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EXECUTIVE SUMMARY 

Engine, Fuel, and Emissions Engineering, Inc. (EF&EE) received a grant from the San Joaquin 
Valley Air Unified Air Pollution Control District under the District’s Technology Advancement 
Program.  The purpose of this grant was to develop and demonstrate a compact selective 
catalytic reduction (SCR) system capable of meeting the California Air Resources Board (ARB) 
standard for distributed generation systems of 0.07 pounds of NOx per megawatt-hour of useful 
energy output (lb/MWH).  This goal has been achieved, with NOx emissions of 0.028 lb/MWH 
(equivalent to 0.69 ppmvd or 0.009 g/BHP-hr) measured by independent source testing.  
Ammonia slip was 3.0 ppmvd, which is well below the limit of 10 ppmvd considered BACT. 

It should be noted that the achieved value of 0.028 pounds of NOx per MWH was calculated 
with respect to only the electrical output of the engine-generator.  For cogeneration systems, 
ARB rules allow the calculation to be made against the sum of the electrical and useful thermal 
outputs.  Depending on the cogeneration system design, useful thermal output from a lean-burn 
engine is typically between 50% and 120% of the electrical output.  This would result in NOx 
emissions between 0.013 and 0.019 lb/MWH 

The SCR system developed under this grant was installed on a lean-burn, spark-ignition biogas 
engine at the Joseph Gallo Cheese Company plant near Atwater, CA.  Two different SCR 
catalyst types were tested. One type was provided with a platinum coating on the downstream 
end to control emissions of excess ammonia reductant from the SCR system (ammonia slip).  
This coating also helped to oxidize carbon monoxide emissions from the engine. The second 
catalyst type was similar in composition but lacked the platinum coating on the downstream end.   

The effects of each catalyst type on NOx and ammonia emissions were determined as functions 
of exhaust temperature, engine power output, and reductant flow rate.  The second catalyst type 
was found to give better NOx control efficiency, and was the one used to demonstrate 
compliance with the ARB standard.  The platinum slip catalyst on the first catalyst type was 
found to oxidize ammonia to NOx, resulting in higher minimum NOx levels than for the second 
type.  Only the second type was found capable of meeting the 0.07 lb/MWH NOx standard. 

The performance of both SCR catalyst types is affected by exhaust temperature.  Minimum NOx 
levels were similar from 320 to 410 C, but increased significantly at 440 C.  The independent 
source testing was conducted a catalyst exit temperature of 405 C.   Higher temperatures will 
result in lower NOx control efficiency and/or higher ammonia emissions.  The high temperature 
limit for meeting the 0.07 lb/MWH standard is probably between 410 and 440 C.  Equivalent or 
improved performance is expected at lower temperatures, down to at least 320 C.  

The second catalyst type gives lower NOx emissions, but lacks CO oxidation activity.  Thus, to 
provide adequate compliance margin, a separate CO oxidation catalyst is recommended to be 
installed upstream of the urea injection point.  The added cost of the CO oxidation catalyst is 
estimated at less than $3,000.   
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At the time of testing, the catalyst elements of the second type had accumulated about 740 
operating hours.  Catalyst efficiency is expected to degrade slowly with increased operating time.    
Based on experience with the SCR control system at the Fiscalini Dairy, the useful life of the 
SCR catalyst is estimated to be 30,000 to 40,000 hours before it can no longer maintain the target 
levels of NOx control.  EF&EE plans to perform follow-up measurements at approximately 
annual intervals in order to monitor catalyst performance over time.  The results of these follow-
up measurements will be submitted to the District as addenda to this report.   

In addition to optimizing NOx reduction efficiency, operating the SCR catalyst at the moderate 
temperature employed here would help to protect the catalyst from degradation due to siloxanes 
in the fuel.  Siloxanes are silicon compounds commonly found as contaminants in biogas from 
landfills and sewage digesters, and can damage catalytic converters.  Siloxanes burn in the 
engine to form silicon dioxide in the exhaust.  At these moderate exhaust temperatures, silicon 
dioxide is expected to form solid particles, rather than depositing on the catalyst.  If so, then this 
SCR technology should be highly tolerant of siloxane contamination of the fuel.  Additional 
testing is recommended using these catalysts with exhaust streams from internal-combustion 
engines burning sewage gas or landfill gas in order to assess this possibility. 

