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Interest in hydrogen (H2) fuels is growing, with industry planning to produce it with stranded or excess energy from renewable sources in the future. Natural gas (NG) utility companies are now taking action to blend H2 into their preexisting pipelines to reduce greenhouse gas (GHG) emissions from burning NG. Stoichiometric (“rich burn”) NG engines that operate on pipeline NG and will receive blended fuel as more gas utilities expand H2 production. These engines are typically chosen for their low emissions owing to the 3-way catalyst control, so the focus of this paper is on the change in emissions like carbon monoxide (CO) and nitrogen oxides (NOx) as the fuel is blended with up to 30% H2 by volume. The Caterpillar CG137-8 natural gas engine used for testing was originally designed for industrial gas compression applications and is a good representative for most “rich burn” engines used across industry for applications such as power generation, gas compression, and water pumping. A significant greenhouse gas (GHG) emissions reduction is observed as more H2 is added to the fuel. Increasing H2 in the fuel changes combustion behavior in the cylinder, resulting in faster ignition and higher cylinder pressures, which increase engine-out NOx emissions. Post-catalyst CO and NOx both decrease slightly with increasing H2 while operating at the optimal “air-fuel” equivalence ratio (λ). A “rich burn” engine with 3-way catalyst can tolerate up to 30% H2 (by vol.) while still meeting NOx and CO emissions limits. However, at elevated levels of H2, increased engine-out NOx emissions narrow the λ range of operation. As H2 is added to NG pipelines, some “rich burn” engine systems may require larger catalysts or more precise λ control to accommodate the increased NOx production associated with a H2-NG blend. Sudden step-increases in H2 cause dramatic changes in λ, resulting in large emissions of post-catalyst NOx during the transition. Comparable changes in H2 at elevated concentrations cause larger spikes in NOx than at lower concentrations. Better tuned engine controllers respond more quickly and produce less NOx during H2 step-transitions.
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1 INTRODUCTION
Spark ignited stoichiometric (“rich burn”) natural gas engines with 3-way catalysts are known for having low emissions of nitrogen oxides (NOx), carbon monoxide (CO), and unburned hydrocarbons (THCs). These engines only achieve their superior emissions performance by operating in a narrow range of “air-fuel” equivalence ratios (λ or “lambda”) for the 3-way catalyst to reduce NOx and CO emissions. The goal of this research is to observe the changes in emissions as hydrogen gas (H2) is blended into the natural gas (NG) fuel supply of a rich burn engine set.
Interest in H2 fuel blending is rising as a solution to substitute hydrocarbon fuel and thus reduce carbon emissions. The US Department of Energy is funding many initiatives working towards this goal, with $9.5 billion dollars set aside for clean H2 initiatives in a new infrastructure law released in 2022 (DOE, 2022). Hydrogen blending in natural gas pipelines is being explored as a way to transport H2 fuel on a large scale. The US department of Energy’s Hyblend initiative was created to provide up to $15 million dollars in funding toward this goal (HyBlend, 2023).
Southern California Gas, a Sempra company and the largest natural gas distribution utility in the US has stated their mission to reach net zero greenhouse gas emissions by the year 2045 (Climate Commitment to Net Zero 2045, 2021). In 2020 they set up an H2 blending demonstration program to verify the integrity of distribution systems with the goal of blending up to 20% H2 into pipeline natural gas (Petrizzo, 2020). The purpose of this research project was to assess the impact on emissions from “rich burn” engine sets with 3-way catalysts when blending H2 with natural gas.
Stoichiometric engines, also called “rich burn” engines, operate with a ratio of air to fuel that is stoichiometrically balanced to consume all reactants. These engines typically operate with 3-way catalysts in the exhaust stream to reduce emissions of nitrogen oxides (NOx), carbon monoxide (CO), and unburned hydrocarbons (HCs). Stoichiometric engines with catalysts are very common in the automotive industry, where the catalyst is typically referred to as a “catalytic converter” (Kirkpatrick, 2021); however, these systems are relatively new in the industrial natural gas sector. The designation “rich burn” is often used for stoichiometric industrial natural gas engines because the optimal λ value is slightly rich of stoichiometric compared to automotive gasoline engines with 3-way catalysts.
