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1. Correction of Chemical Measurements Based on Depth of Probe in Stack 

Engine exhaust flows are bidirectional, meaning that air is sequentially exhausted from the stack, then 

pulled back into the stack, then exhausted again, as the engine cycles (Nakamura et al., 2005), though 

the net flow of exhaust is out of the stack.  This behavior leads to the entrainment of ambient air into 

the exhaust stack.  Thus, probes that pull gas samples from the stack must be inserted far enough to 

avoid contamination from ambient air.  We performed tests of the influence of probe depth on five 

engines (Figure S1).  For the figure, we normalized the average concentrations of CO, NO, CO2, and the 

inverse of O2 at each sampling depth.  We found that depths of less than about 1 m resulted in 

contamination from ambient air.  The majority of stacks we encountered were long enough for us to 

insert our sample probes to depths of 1 m or more.  In some cases, stacks were as short as 0.3 m or 

mufflers impeded probe entry even though the stack was 1 m or longer.  We used the results shown in 

the figure to derive a polynomial regression equation and used that equation to correct chemical 

measurements collected at less than 1 m.   

 
Figure S1. Relative recovery of inorganic compounds versus depth of sampling probe in the stack.  Colors 
indicate measurements from individual engines.  Open black circles represent averages.  The dotted line is the 
regression curve used to correct measurements collected from probes less than 1 m within the stack. 

2. Additional Information about Flow Measurement Quality 

The pitot tube should be inserted perpendicular to the exhaust flow, with one of the holes to measure 

differential pressure facing the flow direction, and the other facing against the flow direction.  We were 
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inconsistent in orientation of the pitot tube at the beginning of the campaign.  Orientation impacted 

flow rates by as much as 44%.  We corrected pitot tube flow measurements for orientation when 

needed. 

As another way of checking our data, we compared our measured volumetric flow rates of engine 

exhaust against the flow rate calculated by multiplying the rotations per minute (RPMs) of the engine by 

the displacement volume of its cylinder(s).  Calculation of the flow rate from RPMs and displacement 

volume is admittedly coarse, especially since our measurement method for RPMs was to count the 

rotation aurally.  It did provide a way of assuring that our measured flow rates were within a reasonable 

range, however.  Figure S2 shows that the two methods agreed to within a few m3 min-1 in most cases.   

 
Figure S2. Measured volumetric flow rate of engine exhaust versus the flow rate calculated from RPMs and 
engine cylinder displacement volumes. 

 
Table S1. List of organic compounds analyzed for this project. Compound group and analytical method are also 
shown for each compound.

Compound Compound Group Analytical method 

Methane Methane LGR analyzer 

Ethane Alkane GC-MS 

Ethylene Alkene GC-MS 

Propane Alkane GC-MS 

Propylene Alkene GC-MS 

Isobutane Alkane GC-MS 
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Compound Compound Group Analytical method 

n-Butane Alkane GC-MS 

Acetylene Alkyne GC-MS 

Trans-2-butene Alkene GC-MS 

1-Butene Alkene GC-MS 

Cis-2-butene Alkene GC-MS 

Isopentane Alkene GC-MS 

N-Pentane Alkane GC-MS 

Trans-2-pentene Alkene GC-MS 

1-Pentene Alkene GC-MS 

Cis-2-pentene Alkene GC-MS 

2,2-Dimethylbutane Alkane GC-MS 

Cyclopentane Alkane GC-MS 

2,3-Dimethylbutane Alkane GC-MS 

2-Methylpentane Alkane GC-MS 

3-Methylpentane Alkane GC-MS 

Isoprene Alkene GC-MS 

1-Hexene Alkene GC-MS 

n-Hexane Alkane GC-MS 

Methylcyclopentane Alkane GC-MS 

2,4-Dimethylpentane Alkane GC-MS 

Benzene Aromatic GC-MS 

Cyclohexane Alkane GC-MS 

2-Methylhexane Alkane GC-MS 

2,3-Dimethylpentane Alkane GC-MS 

3-Methylhexane Alkane GC-MS 

2,2,4-Trimethylpentane Alkane GC-MS 

n-Heptane Alkane GC-MS 

Methylcyclohexane Alkane GC-MS 

2,3,4-Trimethylpentane Alkane GC-MS 

Toluene Aromatic GC-MS 

2-Methylheptane Alkane GC-MS 

3-Methylheptane Alkane GC-MS 

n-Octane Alkane GC-MS 
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Compound Compound Group Analytical method 