 



Demonstration of a Compact SCR™ System Meeting 0.07 lb/MWH NOx in a Biogas Engine iv 

 

Engine, Fuel, and Emissions Engineering, Inc. June 2014 

  

CONTENTS 

1.  INTRODUCTION .................................................................................................................. 1 

2.  BACKGROUND .................................................................................................................... 2 

2.1  Biogas Distributed Generation ........................................................................................ 2 

2.2  ARB Distributed Generation Standards .......................................................................... 2 

2.3  Best Available Control Technology ................................................................................ 3 

3.  SYSTEM DESIGN, INSTALLATION, STARTUP, AND OPERATIONS .......................... 4 

4.  EMISSIONS OPTIMIZATION WITH PLATINUM SLIP CATALYST .............................. 9 

4.1  Instrumentation and sampling ......................................................................................... 9 

4.2  Test matrix ...................................................................................................................... 9 

4.3  Test results .................................................................................................................... 10 

5.  EMISSIONS OPTIMIZATION WITHOUT PLATINUM SLIP CATALYST ................... 12 

5.1  Instrumentation and sampling ....................................................................................... 12 

5.2  Test matrix .................................................................................................................... 12 

5.3  Test results .................................................................................................................... 13 

6.  CONCLUSIONS AND PLANS FOR FURTHER WORK .................................................. 17 

APPENDIX A: SOURCE TEST REPORT .................................................................................... 1 

 



Demonstration of a Compact SCR™ System Meeting 0.07 lb/MWH NOx in a Biogas Engine v 

 

Engine, Fuel, and Emissions Engineering, Inc. June 2014 

  

LIST OF TABLES 

Table 1: Air quality permit conditions and source test results ........................................................ 8 

 



Demonstration of a Compact SCR™ System Meeting 0.07 lb/MWH NOx in a Biogas Engine vi 

   

Engine, Fuel, and Emissions Engineering, Inc. June 2014 

LIST OF FIGURES 

 

Figure 1: System flow diagram for heat recovery system .............................................................. 5 

Figure 2: Diagram of the urea metering and control system .......................................................... 5 

Figure 3: SCR catalyst assembly - installation drawing ................................................................. 6 

Figure 4: SCR catalyst assembly outlet junction pipe .................................................................... 6 

Figure 5: SCR catalyst assembly installed in exhaust pipe, without insulation .............................. 7 

Figure 6: SCR catalyst assembly and waste heat boiler, after insulation ....................................... 7 

Figure 7: SCR system controller and urea metering pump assembly ............................................. 8 

Figure 8: NOx and NOx + ammonia concentrations vs. urea flow rate and temperature for SCR 
with platinum slip catalyst .................................................................................................... 10 

Figure 9: NOx and NOx + ammonia concentrations compared for SCR with platinum slip 
catalyst .................................................................................................................................. 11 

Figure 10: NOx and NOx + ammonia concentrations vs. urea flow rate and temperature for SCR 
without slip catalyst .............................................................................................................. 13 

Figure 11:  NOx and NOx + ammonia concentrations compared for SCR without slip catalyst . 14 

Figure 12: Range of urea injection rates for the old Optimin vs. new self-tuning algorithm ....... 15 

Figure 13: Typical CO oxidation catalyst element ....................................................................... 16 



Demonstration of a Compact SCR™ System Meeting 0.07 lb/MWH NOx in a Biogas Engine 1 

 

Engine, Fuel, and Emissions Engineering, Inc. June 2014 

  

1. INTRODUCTION 
Engine, Fuel, and Emissions Engineering, Inc. (EF&EE) received a grant from the San Joaquin 
Valley Air Unified Air Pollution Control District under the District’s Technology Advancement 
Program.  The purpose of this grant was to develop and demonstrate a selective catalytic 
reduction (SCR) system capable of meeting the California Air Resources Board (ARB) standard 
for oxides of nitrogen (NOx) emissions from distributed generation systems.  The ARB standard 
limits distributed generation systems to a maximum of 0.07 pounds of NOx emissions per 
megawatt-hour of useful energy output (lb/MWH). 

The SCR system developed under this grant was installed on a lean-burn, spark-ignition biogas 
engine at the Joseph Gallo Cheese Company plant near Atwater, CA.  That engine produces 
electric power for use by the cheese plant and for export.  Biogas fuel for the engine is supplied 
by covered-lagoon digesters processing manure from the Joseph Gallo and Santa Rita dairies.  
Waste heat in the engine exhaust is captured in a heat recovery steam generator.  The resulting 
steam is supplied to the cheese plant for process use.  

The demonstration project assessed the capabilities of two different SCR catalyst types.  One 
catalyst type was provided with a platinum coating on downstream end to control emissions of 
excess ammonia reductant from the SCR system (ammonia slip).  This coating also helped to 
oxidize carbon monoxide emissions from the engine. The second catalyst type was similar in 
composition but lacked the platinum coating on the downstream end.  The effects of each 
catalyst type on NOx and ammonia emissions were determined as functions of exhaust 
temperature, engine power output, and reductant flow rate.    

