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ABSTRACT 
New legislations are constantly arising in Europe that puts stringent restrictions on the 

emissions coming from heavy-duty vehicles. The latest one is the Euro VI that has tough 

limits on both nitrogen oxides (NOx) and particulate matter (PM). To be able to cope with 

these tough limits, many developers of heavy-duty trucks have chosen to mount an 

after-treatment system after the engine containing several different catalysts. The emissions 

are monitored by an On-Board Diagnosis (OBD) system during operation, and if the 

emissions are too high a Malfunction Indicator (MI) lamp is lit and the truck needs to be 

serviced in a workshop. In the workshop the fault is investigated, which could be caused by 

several things, one of which may be a performance loss of one of the catalysts.  

This master thesis investigates different methods for testing the performance of two of these 

catalysts. The catalysts that were investigated was the Diesel Oxidation Catalyst (DOC) that 

oxidizes hydrocarbons (HC), carbon monoxide (CO) and nitrogen monoxide (NO), and 

Selective Catalytic Reduction (SCR) that uses ammonia for the reduction of nitrogen oxides 

(NOx). A comprehensive literature study was made to get an insight in how the current system 

works and to be able to develop concepts for future workshop methods. 

From the literature study, three concepts were developed for each catalyst. These concepts 

were tested out on Scania’s 13 litre 6-cylinder Euro VI engine with Scania’s Euro VI 

after-treatment system. The concepts are mainly consisting of three measuring principles that 

investigates the changes in temperature, NOx-conversion and ammonia storage. 

The tests resulted in that one concept per catalyst could be used to isolate and measure the 

performance. The performance of the DOC could be measured with the increase of 

temperature due to the exothermal reaction when HC is injected into the catalyst, called 

Measurement of HC-slip. To be able to measure the performance of the SCR, the changes in 

the maximum ammonia storage that the catalyst could achieve during an ammonia sweep was 

used, called Measurement of ammonia storage. 
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SAMMANFATTNING 

Nya lagstiftningar uppkommer hela tiden i Europa som sätter hårdare begränsningar på hur 

stora utsläpp en lastbil får ha. Den senaste är Euro VI som har hårda krav på både 

kväveoxider (NOx) och partiklar (PM). För att klara av dessa tuffa krav, har många 

lastbilstillverkare valt att montera ett efterbehandlingssystem efter motorn innehållandes 

bland annat flera olika katalysatorer. Under drift övervakas utsläppen från lastbilen med ett 

On-Board Diagnosis (OBD) system och om utsläppen är för höga, tänds en varningslampa 

och lastbilen måste in på en verkstad. På verkstaden undersöks felet, som kan bero på flera 

olika saker, varav ett av dem kan vara att en av katalysatorerna har tappat prestanda.  

Detta examensarbete undersöker olika metoder för att testa prestandan på två av dessa 

katalysatorer. Katalysatorerna som undersöktes var Diesel Oxidation Catalyst (DOC) som 

oxiderar kolväten (HC), kolmonoxid (CO) och kvävemonoxid (NO), och Selective Catalytic 

Reduction (SCR) som använder sig av ammoniak för att reducera kväveoxider (NOx). En 

omfattande litteraturstudie gjordes för att få en inblick hur det existerande systemet fungerar 

samt för att kunna utveckla koncept för framtida verkstadsmetoder.  

Från litteraturstudien utvecklades tre koncept för varje katalysator. Dessa koncept testades på 

Scanias 13 liters 6-cylinder Euro VI motor med Scanias Euro VI efterbehandlingssystem. 

Koncepten innehöll huvudsakligen tre mätprinciper som utredde ändringar av temperatur, 

NOx-omvandling samt ammoniakinlagring.  