Ethylbenzene Aromatic GC-MS 

m/p-Xylene Aromatic GC-MS 

Styrene Alkene GC-MS 

o-Xylene Aromatic GC-MS 

n-Nonane Alkane GC-MS 

Isopropylbenzene Aromatic GC-MS 

n-Propylbenzene Aromatic GC-MS 

1-Ethyl-3-methylbenzene Aromatic GC-MS 

1-Ethyl-4-methylbenzene Aromatic GC-MS 

1,3,5-Trimethylbenzene Aromatic GC-MS 

1-Ethyl-2-methylbenzene Aromatic GC-MS 

1,2,4-Trimethylbenzene Aromatic GC-MS 

n-Decane Alkane GC-MS 

1,2,3-Trimethylbenzene Aromatic GC-MS 

1,3-Diethylbenzene Aromatic GC-MS 

1,4-Diethylbenzene Aromatic GC-MS 

Methanol Alcohol GC-MS 

Ethanol Alcohol GC-MS 

Isopropanol Alcohol GC-MS 

Formaldehyde Carbonyl HPLC 

Acetaldehyde Carbonyl HPLC 

Acrolein Carbonyl HPLC 

Acetone Carbonyl HPLC 

Propionaldehyde Carbonyl HPLC 

Crotonaldehyde Carbonyl HPLC 

Butyraldehyde Carbonyl HPLC 

Methacrolein Carbonyl HPLC 

2-Butanone Carbonyl HPLC 

Benzaldehyde Carbonyl HPLC 

Valeraldehyde Carbonyl HPLC 

Tolualdehyde Carbonyl HPLC 

Hexaldehyde Carbonyl HPLC 
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3. Matrix Spikes 

3.1. Hydrocarbon Matrix Spikes 

We used a compressed natural gas standard (72% methane) to perform matrix spikes of hydrocarbons 

on the sampling system.  We injected the gas standard into the sampling inlet at a known rate through a 

stainless steel tee, and we collected canister samples normally.  We also collected samples directly from 

the standard cylinder to verify the composition of gas in the cylinder.  We performed these tests during 

regular engine exhaust sampling in the field and while sampling ambient air at the USU laboratory.  The 

results in Figure S3 show the recovery of compounds in the matrix spike samples.   

In the figure, 100% recovery means that the total amount of all hydrocarbons measured with our 

emissions measurement system during matrix spikes was 100% of what we expected to measure, as 

calculated from the known composition of the natural gas standard and the flow rate of the standard 

into the system, and as corrected for concentrations of each compound in samples collected under the 

same conditions but without natural gas standard added. Values in the figure greater than 100% mean 

that we measured more hydrocarbons than expected during matrix spikes, and values less than 100% 

mean the opposite. 

 
Figure S3. Recovery of hydrocarbons by the emissions measurement system.  n = 2 for the USU campus results 
and the engine exhaust results.  Whiskers show 95% confidence intervals calculated from results for individual 
NMHC compounds.Carbonyl Matrix Spikes 

We used Dynacal permeation tubes containing formaldehyde and propionaldehyde in a Model 120 

Dynacalibrator to perform matrix spike tests of carbonyls on the emissions measurement system.  We 
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connected the calibrator output to the inlet of the sampling line with a stainless steel tee and collected 

DNPH samples normally.  We also attached DNPH cartridges directly to the Dynacalibrator output line 

for comparison against the matrix spike results.  The results in Figure S4 show the percent recovery of 

formaldehyde and acetaldehyde passed through the entire sampling system compared to the amount 

collected directly from the output line.   

We performed these tests in ambient air at the USU campus.  We attempted to perform identical tests 

in the field while we measured emissions from an engine as we did for hydrocarbons in the previous 

section, but the pulsating pressure of the exhaust interfered with the flow of gas from the calibrator, 

leading to erratic measured flows.   

 
Figure S4. Recovery of carbonyls by the emissions measurement system when operated at the USU campus (n = 
3).  Whiskers show 95% confidence intervals. 