The project comprised the following tasks: 

1. System design 
2. Procurement and assembly 
3. Installation and startup 
4. Emissions optimization with the platinum slip catalyst 
5. Emissions optimization without platinum slip catalyst 
6. Independent source testing of the engine fitted with the optimized system 
7. Final report 

Work on the project began in January, 2011; and was completed in April, 2014.  This final report 
responds to Air District comments on the draft report submitted in April 2014.   
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2. BACKGROUND 
2.1 BIOGAS DISTRIBUTED GENERATION 

The use of biogas produced from animal manure in combined heat-and-power (CHP) systems 
offers many environmental benefits.  The biogas digestion process reduces odors, VOC, 
methane, and ammonia emissions from the manure, while the digester effluent retains most of 
the plant nutrients and can safely be used as fertilizer.   The resulting biogas can be used in an 
internal-combustion engine to produce electricity – thus displacing fossil fuels – while the waste 
heat from the engine exhaust and cooling jacket is recovered as steam and hot water for heating, 
sterilization and process uses.  This heat would otherwise have to be produced by burning fossil 
fuels.   Thus, the process eliminates a waste disposal and water pollution problem while reducing 
consumption of fossil fuels and emissions of methane, CO2, odor, ammonia, and VOC.     

Lean-burn, spark-ignition reciprocating engines can burn biogas with only minimal processing to 
remove excess water vapor.  These engines have proven durable, reliable, and efficient in this 
application.  Capital and operating costs are also low compared to many distributed generation 
technologies.  Their main drawback is relatively high pollutant emissions, especially of oxides of 
nitrogen (NOx). 

2.2 ARB DISTRIBUTED GENERATION STANDARDS 
The California Air Resources Board (ARB) has established pollutant emission standards for 
distributed generation systems (CCR 17, §94203).  Since 2007, these standards have limited 
NOx emissions to a maximum of 0.07 lb/MWH of useful energy output.  That standard was 
based on the estimated emissions from a state-of-the-art combined-cycle central power plant, 
equipped with selective catalytic reduction.  Carbon monoxide (CO) emissions are limited to 
0.10 lb/MWH, and volatile organic compounds (VOC) to 0.02 lb/MWH. 

The ARB distributed generation standards do not apply to distributed generation systems that are 
subject to the local air quality district permitting process.  That process is complex, but most 
local air district permits mandate the application of “best available control technology” or 
BACT.  For spark-ignition engines in practice, the requirement for BACT has been less 
restrictive than the ARB standard.  However, the ARB standard remains relevant to those 
engines, as it controls eligibility for certain incentive grants and other programs.   

California SB 412 of 2009 restored the eligibility of reciprocating engine-based CHP systems for 
the Small Generator Incentive Program (SGIP), but limits it to engines meeting the 0.07 
lb/MWH standard.  Incentive payments for biogas engines under the SGIP program could 
amount to as much as $2,500 per kilowatt of electric capacity; or more than half of the capital 
cost of the system. 

Separately, in Rule 1110.2, the South Coast AQMD has established the same 0.07 lb/MWH NOx 
limit for new engines driving electric generators.  This rule includes an exception for biogas 
engines (which remain subject to BACT), but would apply to natural gas engines in combined 
heat-and-power applications.  
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2.3 BEST AVAILABLE CONTROL TECHNOLOGY 
BACT for control of NOx emissions from natural gas engines has long been considered as being 
0.15 g/BHP-hr, which has been calculated as equivalent to between 9 and 12 parts per million 
NOx, (calculated on a dry basis and corrected to 15% oxygen, and abbreviated ppmvd).  This has 
been based on the use of SCR in a lean-burn engine.  This is generally complimented by a limit 
of 10 ppmvd for ammonia slip from the SCR system. 

Until recently, BACT for biogas engines was considered to be 0.60 g/BHP-hr.  This was based 
on the use of a lean air-fuel ratio and retarded spark timing.  It was not considered practical to 
apply SCR to these engines due to the variability in the composition of the biogas. This variable 
composition affects the air-fuel ratio, causing engine-out NOx concentrations to vary widely.  In 
addition, biogas from non-agricultural sources is often contaminated with siloxanes, which burn 
in the engine to produce silicon dioxide.  The resulting silicon dioxide dust can foul the SCR 
catalyst.     

In a project at the Fiscalini Dairy in Modesto, it was demonstrated that a lean-burn engine 
burning dairy biogas, and equipped with EF&EE’s Compact SCR™ and exhaust NOx sensors 
could consistently meet the natural gas engine BACT limit.  This has led to the acceptance of 
0.15 g/BHP-hr NOx as BACT for biogas engines as well.      