The 3-way catalysts used with rich burn engines are very effective at reducing emissions of NOx and CO to incredibly low levels, making rich burn engine-sets an excellent choice for minimal emissions (Einewall et al., 2005). These engine systems require precise proportions of NOx to CO in the exhaust stream for the catalyst to properly function. To maintain the correct proportion of exhaust constituents, stoichiometric engines with 3-way catalysts “operate in tight ranges of air-fuel (A/F) ratios, where small variations have large effects on the emissions” (Defoort et al., 2004). Disrupting the ratio of NOx to CO in the exhaust could cause the 3-way catalyst to malfunction, resulting in high emissions of NOx or CO.
Lean burn engines are the primary focus of most current H2-NG blending research because they are more widely used on NG interstate pipelines. However, there are some rich burn engine-sets used by pipeline companies or their customers that consume pipeline natural gas fuel, and large numbers of rich burn engines in the midstream sector, closer to the wellhead. When H2 is eventually blended into large natural gas pipeline networks, these rich burn engine sets will need to run with the new fuel blend while still meeting their emissions goals.
Blending H2 gas with natural gas has been shown to increase the reactivity of the fuel, decreasing ignition delay (Gersen et al., 2008), and increasing flame speed (Brower et al., 2013). Zhen et al. found that the increased speed of combustion allowed for more complete oxidation of the fuel, producing less unburned hydrocarbons and CO as more H2 was used (Ghotge and Olsen, 2015). Elevated NOx emissions is also a common observation with H2-NG fuel blending. Akansu et al. observed an increase of NOx with an increase of H2, attributing this to the increased flame temperature of the fuel mixture (Akansu et al., 2007). If H2 blending increases NOx and decreases CO production by the engine too much, then there is potential for poor 3-way catalyst performance as their proportions change.
The objective of this research was to blend H2 fuel into the natural gas fuel supply for a “rich burn” engine with a 3-way catalyst, and to observe the changes in exhaust chemistry for various concentrations of H2. Testing from this research validated that natural gas rich burn engine sets can operate normally with blended H2-NG fuel at least up to 30% H2 by volume while still meeting emissions goals. Increased NOx and decreased CO in the exhaust resulting from increased H2 in the fuel lead to a narrowed window of operation for air-fuel equivalence ratio. Finally, sudden increases of H2 in the fuel caused the engine to briefly run lean, leading to temporary large emissions of NOx.
2 MATERIALS AND METHODS
Testing for this research was conducted on a Caterpillar CG137-8 spark ignited stoichiometric natural gas engine operating with a 3-way catalyst. The CG137-8 is an industrial engine designed to be flexible in fuel constituents, making it ideal for variable fuel testing. Engine test cell specifications are shown in Table 1, and an image of the engine test cell is shown in Figure 1.
TABLE 1 | Specifications of the engine test cell and 3-way catalyst.
[image: Table 1][image: Figure 1]FIGURE 1 | Image of CG137-8 engine test cell at CSU’s Powerhouse Engines and Energy Conversion Laboratory.
This engine test cell operates using a cooling water system that services the laboratory with outdoor heat exchangers for cooling. To apply a load to the engine, the driveshaft of the engine is connected to a Dyne Systems eddy current dynamometer (model 1519-3 WIG, originally made by Eaton Yale and Towns). For all testing in this project the engine was operated at local Northern Colorado air pressure (∼84 kPa). All the natural gas fuel used for this project was supplied by the city of Fort Collin’s natural gas utility system. Utility natural gas is subject to variability, so the Powerhouse laboratory uses a gas chromatograph to constantly sample the utility natural gas and identify the individual constituents of the fuel.
The CG137-8 engine used for testing was retrofitted with air-fuel ratio controls from Woodward, including a new electronic fuel regulator, throttle valve, and large engine control module (LECM). This engine came equipped from Caterpillar with compression sensors in each cylinder allowing the control module to measure combustion in each cylinder individually. The LECM was also given full control of individual spark plug ignition timing, utilizing “coil-on-plug” spark plugs.
