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University of Houston and City of Houston:  University of Houston and City of Houston:  
Collaboration to Determine Best Solutions Collaboration to Determine Best Solutions 

for Diesel Emission Reductionsfor Diesel Emission Reductions

University of Houston
Dept. of Chemical Engineering
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NOxNOx Reduction ChallengeReduction Challenge
Diesel PowerDiesel Power

Large contributor to Large contributor to NOxNOx
Increased Durability Increased Durability 
Improved Fuel EfficiencyImproved Fuel Efficiency
Lean CombustionLean Combustion

Exhaust NOExhaust NOXX ––> N> N22 difficultdifficult

Challenge:Challenge: Reduce diesel NOReduce diesel NOXX
emissions* with costemissions* with cost--effective effective 
& reliable technology& reliable technology

Total NOx: 417,000 tons/year*

Houston/Galveston Area

NOx Emission Sources**

Diesel: 51% of 
all mobile 
sources

Area
1%

Off-Road 
Mobile

21%

On-Road 
Mobile

24%

Point
54%

**1996 data; Source: TCEQ Website
*EPA Target: 90% reduction 
in NOx emissions by 2007
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Diesel Emission TechnologyDiesel Emission Technology

Diesel 
Oxidation 
Catalyst

Diesel
Exhaust

Diesel 
Particulate 

Filter

NOx
Reduction

VOCs
&

CO
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Abatement:

Clean
Exhaust

Status:    Implemented       In Progress             Under
Development   
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Technology Targets For Technology Targets For 
Development & TestingDevelopment & Testing

IncrementalIncremental
Fuels:  Fuels:  BiodieselBiodiesel, Fuel additives, Fuel additives
Exhaust gas recirculationExhaust gas recirculation

Step ChangeStep Change
Selective catalytic reductionSelective catalytic reduction
Lean Lean NOxNOx trapstraps
Continuously regenerating soot filtersContinuously regenerating soot filters
Coupled Coupled NOxNOx & soot systems& soot systems
Hybrid systemsHybrid systems
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UH Testing & Research CapabilitiesUH Testing & Research Capabilities
Testing Testing 

500 HP AC Chassis Dynamometer (Burke Porter)500 HP AC Chassis Dynamometer (Burke Porter)
MEXA 7100 Exhaust Gas Analytical System (HORIBA)MEXA 7100 Exhaust Gas Analytical System (HORIBA)
FTIR spectrometer (MKS) FTIR spectrometer (MKS) 
MDLT 1300T Micro Dilution Tunnel (HORIBA)MDLT 1300T Micro Dilution Tunnel (HORIBA)
AnnubarAnnubar 485 Exhaust flow meter (Rosemount)485 Exhaust flow meter (Rosemount)

Research Research 
BenchBench--scale monolith reactor systemscale monolith reactor system

FTIR (Nicolet)FTIR (Nicolet)

TAPTAP®® reactor system reactor system 
UHV to atmospheric pressureUHV to atmospheric pressure
High speed reactant pulsingHigh speed reactant pulsing
QuadrupoleQuadrupole mass spectrometer (UTI)mass spectrometer (UTI)

Computational facilities for modelingComputational facilities for modeling
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Expanded UH Role:  ThirdExpanded UH Role:  Third--Party Testing and Party Testing and 
Collaborative Technology DevelopmentCollaborative Technology Development

UH to provide unique role: UH to provide unique role: 
Research, technology development & testingResearch, technology development & testing

Fundamental Fundamental benchbench--scale scale onon--vehicle testingvehicle testing
Provide key technology screening role Provide key technology screening role 
Partner with third parties for technology prototype Partner with third parties for technology prototype 
evaluations, optimization, & retrofit applicationsevaluations, optimization, & retrofit applications

Win     Win     –– Win  Win  –– WinWin –– WinWin –– WinWin
Federal   State      City         UH     Technology          Federal   State      City         UH     Technology          

ProvidersProviders



UH Program:  Spans R&D to TestingUH Program:  Spans R&D to Testing
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UH Program:  Spans R&D to TestingUH Program:  Spans R&D to Testing
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Testing FacilityTesting Facility

Key measurementsKey measurements
Exhaust:  Exhaust:  NOxNOx, THC, CO, CO, THC, CO, CO22, O, O22, PM, , PM, 

gas flow rate, exhaust temperaturegas flow rate, exhaust temperature
Vehicle/engine:  Speed, RPM, fuel Vehicle/engine:  Speed, RPM, fuel 

consumption, boost pressureconsumption, boost pressure
Ambient pressure, temperature, humidity Ambient pressure, temperature, humidity 
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GradallGradall (Telescoping Boom Excavator)(Telescoping Boom Excavator)