The present IC engine BACT limit is equivalent to about 0.35 lb/MWH with no heat recovery, or 
to about 0.15 to 0.20 lb/MWH assuming typical heat-recovery rates for CHP systems.  To meet 
the 0.07 lb/MWH standard, therefore, would require catalyst-out NOx levels around 0.03 to 0.05 
g/BHP-hr, equivalent to 2 to 4 ppmvd.   
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3. SYSTEM DESIGN, INSTALLATION, STARTUP, AND 
OPERATIONS 

The demonstration SCR system was installed on a Guascor SFGLD 480 engine-generator set 
located in a covered shed adjacent to the Joseph Gallo Cheese Company plant.  The generating 
set is rated at 800 kW electric, but the plant operators have limited maximum power output to 
750 kW for reasons of reliability and durability.   

Since Tasks 4 and 5 of this contract required us to optimize the exhaust temperature going into 
the SCR catalyst, it was necessary to design a system for varying that temperature.  The design 
approach selected in consultation with the Joseph Gallo Project Engineer is diagrammed in 
Figure 1.  

As Figure 1 shows, a pair of dampers split the exhaust flow from the engine into two streams, A 
and B.  Stream B flows through the first pass of a three-pass firetube-type heat-recovery boiler.  
This exhaust stream transfers heat to the water in the boiler, forming steam.  Upon exit from the 
boiler, the two exhaust streams are recombined. The temperature of the recombined exhaust 
stream may range from about 330 to 440 C, depending on the position of the dampers and the 
engine power output. In the original design, a thermocouple transmitted the recombined exhaust 
temperature to the control PLC, which adjusted the damper positions to bring it to the desired 
setpoint.  Following the failure of the pneumatic damper actuator, this was replaced by a simpler 
system in which the damper position was set by hand. 

Urea is injected into and mixes with the recombined exhaust stream before it enters the SCR 
catalyst, where the reactions take place to convert NOx to N2 and water.  After leaving the SCR 
catalyst, the exhaust passes through a second set of dampers, from which it either passes back 
through the second pass of the boiler or directly to the stack.  The design allows the boiler to be 
bypassed completely when there is no demand for steam, or to allow cleaning of the boiler tubes.  

The operation of the Optimin™ urea metering and control system is diagrammed in Figure 2.  
Sensors communicate the temperature, pressure, and NOx concentration upstream and the 
temperature and NOx concentration downstream of the SCR catalyst to the PLC control unit.  An 
analog signal from the engine controller communicates the engine load.  The controller 
calculates the NOx flow rate from the engine load and upstream NOx concentration, then 
calculates the urea injection rate required to fully react with that quantity of NOx.  This injection 
rate is communicated to the metering pump, which mixes the required amount of urea solution 
with the compressed air stream flowing to the nozzle. 

The downstream NOx sensor supplies feedback to the urea metering system.  To optimize the 
urea injection rate, the Optimin™ control algorithm slightly varies the ratio of urea injected to 
estimated NOx flow, while observing the effect on downstream NOx concentrations.  If a change 
results in lower average NOx concentrations downstream, change continues in the same 
direction.  If average NOx concentrations increase, the direction of change is reversed.   This is 
the same hardware and control approach that was successfully applied in the Fiscalini Dairy 
demonstration.  
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 Figure 1: System flow diagram for heat recovery system    
 

 
Figure 2: Diagram of the urea metering and control system 
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The SCR catalyst selected for this project is an EF&EE CM12CA catalyst assembly, comprising 
twelve round cellular ceramic catalyst modules of 14.9 liters each.  This is also the same design 
used at Fiscalini Dairy.  Figure 3 shows the overall dimensions and structure of this assembly.   
The Joseph Gallo Project Engineer designed a supporting structure for the SCR catalyst 
assembly.  EF&EE was responsible for design of the junction pipe to recombine the two outlet 
streams from the SCR catalyst.  This junction pipe is shown in Figure 4. 

      
Figure 3: SCR catalyst assembly - installation drawing 
 

 
Figure 4: SCR catalyst assembly outlet junction pipe 
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Construction at the host site was largely completed and the SCR system was installed in January, 
2012.  The engine was test-run in February, 2012 with the SCR catalyst in place.  Figure 5 shows 
the complete SCR catalyst assembly installed in the exhaust system. 

Figure 5: SCR catalyst assembly installed in exhaust pipe, without insulation 

    
 

Due to supplier delays, the heat-recovery steam generator was not delivered until August, 2012.  
Commissioning of the SCR system and source-testing for the operating permit finally took place 
after the HRSG was installed and insulation was applied to the exhaust piping and the boiler.  
Figure 6 shows the boiler and insulated exhaust piping.  The SCR catalyst assembly is under the 
insulating blankets at the upper left.   Figure 7 shows the control unit and urea metering pump.    