Natural gas fuel flow is controlled with a Woodward electronic fuel regulator valve prior to mixing with air. The fuel and air are mixed before entering the turbocharger. After passing through the turbocharger, the fuel-air mixture passes through an electronic throttle and an aftercooler before entering the intake manifold. Air-fuel equivalence ratio, also called λ (“lambda”), is controlled using feedback from exhaust gas oxygen (EGO) sensors in the exhaust stream. A schematic representation of the air-fuel system is shown below in Figure 2. This engine system has full fuel authority and can recognize deviations in engine operation, allowing it to adapt to changing conditions. This setup is ideal for changing fuel constituents, as the LECM can recognize a change in λ in the exhaust and adjust fuel and air flow accordingly.
[image: Figure 2]FIGURE 2 | Schematic representation of the air-fuel supply system on the CG137-8 test cell.
Analyzing emissions before and after the catalyst allows independent assessments of engine and catalyst performance. Exhaust emissions from the engine is sampled pre- and post-catalyst via a heated sample line with a remote emissions analyzer located elsewhere in the lab. The laboratory is equipped with Siemens emissions analyzers measuring carbon monoxide (CO), carbon dioxide (CO2), nitrogen oxides (NOx), oxygen, and unburned hydrocarbons (THCs) and a Fourier transform infrared (FTIR) spectrometers for measuring a wide range of compounds including volatile organic compounds (VOCs), hydrocarbon speciation, formaldehyde, acrolein, acetaldehyde, and ammonia. Emissions analyzer details are provided in Table 2. The natural gas fuel constituents are measured using an Inficon MicroGC. In preparation for the current project, a new 3-way catalyst was chosen and installed on the engine. The catalyst was sized to meet emissions limits of 0.15 g/bhp-hr and 0.6 g/bhp-hr for NOx and CO, respectively.
TABLE 2 | Emissions analyzers used.
[image: Table 2]A H2 distribution system was designed to connect with a large H2 storage trailer and deliver compressed H2 gas to the engine within the lab. To make precise fuel blends, a mass-flow meter/controller using differential pressure-based laminar flow measurement was installed on the H2 fuel supply (Alicat, model:MCR-500SLPM-D-67X86). A Coriolis mass-flow meter previously installed on the natural gas fuel line was utilized to measure NG flow. A feedback control loop was written in a LabVIEW program to monitor the flow of natural gas through the Coriolis meter and adjust H2 flow to meet the required proportions. The H2 and NG are blended before the LECM controlled fuel valve (Woodward, model:8407-803), and the LECM is given no warning of fuel changes in this test setup so that this test cell is representative of engines being used in the field. A basic schematic of the air-fuel system is shown in Figure 3, and a screenshot of the H2 control system in LabVIEW is shown in Figure 4.
[image: Figure 3]FIGURE 3 | A basic schematic of the H2-NG fuel blending system. Fuel flow proportions are based on the natural gas flow, and the engine controller is unaware of fuel changes.
[image: Figure 4]FIGURE 4 | Visual of the H2 control loop in LabVIEW that controls the flow of H2 proportionally to the flow of natural gas.
When H2 is added to the natural gas fuel, the volumetric flowrate of the fuel blend must increase. H2 is less energy dense than natural gas by volume, so the engine intake and auxiliary equipment must be large enough to accommodate the increased volumetric fuel flow. The estimated volumetric fuel and air flows for the engine are shown below in Table 3, displaying increased fuel flow. At a 20% blend of H2 – the volumetric fuel flow must increase by 15% to maintain the same energy delivery rate. This is important because some engines in the field may require larger fuel-system components to accommodate the increased fuel flow with a H2 blend.
TABLE 3 | Estimated volumetric flow rates for the CG137-8 engine with a load of 298 kW.
[image: Table 3]Most data collection was recorded from the engine while it was running in “steady state”. Using an eddy current dynamometer (Dyne Systems model 1519-3 WIG), a constant load of 1,580 Nm was applied to the engine while it held a constant 1,800 rpm, resulting in a constant maximum power output of 298 kW. While collecting data for different H2 fuel concentrations, the engine system was given time to settle after changing fuel blends. For each data point the engine was given time to stabilize, often for up to 30 min to be sure that valid data was collected. Careful attention was paid to make sure that the average λ for each collection point was the same. This was important to limit the influence of λ on exhaust products, as λ can have a much more profound effect on emissions than fuel blends. While processing the collected data, 3-min window averages were selected where the engine was operating with little changes and the average λ value was the same as the setpoint.