 

4. Comparison Against Existing Concentration Data 

We obtained emissions test results from a company for two Ajax E42 engines, one Ajax E565, and one 

Arrow L795.  These measurements were collected by a consulting company using protocols specified in 

EPA 40 CFR 60 (CFR, 2021).  They measured emissions from each of the engines four times, with the fuel 

valve in a different position each time.  We compared concentrations of pollutants measured in the 

consulting company’s dataset to those in our dataset.  We only used data from this study that were 

within the range of O2 measurements from the consultant dataset in the comparison.  The results of this 

comparison are in Table S3. 
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Regulatory protocol measurements (including those used in this comparison) use flame ionization 

detection (FID) to determine hydrocarbon concentrations, and the instruments are calibrated with 

propane.  FID detectors are sensitive to the number of carbons in a compound, so 1 ppm of propane 

(with three carbons per molecule) results in about three times the signal as 1 ppm of methane (with one 

carbon per molecule).  Thus, the methane component of the instrument signal can be expected to be 

under-counted by three times.  The consultant dataset we used reported total hydrocarbons (THC) and 

non-methane hydrocarbons (NMHC).  To calculate methane concentrations equivalent to our 

measurements, we multiplied THC and NMHC by three, and then we subtracted NMHC from THC.  To 

compare our measurements against NMHC data from the consultant dataset, we multiplied our 

compound-specific hydrocarbon values by the number of carbons in each compound and divided those 

values by three. 

Table S2. Comparison of gas concentrations measured in engine exhaust in this study against those measured by 
a consulting company following EPA regulatory protocols.  Data from this study that fall outside the range of 
O2% in the consultant dataset are excluded.  Values in parentheses are lower and upper 95% confidence limits.

Gas USU average Consultant dataset 
average 

P-value of t-test to 
determine difference 

NOX (ppm) 66.3 (30.1, 140.3) 88.6 (54.8, 185.0) 0.56 
CO (ppm) 4441 (2216, 8142) 1387 (728, 2331) 0.06 
Methane (ppm) 18150 (14408, 22572) 16210 (13812, 18526) 0.43 
NMHC (as propane; ppm) 2397 (1890, 3014) 1209 (1015, 1445) <0.01 

 
Table S3 shows statistically similar values for the two datasets for NOX, CO, and methane, but higher 

values for NMHC.  CO is higher in the USU dataset, but not significantly, using α = 0.05.  Differences in 

methodology may account for the NMHC difference.  On the other hand, the consultant dataset only 

comprises four engines, and a larger comparison may yield different results. 

5. NO-NO2 Ratio 

Figure S5 shows the 1. NO-NO2 ratio relative to total NOx in exhaust gas. 
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Figure S5. Ratio of the concentration of NO to NO2 versus the NOX concentration in the exhaust gas.  Both axes 
are in log scale. 

6. Indirect Estimate of Engine Temperature 

Stack exit temperature and stack length were inversely related (r2 = 0.49 for exponential regression).  

We used this relationship to determine the temperature residual for the stack exit temperature of each 

engine by subtracting the actual temperature from the expected temperature.  We assumed this 

temperature residual to be a relative estimate of engine temperature.  Engines with a high stack exit 

temperature residual likely burned hotter than those with a low residual.  Figure S7 shows a weak 

positive relationship of residual stack temperature with NOX and fuel slip (r2 = 0.10 for both).  These 

relationships likely occurred because hotter engine temperatures allowed more NOX formation and 

more complete combustion.  The relationships are probably weak because of unaccounted-for 

influences from stack design, ambient temperature, engine type, and other variables.  We also averaged 

fuel slip and NOX values in 50°C bins, such that all the data points that had stack temperature residuals 

between 50 and 100°C were averaged together, and so forth.  Not surprisingly, binned average 

combustion completeness and NOX were better correlated with temperature residuals. 
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Figure S6. Fuel slip and NOX versus stack exit temperature residuals.  Small dots show values from individual 
measurements, and large circles are averages for 50°C bins. 

 

7. Impact of Season on Emissions 

We found few meaningful differences across seasons for emissions from a subset of five engines 

measured in May 2021 and January 2022.  Figure S7 shows average emissions in both seasons for the 

five engines.  Ambient temperature for the engines in May averaged 20.1°C, compared to 1.8°C in 

January.  Of all the engine parameters measured, the only statistically significant difference between the 

seasons was emissions of methanol, which were 78 (69, 85)% lower during winter.  We don’t know why 

methanol emissions were lower during winter. 
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Figure S7. Average emissions from five engines measured in May 2021 and January 2022.  Whiskers represent 
95% confidence intervals for total emissions. 
 