Figure 6: SCR catalyst assembly and waste heat boiler, after insulation 
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Figure 7: SCR system controller and urea metering pump assembly 

 
 

Conditions for the proposed air quality permit were negotiated between Joseph Gallo Farms and 
the District, with technical input from EF&EE.  The resulting conditions are shown in Table 1.  
These corresponded to the District’s present definition of BACT for engines fueled by natural 
gas and biogas.   The goal of the project was to demonstrate NOx levels well below 0.15 g/BHP-
hr, but the ability to do so over the long term had not yet been demonstrated.  Thus, it was 
considered inappropriate to include these lower emission levels as a condition of the permit. 

Table 1: Air quality permit conditions and source test results 

 

Pollutant 

Permit Condition Source Test Result 

ppmvd g/BHP-hr ppmvd g/BHP-hr 

NOx 9 0.15 4.66 0.052 

Ammonia 10 -- 1.50 -- 

CO 123 0.95 17.3 0.12 

VOC 48.2 0.20 <0.20 <0.001 

PM -- 0.04 -- 0.023 

 

Source testing was conducted on September 25th, 2012, and the results are also shown in Table 1.  
These results were obtained with the platinum slip catalyst, the then-standard version of the 
Optimin self-tuning algorithm, and with the exhaust bypass valve fully closed to give a 
temperature of about 325 C downstream of the catalyst. 
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4. EMISSIONS OPTIMIZATION WITH PLATINUM SLIP 
CATALYST 

The SCR catalyst assembly was initially loaded with catalyst modules that included the platinum 
slip catalyst on the downstream end.  The emissions optimization study with this initial catalyst 
charge was conducted on February 27 and 28, 2014.  At that point, the SCR system had 
accumulated about 9,030 operating hours, out of an estimated operating life of at least 40,000 
hours.  This is substantially more than the operating time normally considered necessary to 
stabilize the catalyst.  The delay was due to difficulty in securing a suitable Fourier-transform 
infrared (FTIR) analyzer to measure ammonia and nitrous oxide (N2O) emissions. 

4.1 INSTRUMENTATION AND SAMPLING 
Exhaust gas was sampled from a port immediately downstream of the HRSG, and conducted to 
the gas analyzers via a heated sample line.  NOx emissions in the raw exhaust were measured 
“wet” (without removing water vapor) by a California Analytical Instruments (CAI) 600 HCLD 
heated chemilumenescent analyzer.  Total hydrocarbons (THC) were also measured “wet”, using 
a CAI 600 HFID heated flame ionization detector.   CO and CO2 were measured “dry” using a 
CAI 603 NDIR non-dispersive infrared analyzer.  Water vapor removal for the dry 
measurements was accomplished by a Nafion™ moisture exchanger arranged in counterflow.  
The moisture sink was a stream of atmospheric air that had been passed through a silica-gel 
dessicant bed.  The analyzers were calibrated using an NTIS-traceable multi-gas calibration 
mixture.  

We were ultimately unable to secure an FTIR analyzer for ammonia measurements. We therefore 
fell back on the downstream NOx sensor of the SCR control system instead.  This sensor 
responds to both NOx and ammonia.  The sensor was calibrated to agree with the 
chemilumenescent analyzer under conditions of zero urea injection.  (In the absence of urea 
injection, there would be no ammonia slip, and the NOx sensor should thus agree with the NOx 
measurement).  By subtracting the chemilumenescent NOx value from the NOx sensor reading, 
it was possible to calculate the ammonia concentration. 

4.2 TEST MATRIX 
As described earlier, the SCR catalyst is located in the exhaust flow between the first and second 
passes through the fire-tube boiler.  The bypass valve can be set to allow a varying percentage of 
the exhaust flow to bypass the initial boiler pass.  With the bypass valve fully closed, the exhaust 
temperature at the SCR catalyst ranged from 312 to 337 C, depending on engine power output.  
When fully open, the temperature ranged from 432 to 440 C.      

The test matrix was defined with exhaust bypass settings of fully-closed, 1/3 open, 2/3 open, and 
fully open; and with engine power output levels of 400, 600, and 750 kW.  This gave a total of 
12 test conditions: four temperatures at each of three exhaust flow rates.  The exhaust bypass 
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valve was positioned first, and the electrical power output of the generator was then set to 400, 
600, and 750 kW in turn.      