An overview of the testing carried out on the CG137-8 is shown in Table 4. For the first phase of testing, a natural gas baseline λ-sweep was conducted to outline the window of operation where the 3-way catalyst was most effective. This baseline sweep was carried out with a steady λ and a dithering λ to compare catalyst behavior with different λ controls. Using data from the λ-sweep, the window of operation was defined, and the midpoint of the window was chosen to be the constant λ value for the H2 blending sweeps. Once operating parameters for the engine were selected, the second phase of H2 blending began. While holding λ constant, H2 was introduced into the natural gas fuel in 5% increments from 0% up to 30% by volume. For each concentration of H2, all operating parameters were held constant for up to 30 min to ensure λ had returned to the setpoint, and to reduce the possibility of hysteresis in the catalyst from previous datapoints. After the H2 sweeps, the third phase of testing was to conduct a λ sweep similar to the baseline but with a 20% blend of H2 by volume. Finally, the fourth phase of testing was to tune the LECM on the engine while transitioning H2 concentrations, to improve engine controller response.
TABLE 4 | Test plan overview.
[image: Table 4]Prior to experimentation with H2, operating parameters were chosen and a baseline natural gas λ-sweep was conducted to find the optimal λ-setpoint. For all following tests, a spark timing of 27° before top dead center was used for ignition timing, and 1.5% amplitude at a frequency of 1 Hz was used for λ-dithering. Results from the baseline λ-sweep are shown below in Figure 5, displaying post catalyst emissions where they are at their lowest. The “Window of Operation” is shown as the range of λ that the engine can operate within while still meeting its emissions goals, without producing high emissions of NOx or CO. The midpoint of this window was chosen to be the λ setpoint for the following H2 concentration sweep. Note that “Rich” and “Lean” on the x-axis indicate lambda movement to the left and right, respectively, of the window of operation midpoint.
[image: Figure 5]FIGURE 5 | Post catalyst NOx, CO, and THC emissions from the natural gas baseline λ-sweep, showing the rich and lean limits used to find the Window of Operation.
3 RESULTS
3.1 Hydrogen fuel concentration sweep
Blending hydrogen with natural gas changed the combustion behavior of the fuel, causing the fuel to ignite faster and increase peak pressure. The change in ignition delay and peak pressure location are shown in Figure 6. Estimating ignition delay as the crank angle degrees between the ignition spark and 10% heat release, ignition delay was shortened by ∼6% at 20% H2. This is in line with Gersen et al., who found that increased levels of H2 blended with methane decreased the ignition delay of the fuel, showing increased reactivity (Gersen et al., 2008). Additionally, cylinder peak pressure increased with increasing H2, shown in Figure 7A. This is also a recognized combustion behavior with H2 addition, which Karim et al. attributes to faster reaction initiation and propagation (Karim et al., 1996). However, combustion duration did not present a clear trend, shown in Figure 7B. The change in combustion duration was too small to derive conclusions, and further testing is needed to investigate the change in combustion duration with respect to H2 addition.
[image: Figure 6]FIGURE 6 | (A) Ignition delay and (B) peak pressure location with increasing H2.
[image: Figure 7]FIGURE 7 | (A) Cylinder peak pressure and (B) combustion duration with increasing H2.
Pre- and post- catalyst NOx and CO emissions are shown below in Figure 8. Pre-catalyst, CO decreased and NOx increased as H2 increased. The decrease in CO is described by Xudong et al. as they attribute the reduction in CO to be caused by more complete oxidation of the hydrocarbons (Zhen et al., 2020). The increase in NOx is explained by Akansu et al. as a result of increased flame temperature caused by the increasing H2 content (Akansu et al., 2007). Post-catalyst emissions did not respond as expected though, with insignificant changes to both CO and NOx. We attribute this to the fact that the catalyst was still performing well and operating near the center of its λ-window of compliance.
[image: Figure 8]FIGURE 8 | (A) Pre-catalyst NOx and CO emissions vs. H2 fuel concentration; (B) Post-catalyst NOx and CO emissions vs. H2 fuel concentration.