Exhaust sampling

SCR Ammonia tanks
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SCR (Anhydrous NHSCR (Anhydrous NH33):  Typical Results):  Typical Results
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2.868.1364.90NOx
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Equipment Type: Equipment Type: 1992 1992 GradallGradall, G3WD, G3WD
Engine: Engine: Cummins 6BT 5.9Cummins 6BT 5.9
Baseline Test Date: Baseline Test Date: 11/22/0411/22/04
Retrofit Test Date: Retrofit Test Date: 11/23/0411/23/04
Drive Cycle: Drive Cycle: ””Off Road ExcavatorOff Road Excavator””
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City of Houston ContractCity of Houston Contract

Expiration in August, 2007Expiration in August, 2007
FixedFixed--cost contractcost contract
40 hours per week 40 hours per week 
City can designate its time to third partyCity can designate its time to third party
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UH Program:  Spans R&D to TestingUH Program:  Spans R&D to Testing

Best Solution

Diesel Emission
Technology 

Testing

DYNAMOMETER TEST FACILITY
Engine dynamometer
Chassis dynamometer

Emission analysis

Diesel Emission
Technology 

R & D

LABORATORY FACILITY
Catalyst synthesis & characterization 

Bench-scale reactors
TAP reactor

Modeling & Simulation 

Collaboration

Vendor
Technologies

UH
Technology

Research
Findings



14

UH Program OverviewUH Program Overview
Objective:Objective:

Understand, develop, and optimize integrated diesel Understand, develop, and optimize integrated diesel 
emission system for coupled particulate, emission system for coupled particulate, NOxNOx and VOC and VOC 
abatementabatement

Approach:Approach:
Application of advanced catalysis and reaction Application of advanced catalysis and reaction 
engineering tools spanning fundamental experiments, engineering tools spanning fundamental experiments, 
benchbench--scale performance studies, firstscale performance studies, first--principles principles 
modeling & simulation, and testingmodeling & simulation, and testing

Premise:Premise:
Build R&D expertise and technology knowBuild R&D expertise and technology know--how in key how in key 
area of area of NOxNOx and particulate abatementand particulate abatement
Establish Establish ““systems approachsystems approach”” in interdisciplinary effortin interdisciplinary effort
Link program to air quality issues in region Link program to air quality issues in region 
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Selected UH R&D ProjectsSelected UH R&D Projects
Reactor studies Reactor studies –– NOxNOx trap technologytrap technology

BenchBench--scale monolith reactor performancescale monolith reactor performance
Modeling & simulations Modeling & simulations 

Mechanistic studies Mechanistic studies –– NOxNOx trap technologytrap technology
Temporal Analysis of Products (TAP) Temporal Analysis of Products (TAP) 
Storage and regeneration Storage and regeneration –– microreactormicroreactor & TGA& TGA
MicrokineticMicrokinetic model development model development 

Monolith reactor modelingMonolith reactor modeling
Simulations of lightSimulations of light--off, hot spot propagationoff, hot spot propagation
Evaluation of monolith channel shape Evaluation of monolith channel shape 

Integrated Integrated NOxNOx reduction & soot oxidationreduction & soot oxidation
BenchBench--scale studiesscale studies

OnOn--board NHboard NH33 generation for SCRgeneration for SCR
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Program PlanProgram Plan
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Diesel Emission Technology Diesel Emission Technology 
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Lean Lean NOxNOx Trap:  Adsorptive Catalytic ReactorTrap:  Adsorptive Catalytic Reactor

ChallengesChallenges
Maximize Maximize NOxNOx conversionconversion
Maximize Maximize reductantreductant conversion conversion 
Minimize fuel penalty Minimize fuel penalty 
Achieve robust controlAchieve robust control

Engine Exhaust LEAN NOx TRAP Clean 
Exhaust

Reductant Pulsing
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NOxNOx Storage & Reduction (NSR) Storage & Reduction (NSR) 

NOxNOx StorageStorage
Trap NO/NOTrap NO/NO22 as surface species, nitrite, nitrate as surface species, nitrite, nitrate 
Need high trapping efficiency (> 95%) Need high trapping efficiency (> 95%) 
Catalytic adsorbent:  Pt/Catalytic adsorbent:  Pt/RhRh/Alkali Earth Oxide/Support/Alkali Earth Oxide/Support