For each combination of power output and bypass valve setting, emissions were recorded at 12 to 
17 separate urea flow settings, beginning with zero and increasing up to between 30 and 36 
milliliters per minute.  Each urea flow setting was maintained for approximately 200 seconds.  
The emission results for each setting were calculated as the average over the last 60 seconds of 
that period.  The period of ~140 seconds before averaging started was included to allow the level 
of ammonia adsorption onto the catalyst to stabilize at each setting.   

4.3 TEST RESULTS 
The measured concentrations of NOx (from the chemilumenescent analyzer) and NOx + 
ammonia (from the NOx sensor) are plotted below.  Both sets of measurements are corrected to 
15% O2 dry basis, so that the values are directly comparable to the permit limits.   At low rates of 
urea injection, the NOx concentration goes down linearly as the urea injection rate goes up.  In 
this regime, there is too little ammonia present to react with all of the NOx, so the levels of 
ammonia slip are low.  At high rates of urea injection, the NOx concentration increases more-or-
less linearly with the urea injection rate.  Here, there is excess ammonia present, and some of the 
excess reacts on the platinum slip catalyst to form NOx.  The fraction of the ammonia that reacts 
in this way increases with temperature.   The area of greatest interest is in the transition between 
these two regimes, where the NOx concentration reaches a minimum.  For exhaust temperatures 
below 360 C, this minimum is about 5 to 6 ppmvd, but it increases to about 10-11 ppmvd at 432 
to 440 C.   

Figure 8: NOx and NOx + ammonia concentrations vs. urea flow rate and temperature for 
SCR with platinum slip catalyst 
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The plots below compare the measured values for NOx plus ammonia (from the NOx sensor) to 
the NOx measured by the chemilumenescent analyzer.  The distance between the two lines is the 
ammonia concentration.  As these plots show, the ammonia concentrations are well below the 10 
ppmvd limit, even where the amounts of urea injected are significantly greater than optimal.  
This is because the platinum slip catalyst is converting much of the excess ammonia to NOx. 

Figure 9: NOx and NOx + ammonia concentrations compared for SCR with platinum slip 
catalyst 

 
 

The existing Optimin™ self-tuning algorithm takes the NOx + ammonia signal from the 
downstream NOx sensor, and is designed to adjust the urea injection rate to a small range 
centered on the minimum in the NOx + ammonia curves shown Figure 9.   Comparing the NOx 
and NOx + ammonia curves, it can be seen that the urea injection rate that produces a minimum 
in the latter is also very close to that giving the minimum value in the former.   
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5. EMISSIONS OPTIMIZATION WITHOUT PLATINUM 
SLIP CATALYST 

 

Once the emissions optimization study was completed, the SCR catalyst modules with the 
platinum slip catalyst were exchanged for new modules without the slip catalyst.  The change 
was made on March 5th, 2014.     Emissions optimization studies on the new catalyst modules 
were carried out on April 9 and 10, 2014.    At that point, the new catalyst modules had 
accumulated about 740 operating hours. 

5.1 INSTRUMENTATION AND SAMPLING 
The sampling and instrumentation for these measurements were the same as those for Task 4, 
described in the preceding section.  The downstream NOx sensor on the SCR control system was 
used to measure the sum of NOx and ammonia emissions.  Simultaneously, NOx emissions were 
measured separately from ammonia using the CAI 600 HCLD  analyzer.    With no urea being 
injected, and sufficient time allowed for any urea present to have decomposed, both the upstream 
and downstream NOx sensors agreed with the chemilumenescent analyzer within a few ppm.   
This was as-expected – in the absence of urea injection, there would be no ammonia slip, and the 
NOx+NH3 signal should thus agree with the NOx measurement. 

5.2 TEST MATRIX 
The test matrix was defined with exhaust bypass settings of fully-closed,  2/3 open, ~85% open, 
and fully open; and with engine power output levels of 400, 600, and 750 kW.  This gave a total 
of 12 test conditions: four temperatures at each of three exhaust flow rates.   The exhaust bypass 
valve was positioned first, and the electrical power output of the generator was then set to 400, 
600, and 750 kW in turn.  

The ~85% open position of the exhaust bypass valve represents a change from the testing done in 
Task 4.  The Task 4 testing showed little difference in catalyst performance between the closed, 
1/3 open, and 2/3 open positions, but a substantial change between the 2/3 open and full-open 
conditions.  The 85% open position was therefore substituted for the 1/3 open condition, in order 
to provide more detail on the transitional region.   This position gave an exhaust temperature of 
about 410 C downstream of the SCR catalyst assembly.   