The initial H2 blending sweep indicated that the engine and catalyst can tolerate elevated levels of H2 as long as the engine is able to maintain the optimal λ setpoint. Post-catalyst emissions before blending H2 were already very low, so the effect of H2 on CO and NOx emissions was minimal. These results show that this engine system can tolerate up to at least 30% H2 without exceeding CO and NOx emissions limits. However, this assessment only considers emissions limits. Since peak cylinder pressures for 30% H2 are higher than natural gas, engine design limits would need to be evaluated prior to field operation. Alternatively, ignition timing adjustments could be made to match peak cylinder pressures for natural gas. The emissions observations are different than previous testing on this subject at CSU from 2014/2015, where they found the system could not exceed 10% H2 while operating with a narrow band EGO (Ghotge and Olsen, 2015). This discrepancy is likely because the previous project used a tighter NOx limit of 11 ppmd (appx. 0.04 g/hp-hr). Also, the current project is using advanced λ control software and equipment, maintaining λ with feedback control loops.
Brake thermal efficiency is shown below in Figure 9A, displaying slight increases in efficiency above 10% H2. Shown in Figure 9B is the change in total fuel mass flow compared to the lower heating value of the mixture. As NG is replaced with H2 in the fuel, the heating value of the fuel mixture increases, requiring less fuel to maintain speed and load.
[image: Figure 9]FIGURE 9 | (A) Brake thermal efficiency vs. H2 fuel concentration; (B) Total fuel mass flow and the Lower Heating Value (LHV) of the mixture vs. H2 fuel concentration.
The core objective for H2 blending is to reduce greenhouse gas (GHG) emissions from combustion, and this expectation was validated by the results. At 20% H2, natural gas flow was reduced by 7.3% causing a 7.1% reduction of CO2 in the post-catalyst exhaust. The change in fuel flows and CO2 emissions are presented in Figure 10.
[image: Figure 10]FIGURE 10 | (A) Changing fuel flows and (B) CO2 emissions with increasing H2.
THC’s and methane (CH4) were both significantly reduced with increasing H2 in both the pre- and post-catalyst exhaust, shown in Figure 11. The reduction in pre-catalyst THCs is likely due to increased flame speed, reducing quenching and allowing the fuel to burn closer to the cylinder walls. The reduction in post-catalyst THCs is also aided by increased engine-out NOx providing more oxidants to the catalyst. Methane is a greenhouse gas (GHG) contributor, so lowering post-catalyst methane emissions is considered when evaluating the change in GHG emissions with increasing H2. Referencing the EPA’s GHG evaluation of methane, methane emissions are multiplied by a weighting factor of 25 when comparing methane and CO2 (Global Methane Initiative, 2023), and these two values are added together to determine CO2-effective (CO2-e). At a blend of 20% H2 - post-catalyst GHG emissions (CO2-e) were reduced by 8.1%.
[image: Figure 11]FIGURE 11 | (A) Emissions of hydrocarbons (THCs) and (B) methane with increasing H2.
3.2 λ-Sweep with a 20% blend of hydrogen
The minimal change in post-catalyst NOx and CO with added H2 indicated that the catalyst was still functioning properly at its original λ setpoint. To further explore the effect of H2 on the catalyst, a λ-sweep was conducted with a blend of 20% H2 by volume. Figure 12 shows a comparison between the baseline λ-sweep and the λ-sweep with a blend of 20% H2. This test showed that there is a significant narrowing of the window of operation by 28% due to the excess NOx produced by the engine. This is an indicator that these engine systems may need tighter control of λ in order to operate with elevated amounts of H2 in the fuel.
[image: Figure 12]FIGURE 12 | Post catalyst NOx and CO emissions vs. λ comparing a fuel blend with 0% H2 vs. 20% H2.
An added benefit from blending H2 into the natural gas fuel is a reduction in THCs throughout the operation window. Seen in Figure 13, THCs were reduced throughout the compliance window, likely due to higher flame speed which reduces quenching, and higher NOx in the exhaust which provides more oxidants to the catalyst.
[image: Figure 13]FIGURE 13 | Post-catalyst total hydrocarbon (THC) emissions vs. λ, comparing fuel with and without H2.