8. Composition of fuel and exhaust gases 

Table S3. Composition of organic compounds in fuel and exhaust gas and the difference in composition between 
the two.  All values are averages, with lower and upper 95% confidence limits shown in parentheses.  Carbonyl 
composition in fuel gas was estimated from measurements by Wilson et al. (2020). Only measurements from 
two-stroke engines are included.    

Fuel gas (weight %) Exhaust gas (weight %) Difference (%) 
Methane 76.3 (72.9, 80.8) 64.2 (60.1, 67.3) -14.5 (-19.9, -10.6) 
Alkanes 22.0 (17.2, 25.7) 23.0 (20.3, 25.6) 6.51 (-4.45, 18.9) 
Alkenes+acetylene 0.025 (0.010, 0.071) 2.03 (1.47, 2.95) 20272 (12048, 36456) 
Aromatics 0.384 (0.260, 0.572) 0.310 (0.206, 0.474) 28.8 (-11.5, 95.0) 
Carbonyls 0.004 (estimated) 6.84 (4.53, 11.2) 170469 (108190, 279006) 
Alcohols 1.32 (0.731, 2.31) 2.74 (1.57, 5.80) 138 (24.4, 435) 
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9. Organic Compound Composition 

 
Figure S8. Average hydrocarbon composition of fuel and exhaust gases by carbon number in each compound.  
SPECIATE profile 1001 is a composition profile for natural gas-fueled pumpjack engines in the EPA’s SPECIATE 
database (EPA, 2020).  Only measurements from two-stroke engines are included. 

 
Figure S9. Average carbonyl composition of fuel and exhaust gases.  SPECIATE profile 1001 is a composition 
profile for natural gas-fueled pumpjack engines in the EPA’s SPECIATE database (EPA, 2020).  Only 
measurements from two-stroke engines are included.  The leftmost bar shows carbonyls in raw natural gas in 
the Uinta Basin as determined by Wilson et al. (2020). 
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Figure S10. Average alcohol composition of fuel and exhaust gases.  SPECIATE profile 1001 is a composition 
profile for natural gas-fueled pumpjack engines in the EPA’s SPECIATE database (EPA, 2020).  Only 
measurements from two-stroke engines are included. 
 

10. Differences Among Engine Types 

 
Figure S11. Average equivalence ratio, NOX concentrations, and percent fuel slip for each type of engine 
measured in this study.  Black bars show the average equivalence ratio, and grey whiskers show the 95% 
confidence interval of the equivalence ratio.  The purple and blue lines show NOX and fuel slip, respectively, for 
each engine type.Comparisons with Emissions Inventories and Other Data 
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Figure S12. Histogram of measured and inventoried formaldehyde emissions from natural gas-fueled engines.  Y-
axes show the frequency of occurrence for each emission rate bin. 
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Figure S13. Histogram of 
measured and inventoried CO emissions from natural gas-fueled engines.  Y-axes show the frequency of 
occurrence for each emission rate bin. 

 
Figure S14. Box and whisker plot of the ratio of ppm CH4 to ppm CO2 and ppb CO to ppm CO2.  Results from this 
study are from mixing ratios in exhaust gas samples.  Results from Pétron et al. (2020) are regression slopes of 
measured mixing ratios in ambient air downwind of well pads with pumpjack engines.  X’s show means and 
circles show outliers, which are values more than 1.5 times the interquartile range.   

Table S4. Total emissions of NOX and VOC in the 2017 Utah Oil and Gas Emissions Inventory, and percentages of 
emissions by source category.  Original indicates the original inventory, and Adjusted indicates the inventory 
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after it was updated using the results of this study.  The category “Engines” includes all engines in the inventory.  
Only emissions from pumpjack engines were adjusted.   

NOX VOC  
Original Adjusted Original Adjusted 

Total (tons yr-1) 12284 8049 102728 119351 
Dehydrators 0% 0% 4.4% 3.8% 
Fugitives 0% 0% 17.8% 15.3% 
Pneumatics 0% 0% 16.6% 14.3% 
Engines 58.7% 37.0% 1.7% 15.4% 
Separators and heaters 21.7% 33.2% 0.1% 0.1% 
Tanks 0% 0% 27.2% 23.4% 
Combustors 0.3% 0.5% 0% 0% 
Truck loading 0% 0% 1.1% 1.0% 
Well completions 6.0% 9.2% 0.5% 0.4% 
Waste Disposal 0.0% 0.0% 24.8% 21.3% 
Other 13.2% 20.1% 5.8% 5.0% 
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