For each combination of power output and bypass valve setting, emissions were recorded at 10 to 
16 separate urea flow settings, beginning with zero and increasing up to between 33 and 64 
milliliters per minute.  Each urea flow setting was maintained for approximately 200 seconds, of 
which only the last 60 seconds were included in the analysis.  This allowed the level of ammonia 
adsorption onto the catalyst to stabilize at each setting.   
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5.3 TEST RESULTS 
The results of the chemilumenescent NOx measurements and the NOx+ammonia measurements 
made with the NOx sensor are plotted in Figure 10.  All results have been corrected to conditions 
of dry gas with 15% O2, to match the District’s normal permit conditions.   At low rates of urea 
injection, the NOx concentration goes down linearly as the urea injection rate goes up.  In this 
regime, there is too little ammonia present to react with all of the NOx, so the levels of ammonia 
slip are low.  It is notable that the engine-out exhaust NOx concentrations were substantially 
higher for these tests that for the earlier testing in Task 4.  At 750 kW, the NOx concentration 
was around 80 ppmvd, compared to around 40-45 ppmvd in the earlier testing.  At 600 kW, the 
NOx concentration was about 70 ppmvd, compared to 45-50 ppmvd in Task 4.  This difference 
was not observed at 400 kW, where the NOx concentrations were similar in Task 4 and Task 5. 

Figure 10: NOx and NOx + ammonia concentrations vs. urea flow rate and temperature for 
SCR without slip catalyst   

 
As Figure 10 shows, both NOx and NOx+ammonia concentrations go down more-or-less 
linearly as the rate of urea injection increases, until an inflection point is reached.  From that 
point, further increases in urea injection give only small reductions in NOx, but increasing 
amounts of ammonia slip.  The NOx + ammonia plot reaches a minimum near the NOx 
inflection point, and subsequently increases with the urea injection rate. The minimum NOx and 
NOx+ammonia concentrations increase with increasing exhaust temperature.  The minimum 
NOx concentration is near zero for temperatures up to 410 C, and about 1.3 ppmvd at 440 C.   

The plots in Figure 11 compare the measured values for NOx+ammonia (from the NOx sensor) 
to the NOx measured by the chemilumenescent analyzer.  To allow a more precise comparison, 
the NOx data were adjusted to be equal to the NOx + ammonia values at zero urea flow.   
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Figure 11:  NOx and NOx + ammonia concentrations compared for SCR without slip 
catalyst  

 
As discussed earlier, EF&EE’s existing Optimin™ self-tuning algorithm was designed to adjust 
the urea injection rate to approximately the minimum in the NOx + ammonia plot.  In practice, 
the actual urea injection rate varies within a band of about +/- 6% around the minimum.  This is 
shown schematically as the gray rectangle in Figure 12.  The resulting average NOx values are 
well within the District’s current BACT guidelines, but do not meet the goal of this project 
except at the lowest temperature. 

To achieve even lower NOx emissions, the self-tuning algorithm was modified.  Instead of 
seeking the minimum value of the NOx+ammonia plot, the modified algorithm adjusts the urea 
injection rate to lie within a range of values to the right of the minimum, but to the left of the 
point where ammonia emissions would approach the District’s limit of 10 ppmvd.  This is shown 
schematically by the blue rectangle in Figure 12.   This new algorithm results in higher NOx + 
ammonia concentrations, on average, but average NOx concentration is much lower. 
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Figure 12: Range of urea injection rates for the old Optimin vs. new self-tuning algorithm 
From the data shown in Figure 11,  the new algorithm is feasible up to an exhaust temperature of 
433 C at 400 kW output, and to 410 C at 750 kW.  At the highest temperature and at high power 
output, there is too little room between the minimum NOx + ammonia value and 10 ppmvd for 
this algorithm to be workable.   

The new algorithm was tested for several days to confirm that it gave stable results.  The Task 6 
source testing was then conducted with the modified self-tuning algorithm active, and with the 
exhaust bypass valve adjusted to give 404 C at the outlet of the SCR catalyst.  This testing was 
carried out by Best Environmental, and completed on April 17.  At that time, the new SCR 
catalyst modules had accumulated about 900 operating hours. 

With the new catalyst and self-tuning algorithm, the source testing showed average NOx 
emissions of 0.69 ppmvd, or 0.021 lb/hr, with mean ammonia emissions of 3.03 ppmvd.  At 0.75 
MW(e) output, this gives 0.028 pounds of NOx per megawatt-hour, which is comfortably less 
than the project goal of 0.07 lb/MWH.   It should be noted that this lb/MWH value is calculated 
with respect to the electrical output alone.  For this cogeneration system, ARB rules allow the 
calculation to be made against the sum of electrical and useful thermal output.  That would result 
in a value less than 0.02 lb/MWH.   
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The source test results showed CO emissions of 123 ppmvd, barely meeting the permit 
requirement for this pollutant.  In the absence of the platinum end-coat, the SCR catalyst does 
not promote the oxidation of CO.  The catalyst does promote the oxidation of VOC to CO, 
however, so that the exhaust CO concentration typically increases slightly in going through the 
catalyst.  To assure adequate compliance margin, a separate CO oxidation catalyst is needed 
upstream of the urea injection point.   