3.3 H2 concentration transitions
While testing different concentrations of H2 in the natural gas fuel, an observation was made during the transitions. Each time H2 was added to the fuel stream, λ would immediately become lean and would take some time (minutes) to return to normal. Upon inspection of this phenomena, λ transitions lean simultaneously as H2 is added to the fuel, shown in Figure 14. This occurs because the stoichiometric air-fuel ratio of the fuel is changing as its chemistry changes. Changing air-fuel ratios (AFRs) and expected flow rates are shown in Table 3 (presented earlier). Here, it can be counter intuitive to see that as H2 is added to the fuel - the stoichiometric AFR increases, yet air flow rate decreases. This is because of the changing energy density of the fuel, as more H2 is added – the fuel becomes more energy dense by mass – requiring less fuel mass to maintain power output. The decreased demand for fuel by mass results in decreased airflow, both by mass and volumetrically.
[image: Figure 14]FIGURE 14 | λ and H2 fuel flow vs. time after suddenly increasing H2 from 10% to 15%.
The expected reduction in airflow is likely causing the lean spikes when increasing H2 in the fuel. The moment H2 is added to the fuel, the previous flow rates of air and fuel become invalid for the new fuel blend, resulting in too much air being supplied to the mixture until the engine controller can adapt.
As λ would transition lean when increasing H2, there was an expected change in exhaust chemistry as well. When H2 was added to the fuel, λ transitioned lean, and a large spike in NOx could be observed in the post-catalyst exhaust. Large concentrations of NOx were observed whenever H2 was added to the fuel stream. An example of this is shown in Figure 15, comparing post-catalyst NOx emissions and λ vs. time.
[image: Figure 15]FIGURE 15 | An example of λ and NOx emissions vs. time after increasing H2 by 5%.
When H2 was removed, λ drifted rich and excess CO was emitted post-catalyst. However, the CO increase was not as extreme as the NOx increase for H2 increasing transitions. When the catalyst receives rich exhaust, it becomes less effective at oxidation and allows a larger fraction of CO to pass through the catalyst unreacted. However, this transition is gradual, and the λ control recovery is more effective at mitigating the CO increase. The temporary rich excursions caused by removing H2 from the fuel did not produce enough post-catalyst CO to make a significant impact or to push the engine out of compliance for a 1-h average.
The more concerning events were the large spikes of post-catalyst NOx emissions when H2 was added to the fuel stream. When λ strays lean, the catalyst becomes saturated with oxygen, allowing NOx to pass through the catalyst unaffected. This transition in the catalyst occurs quickly, and results in large post-catalyst NOx emissions. These transition events become more dramatic at elevated concentrations of H2 because the expected change in airflow increases as H2 is increased.
The impact of these transition events were examined by evaluating them in 1-h averages, assuming the engine experienced an increase in H2% followed by normal operation for the remainder of the hour. These results are displayed in Figure 16, and they show the engine could exceed emissions limits for a 1-h average when it experienced an increase in H2 by 5%.
[image: Figure 16]FIGURE 16 | 1-hour NOx emission averages that include an increase of H2 by 5%. Note that the 5% transitions above 15% H2 resulted in the engine system exceeding the previously set NOx limit.
Further investigation into the engine response to transitioning H2 led to analysis of engine controls. The quantity of post-catalyst NOx produced directly correlated with how long it took for the engine to return λ to the setpoint. The more quickly the engine returned to normal, the less NOx was produced by changing the fuel constituents.
The LECM controlling the engine uses a PID feedback control loop to maintain λ, utilizing feedback from EGO sensors in the exhaust stream to measure the oxygen content of the exhaust constituents. This PID feedback loop can be “tuned” to change how quickly the engine responds to λ changing unexpectedly. “Tuning” the PID feedback loop involves adjusting the coefficients of each of the functions for Proportional-Integral- and Derivative gain. The objective of “tuning” the PID control loop is to speed up the engines response to be as fast as possible without causing oscillation and destabilizing engine operation.
Recognizing that we could improve the engine response to changing λ by “tuning” the PID for the λ-control loop, test sweeps were conducted using different PID settings. For each different PID setting, the engine was subjected to an increase in H2 in the fuel from 0% to 5%, and the performance of the engine was evaluated by looking at the average post-catalyst NOx emissions produced during each transition. An example is shown in Figure 17 where the coefficient of the Proportional term was adjusted to find the lowest NOx emissions produced by a H2 transition event. Here, we can see that the NOx emissions caused by increasing H2 was reduced by more than half after simply adjusting the PID settings.
