO emissions increased when λ < 1 (rich burn conditions). Therefore, the observed different 

emissions rates for oxygenated HCs between CNG and RNGs as shown in Figure 1(a–d) are 

likely affected by the different combustion conditions, indirectly linking to fuel H/C ratios.
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Emission factors for benzene (the only aromatic compound above background in the PTR-

MS data) are presented in Figure 1(u). Benzene emissions from the different fuels were 

similar, with slightly higher emissions from vehicles fueled with CNG compared to RNG. 

Benzene emission factors measured in the current study are also similar in magnitude to 

those measured from previous tests on CNG and RNG vehicles.6,32 Figure 1(k) shows that 

emissions of dimethyl sulfide (DMS) were higher in Phase 3 (hot catalyst) vs Phase 1 (cold 

catalyst). Previous studies have shown that sulfides can form on the surface of the hot 

catalyst with excess unburned fuel.33 Emissions of propene (Figure 1(m)) and butene 

(Figure 1(n)) were similar when using CNG and RNG. Butene was emitted across all phases 

of the UC cycle, while propene was emitted mainly during the cold start (Phase 1).

Alignment of the nontarget GC-QTOF-MS data across different tests isolated 826 molecular 

features having similar retention indexes and primary mass spectral features. After applying 

filters to remove features with a maximum abundance in the samples less than five times the 

average tunnel blank and features with average signal-to-noise ratios below 10, a total of 74 

features remained. Of these, 42 compounds were tentatively identified against the NIST17 

mass spectral database, producing combined spectral similarity and retention index match 

scores above 800. A full list of these 42 compound abundances in the tailpipe exhaust is 

available in Table S10. A subset of 17/42 compounds were on our target list and are 

considered to be confirmed identifications including a number of substituted benzenes, 

substituted phenols, and polycyclic aromatic hydrocarbons. The remaining compounds are a 

diverse set that includes cycloalkanes (e.g., cyclohexane, 1-ethyl-1-methyl-), aldehydes/

ketones (e.g., 3-furaldehyde), and heterocyclic aromatics (e.g,. 2-methylquinoline and 1,2-

benzoisothiazole).

3.2.2. Particulate Matter Emissions.—Figure 2 presents ultrafine particle mass and 

number emission factors from the overall UC cycle. Tailpipe particulate matter number 

emissions were more than an order of magnitude higher than background concentrations. 

The CNG tests emitted a lower particle count but higher particle mass than the RNG tests, 

possibly because the CNG contained higher concentrations of C2 and C3 alkanes (ethane, 

propane) enhancing PM precursor formation.6,9 PM precursors nucleate to form 

nanoparticles that grow and ultimately serve as condensation sites for lubricating oil that 

enters the combustion chamber. Multiple studies have shown that engine lubricating oil is a 

significant source of vehicle PM emissions9,34–36 and that the level of oil emission, although 

not directly related to fuel composition, is closely related to the air/fuel ratio and combustion 

chamber temperature.37 The higher heating value of the CNG may therefore influence the 

PM trends measured in the current study.

3.3. Atmospheric Aging of Exhaust.

Dilution and photochemical reactions will change the properties of the exhaust over time in 

the atmosphere. Figure S6 shows the time evolution of xylene and ethenone concentrations 

measured after dilution in a photochemical aging chamber using PTR-MS. Concentrations 

for both of these compounds were stable in 3 h dark aging tests (Figure S6(a, c)), but xylene 

injected at the beginning of the test was consumed while ethenone was formed during 

photochemical reactions in 3 h light aging tests (Figure S6(b, d)). Figure 3 presents final 
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concentrations of different chemical compounds measured at the end of 3 h aging 

experiments across multiple fuels. Butene concentrations were only slightly lower in light 

aging tests relative to dark tests, likely because butene is an intermediate breakdown product 

from surrogate VOC (hexane and xylene) reactions. The rest of the compounds summarized 

in Figure 3 were all oxygenated and increased in light aging tests. Most importantly in the 

context of the current study, engine exhaust from CNG and RNG behaved similarly during 

photochemical aging, suggesting similar atmospheric reaction pathways and products.