Figure 13 shows a CO oxidation catalyst suitable for this application.  The round catalyst 
element is specified to fit inside the exhaust pipe, thus minimizing installation cost.  EF&EE has 
ordered a similar catalyst element sized for the 14” ID exhaust pipe used in this installation.  The 
estimated retail cost of the oxidation catalyst element is less than $3,000.  

   

Figure 13: Typical CO oxidation catalyst element     
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6. CONCLUSIONS AND PLANS FOR FURTHER WORK 
The goal of this project was to develop and demonstrate a Compact SCR™ system to allow 
typical lean-burn, biogas stationary engines to meet the ARB distributed generation standard of 
0.07 pounds of NOx per MWH.  This goal has been achieved, with actual measured NOx 
emissions of 0.028 lb/MWH (equivalent to 0.69 ppmvd or 0.009 g/BHP-hr).  Ammonia slip was 
3.0 ppmvd, which is well below the limit of 10 ppmvd considered BACT. 

It should be noted that the achieved value of 0.028 pounds of NOx per MWH was calculated 
with respect to only the electrical output of the engine-generator.  For cogeneration systems, 
ARB rules allow the calculation to be made against the sum of the electrical and useful thermal 
outputs.  Depending on the cogeneration system design, useful thermal output from a lean-burn 
engine is typically between 50% and 120% of the electrical output.  This would result in NOx 
emissions between 0.013 and 0.019 lb/MWH. 

Two different SCR catalyst types were tested. One type was provided with a platinum coating on 
the downstream end to control emissions of excess ammonia reductant from the SCR system 
(ammonia slip).  This coating also helped to oxidize carbon monoxide emissions from the 
engine. The second catalyst type was similar in composition but lacked the platinum coating on 
the downstream end.   

The effects of each catalyst type on NOx and ammonia emissions were determined as functions 
of exhaust temperature, engine power output, and reductant flow rate.  The second catalyst type 
was found to give better NOx control efficiency, and was the one used to demonstrate 
compliance with the ARB standard.  The platinum slip catalyst on the first catalyst type was 
found to oxidize ammonia to NOx, resulting in higher minimum NOx levels than for the second 
type.  Only the second type was found capable of meeting the 0.07 lb/MWH NOx standard. 

The performance of both SCR catalyst types is affected by exhaust temperature.  Minimum NOx 
levels were similar from 320 to 410 C, but increased significantly at 440 C.  The independent 
source testing was conducted at 405 C.   Higher temperatures will result in lower NOx control 
efficiency and/or higher ammonia emissions.  The high temperature limit for meeting the 0.07 
lb/MWH standard is probably between 410 and 440 C.  Equivalent or improved performance is 
expected at lower temperatures, down to at least 320 C.  

The second catalyst type lacks CO oxidation activity.  Thus, to provide adequate compliance 
margin for that pollutant, a separate, inexpensive CO oxidation catalyst is recommended to be 
installed upstream of the urea injection point.  The added cost of the CO oxidation catalyst is 
estimated at less than $3,000.   

At the time of testing, the catalyst elements of the second type had accumulated about 740 
operating hours.  Catalyst efficiency is expected to degrade slowly with increased operating time.    
Based on experience with the SCR control system at the Fiscalini Dairy, the useful life of the 
SCR catalyst is estimated to be 30,000 to 40,000 hours before it can no longer maintain the target 
levels of NOx control.  EF&EE plans to perform follow-up measurements at approximately 
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annual intervals in order to monitor catalyst performance over time.  The results of these follow-
up measurements will be submitted to the District as addenda to this report.   

In addition to optimizing NOx reduction efficiency, operating the SCR catalyst at the moderate 
temperature employed here would help to protect the catalyst from degradation due to siloxanes 
in the fuel.  Siloxanes are silicon compounds commonly found as contaminants in biogas from 
landfills and sewage digesters, and can damage catalytic converters.  Siloxanes burn in the 
engine to form silicon dioxide in the exhaust.  At these moderate exhaust temperatures, silicon 
dioxide is expected to form solid particles, rather than depositing on the catalyst.  If so, then this 
SCR technology should be highly tolerant of siloxane contamination of the fuel.  Additional 
testing is recommended using these catalysts with exhaust streams from internal-combustion 
engines burning sewage gas or landfill gas in order to assess this possibility. 
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APPENDIX A: SOURCE TEST REPORT 
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