[image: Figure 17]FIGURE 17 | Averages of post-catalyst NOx emissions during 0%–5% H2 transitions while operating with different P-value settings in the λ PID control loop.
Some of the transitions from the proportional and integral sweeps were evaluated to see if these transitions were violating regulation limits for a 1-h average. Average post-catalyst NOx emissions were weighted for their collection time and added to the average NOx emissions from stable operation with 5% H2 from previous tests. Results from this evaluation are shown in Figure 18. Here, it can be seen that some engine controllers can exceed 1-h average emissions limits with as little as a 5% increase in H2 if the transition is sudden. Some engine controllers may need to be “tuned” or upgraded in order to tolerate elevated levels of H2.
[image: Figure 18]FIGURE 18 | 1-hour average post-catalyst NOx emissions when increasing H2 from 0% to 5% while testing different PID settings for the λ-control feedback loop.
Similar testing was conducted with different PID settings while subjecting the engine to an increase in H2 from 0% to 20%. While the engine was able to maintain operation and produce full power during the transition, the larger transition always produced too much post-catalyst NOx emissions. Every test with a sudden transition from 0% to 20% H2 resulted in the engine exceeding the NOx limit, even when evaluated with a 3-h average, shown in Figure 19. This shows that private operators and natural gas utility companies may need to be conscious of H2 injection points near engines operating with pipeline fuel, as a sudden increase in H2 may cause those engines to exceed emissions goals.
[image: Figure 19]FIGURE 19 | 3-hour average post-catalyst NOx emissions when increasing H2 from 0% to 20% while testing different PID settings.
4 CONCLUSION
A natural gas Caterpillar CG137-8 industrial “rich burn” engine with a 3-way catalyst was used for testing H2-NG fuel blending. While operating the engine, H2 was added to the NG fuel up to 30% by volume. Then, a λ-sweep was conducted while running with a 20% blend of H2, to define the new limits of the window of operation. Finally, LECM response was assessed while abruptly changing fuel blends, which lead to exploration into PID tuning of the engine.
Results from the H2 concentration sweep indicate that the engine setup used for testing can tolerate up to 30% H2 by volume in the NG fuel stream without exceeding emissions limits during steady operation. The impact of increased peak firing pressures on engine durability is not addressed.
• Combustion behaviour changed, with ignition delay shortening and peak pressure increasing as H2 was added.
• There was a significant reduction in GHG emissions, with NG flow reduced by 7.3% and GHG emissions reduced by 8.1% with a 20% blend of H2 by volume.
• With increasing H2, engine-out NOx increased, and engine-out CO decreased.
• With increasing H2, changes in post-catalyst NOx and CO were insignificant.
Carrying out a λ sweep while operating with a 20% blend of H2 revealed that the window of operation narrowed by ∼28% due to excess NOx production. This is an indication that similar engine systems may need to operate with tighter control of λ in order to operate with elevated amounts of H2 in the fuel.
Large emissions of NOx were observed whenever H2 was abruptly increased because the transition caused the engine to run lean for a short time. As the fuel constituents change, the rate of airflow must also change to meet the required AFR for the new fuel blend. Whenever the H2 fuel concentration changed, it took some time for the engine controller to adapt and adjust the airflow.
• Increasing H2 in the fuel stream required less airflow to the engine. Whenever H2 was abruptly increased, λ would temporarily move lean until the engine controller could adapt.
• The further λ transitioned from the setpoint and the longer it took for the engine controller to return to normal, the more post-catalyst emissions were observed.
• The temporary lean excursions due to increasing H2 in the fuel caused a corresponding increase in post-catalyst NOx. The temporary spikes in NOx could exceed 1-h average emissions limits with as little as a 5% increase in H2.
The performance of the engine controller dictated how long it took for λ to return to normal and the quantity of post-catalyst NOx produced from changing H2 blends.
• Post-catalyst NOx production associated with a 5% increase in H2 was reduced by over 50% after tuning the λ PID control loop. This shows that engine controller feedback loops may need to be improved for some engines that will operate with H2.
• Engine operators should be aware that poor PID tuning can result in post-catalyst NOx emissions that will violate limits with as little as 5% H2 added to the fuel.
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