3.4. Exhaust Toxicity.

Figure 4(a–c) shows toxicity induced by engine exhaust PM measured using different 

bioassays. Figure 4(a) shows that the reactive oxygen species (ROS) present in the water-

soluble portion of the PM is significantly higher in CNG exhaust compared to the exhaust 

from RNGs even when accounting for the variability of the three replicate analyses. Figure 

4(b) shows the levels of biomarker expression (CYP1A1, IL-8, and COX-2, respectively) as 

fold-increased emissions above blank levels in U937 human macrophages. PM from CNG 

exhaust induced the highest biomarker signal followed by RNG1 and RNG2. The significant 

enhancement of ROS as well as higher level of pro-inflammation biomarkers from CNG 

exhaust were consistent with the higher PM mass emissions factor from CNG exhaust. 

Lubricating oil emissions have been reported to be strongly associated with ROS activity.38 

In contrast, the mutagenicity of CNG and RNG exhaust was similar (same order of 

magnitude), as shown in Figure 4(c). The mutagenicity measured in the CVS tunnel 

background was several orders of magnitude lower than the samples.

PM toxicity may be influenced by semivolatile chemical constituents that partition from the 

gas phase to the particle phase. The sorbent tubes used for the GC-QTOF-MS analysis in the 

current study capture gas-phase constituents and some fraction of the particle-phase 

constituents. These GC-QTOF-MS measurements complement the PTR-MS measurements 

discussed in the previous section. Elastic net regression was used to study the relationship 

between toxicity responses and chemical constituents measured by GC-QTOF-MS and PTR-

MS (Figure 5). A total of 22 features with positive coefficients were selected by the 

regularized linear regression out of a list of 107 constituents. Chemical compounds that were 

strongly correlated with various toxicity responses include a subset of the small carbonyls 

(C1, C2—aldehydes, ketene) and many of the aromatic compounds. Naphthalene was 

measured with both PTR-MS and GC-QTOF-MS but in different units. Elastic net 

regression returned similar coefficients for the parallel naphthalene measurements, building 

confidence in the robustness of the results. Note that some of the significant chemical 

components identified in the elastic net regression analysis (including naphthalene) are 

primarily derived from the test background conditions (Figure 1).

Figure 6 summarizes all of the chemical components associated with toxicity in the current 

study using either emissions factor (μg·mile−1) or emissions peak area depending on the 

measurement technique. Background concentrations (hatched patterns in Figure 6) account 

for the majority of the concentration for many of the species identified as toxicologically 

significant by elastic net regression. The background concentrations for the GC-QTOF-MS 

measurements were characterized with a single blank test, and so, the threshold for 
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significant tailpipe emissions was interpreted conservatively as three times the background 

level for these constituents. On the basis of the data in Figure 6, the primary tailpipe 

emissions associated with toxicity in the vehicle exhaust include benzene, dibenzofuran, and 

dihydroperoxide dimethyl hexane (the last identification is considered tentative/uncertain). 

In all cases, RNG tailpipe emissions of these potentially toxic compounds are lower than in 

CNG tailpipe emissions.

Elastic net regression was not able to detect associations between gas-phase chemical 

constituents and mutagenicity outcomes in the current study. The aggregated mutagenicity of 

the gas-phase exhaust was therefore calculated using the consensus Ames score from the 

VEGA-QSAR model for each tested fuel (Figure 7). The chemical constituents emitting 

above background levels in at least one phase of testing (Figure 1) that made the greatest 

contribution to gas-phase mutagenicity included formaldehyde, dimethyl sulfide, propene, 

and methyl ketene. Formaldehyde accounted for more than half of the aggregated exhaust 

mutagenic score for all of the fuels due to its abundance and toxicity. Gas-phase CNG 

exhaust had a higher aggregate mutagenic score compared to gas-phase RNG exhaust.