NOxNOx ReductionReduction
Reduce Reduce NOxNOx on Pt/on Pt/RhRh during rich purgeduring rich purge
Need high conversion of Need high conversion of NOxNOx to Nto N2 2 (> 90%) (> 90%) 
Ensure high conversion of Ensure high conversion of reductantreductant via oxidationvia oxidation

Al2O3

BaCO3Pt

NO2

NO + O2 Ba-(NOx)NO2

Al2O3

Pt

StorageStorage ReductionReduction

HC, CO
N2 

H2O 

CO2
NO, O NOx

BaCO3
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LNT Research MethodologyLNT Research Methodology

SteadySteady--state state 
lean lean NOxNOx
reductionreduction

Lean Lean NOxNOx
storagestorage

NOxNOx storage & storage & 
reductionreduction

BenchBench--scale scale 
reactor studiesreactor studies

Transient kinetics Transient kinetics 
studies  (TAP)studies  (TAP)

ExperimentsExperiments

Kinetic Modeling Kinetic Modeling 

•• MicrokineticMicrokinetic

Reactor ModelingReactor Modeling

•• Isothermal, Isothermal, 
pseudohomogeneouspseudohomogeneous

•• NonisothermalNonisothermal, , 
interphaseinterphase

ModelingModeling



21

BenchBench--Scale Monolith Reactor SystemScale Monolith Reactor System
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NSR:  Effect of Pt LoadingNSR:  Effect of Pt Loading

NONO2 2 + BaCO+ BaCO33 BaOBaONONO22 + CO+ CO2   2   (Storage & Reduction)(Storage & Reduction)
NONO2  2  +  +  BaOBaO BaOBaONONO22 (Storage )(Storage )
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Effect of Total Cycle TimeEffect of Total Cycle Time

2
N

3 6

2
S 11.2

9

O N O

C H

+
= =

Tf = 330 oC

SN,pulse = 0.33

SN,avg = 10

60,000 hr-1

Pulse Duty:  14%
3.7% Pt/16% BaO

Storage:  25-100 s
Purge:     4-14 s



25

Effect of Total Cycle TimeEffect of Total Cycle Time
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Effect of Purge Time (Pulse Duration)Effect of Purge Time (Pulse Duration)

Tf = 330 oC

SN,pulse = 0.33

Storage:  90 s
3.7% Pt/16% BaO

Optimal
Operation
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Effects of Rich Time (Pulse Duration)Effects of Rich Time (Pulse Duration)

SN,pulse = 0.33

Lean Time = 90 s

TF = 330 deg C

3.7% Pt
16% BaO
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Temporal Analysis of Products Temporal Analysis of Products 
(TAP) Reactor System(TAP) Reactor System

Provided by P. Mill, DuPont
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TAP Reactor Schematic

Provided by P. Mill, DuPont
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NN2 2 & NO Evolution During NO& NO Evolution During NO2 2 PulsingPulsing
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NITRITE PATHWAY
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BaO2 +   NO2 BaO-NO3

BaO-NO3 +   NO2 Ba(NO3)2

BaO   +   3 NO2 Ba(NO3)2    +   NO   

NO  +  0.5 O2 NO2

BaO
Pt, BaO

PtPt

PtPt

PtPt

PtPt

PtPt

SHORT TERMSHORT TERM
STORAGESTORAGE

Pt, BaO

NITRITE PATHWAY
BaO +  0.5 O2 BaO2

BaO2 +   NO   BaONO2

BaONO2 +   NO   Ba(NO2)2

Ba(NO2)2 +   O2 Ba(NO3)2

BaO   +   2 NO   +   1.5 O2 Ba(NO3)2

BaO   +   2 NO2 +   0.5 O2 Ba(NO3)2

PtPt

PtPt

PtPt

PtPt



32

Principal CollaboratorsPrincipal Collaborators
University of HoustonUniversity of Houston
Chemical EngineeringChemical Engineering
Michael P. Harold, Vemuri Balakotaiah, Charles W. Rooks, Michael P. Harold, Vemuri Balakotaiah, Charles W. Rooks, 
Rachel MuncriefRachel Muncrief

Mechanical EngineeringMechanical Engineering
Matthew Franchek, Karolis Grigoraidis Matthew Franchek, Karolis Grigoraidis 

City of HoustonCity of Houston
Public Works and EngineeringPublic Works and Engineering
Carl BowkerCarl Bowker

MayorMayor’’s Offices Office
Vic AyresVic Ayres