4. IMPLICATIONS

The results of the current study indicate that the toxicity of the exhaust from motor vehicles 

powered by RNG is less than or equal to the toxicity of the exhaust from vehicles powered 

by CNG. Photochemical aging of the exhaust had the same effect for CNG and RNG and 

therefore is not expected to alter this conclusion. Multiple studies show that modern CNG 

engines equipped with three-way catalysts (TWCs) operating under stoichiometric 

conditions emit far less pollution than older engines powered by CNG or diesel with a lean 

burn and oxidation catalyst (or even no aftertreatment). The corresponding toxicity of the 

exhaust from modern CNG engines is orders of magnitude lower than the toxicity of exhaust 

from older engines.12,15,26,39 The widespread adoption of modern engines powered by RNG 

in the transportation sector to replace existing CNG or diesel engines should therefore yield 

reduced toxicity. Future studies should expand the testing to include a greater number of 

RNG fuels, more repetitions of the driving cycle, a broader range of medium-duty and 

heavy-duty vehicles, and an expanded suite of toxicology tests to confirm that the results 

from this preliminary study can be extended to the entire motor vehicle fleet.

Multiple studies have explored the technological and economic aspects of biogas upgrading 

under different biomethane production and utilization scenarios. The results indicate that the 

economic uncertainties in biogas production are substantial. Most studies agree that the scale 

of the biogas production plant, type of feedstock, and availability of tax incentives/subsidies 

are the most important economic factors.40–44 Despite this economic uncertainty, the 

adoption of RNG to replace fossil fuels in the transportation sector appears to be a worthy 

policy goal since this fuel switch has the potential to further decarbonize energy production, 

yielding long-term climate benefits that complement the potential immediate public health 

benefits associated with reduced toxicity.
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Figure 1. 
(a–x) Emission factors (mg·mile−1) of different pollutants for the averaged cold-start UC 

cycle as well as different phases of the cycle. Error bar represents standard deviation of the 

tunnel background measurement.
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Figure 2. 
UC cycle-averaged emission factor of ultrafine particle (PM0.1): (a) mass (μg·mile−1) and (b) 

number (#·mile−1) from the tested vehicle running on different fuels. The height of the bars 

represents the average value of total PM mass or number emission factor calculated from 

EEPS measurement (only including 6.4–93.1 nm) of the duplicate tests on the same fuel. 

Error bars represent the min and max values from the duplicate tests on the same fuel.

Li et al. Page 15

Environ Sci Technol. Author manuscript; available in PMC 2021 July 16.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Figure 3. 
Concentration (ppb) of selected compounds measured from chamber after 3 h of aging under 

either a dark or light condition.
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Figure 4. 
Toxicity of vehicle exhaust running on different fuels: (a) reactive oxygen species (ROS) 

measured with macrophage assay (error bars represent the standard deviation resulting from 

three replicate analysis of the same sample), (b) pro-inflammatory biomarker expression 

measured in human U937 macrophage cells (CYP1A1 is divided by 10 and plotted), and (c) 

mutagenicity measured with a microsuspension modification of the Salmonella/microsome 

(AMES) assay.
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Figure 5. 
Summary of elastic net regression results on the linear coefficients between chemical 

features and toxicity responses.
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Figure 6. 
Abundance of selected chemical compounds that had a nonzero coefficient associated with 

toxicity responses (units in ug·mile−1 for PTR-MS measurements and peak area for XAD + 

GC-QTOF-MS measurements). Background signals shown for PTR-MS were measured 

before each test with error bars representing standard deviations of the background 

measurements. Background signals shown for GC-QTOF-MS were measured with a 

dedicated tunnel blank sorbent tube sample.
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Figure 7. 
Mutagenic score calculated based on gas-phase concentration measured by PTR-MS and 

AMES test consensus score given by the VEGA-QSAR model.
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