Testerna resulterade till att ett koncept per katalysator kunde användas till att isolera och mäta 

prestandan. Prestandan på DOC kunde mätas genom en skillnad på temperaturökningen som 

sker under den exotermiska reaktionen då HC injiceras in i katalysatorn, även kallat 

Measurement of HC-slip i detta examensarbete. För att kunna mäta prestandan på SCR-

katalysatorn användes skillnaden i maximal ammoniakinlagring som katalysatorn kunde 

uppnå under ett ammoniaksvep, kallat Measurement of ammonia storage. 
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NOMENCLATURE 
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ABBREVIATION DESCRIPTION 

Al2O3 Aluminium trioxide 

ASC Ammonia Slip Catalyst 

AT After-treatment 

CAN Controller Area Network 

CDPF Catalyzed DPF 

CeO2 Cerium dioxide 

CO Carbon monoxide 
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DEF Diesel Exhaust Fluid 

DOC Diesel Oxidation Catalyst 

DPF Diesel Particle Filter 

EBP Exhaust Back Pressure 

ECU Engine Control Unit 
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EGT Exhaust Gas Treatment 

ESC European Stationary Cycle 

ETC European Transient Cycle 

H2O Water 

H2SO4 Sulphuric acid 

HC Hydrocarbon 

HNO3 Nitric acid 

MAF Hot wire Mass Airflow sensor 

MI Malfunction Indicator 

NAC NOx Adsorber Catalyst 

NH3 Ammonia 

NO Nitrogen monoxide 

NO2 Nitrogen dioxide 

NOx Oxides of nitrogen 



 

OBD On-Board Diagnostics 

OH Hydroxyl radical 

OTL OBD threshold limits 

PM Particulate matter 

RTD Resistance Temperature-Detector 

SCR Selective Catalytic Reduction 

SO2 Sulphur dioxide 

SO3 Sulphur trioxide 

SO4 Sulphate 

SOF Soluble organic fractions 

SOL Solid fraction 

TiO2 Titanium dioxide 

TPM Total particulate matter 

UDS Urea Dosage System 

VGT Variable Geometry Turbocharger 

V2O5 Vanadium pentoxide 

WHSC World Harmonized Stationary Cycle 

WHTC World Harmonized Transient Cycle 
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1 INTRODUCTION 

This chapter will introduce the subject of this thesis work by describing the background, 

purpose, delimitation and method. 

1.1 BACKGROUND 

The after-treatment system on modern trucks today is often an advanced mechatronic system, 

containing multiple sensors, actuators and after-treatment components that are used together 

to control and reduce the tailpipe emissions. This is due to stringent legislations, demanding 

the Euro VI certification class on new heavy trucks sold in Europe. In this system, there are 

multiple subsystems that have different functions for reducing the emissions. Two subsystems 

that are often used in after-treatment systems in modern heavy trucks are the DOC and SCR. 

The placement of these two components in Scania’s Euro VI after-treatment can be seen in 

Figure 1.1. 

 
Figure 1.1. System overview Scania Euro VI.[1] 

DOC is an abbreviation for Diesel Oxidation Catalyst that is used to oxidize gaseous 

emissions such as HC and CO. This component is also used to oxidize nitrogen monoxide 

(NO) to nitrogen dioxide (NO2) to increase the performance of the particulate filter and SCR. 

SCR, short for Selective Catalytic Reduction, is an after-treatment concept that in general uses 

ammonia (NH3) through the urea mixture AdBlue® for reducing nitrogen oxides (NOx).  

A diagnosis is today constantly being run during operation that alerts the driver if the 

NOx-emissions are too high. This could happen due to many reasons e.g. the SCR catalyst is 

deactivated, urea mixture (AdBlue) is bad, faults with the urea dosage, leakage, bad DOC 

performance, etc. It is therefore often unclear, when a truck enters a workshop, why the 

high-NOx warning has emerged.  

Potential improvements can be made to the current workshop methods by implementing 

algorithms in the Engine Control Unit (ECU) that uses the on-board sensors and actuators in 

order to isolate and detect DOC and SCR performance losses. These algorithms could 

automatically read and post process stored data from the ECU or control the engine in order to 
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generate data with the goal to find the source of the error. The source of the error could then 

be notified to the workshop staff through a diagnostics program. 

The profit of using algorithms would first of all be the knowledge of which component that is 

degraded and, if possible, replace this component. If this component gets degraded more often 

than other components and cannot be replaced alone, this knowledge could be used to 

improve future versions. Secondly, adaptive restoration techniques could be used towards the 

damaged part to, if possible, restore the performance of the component. Thirdly, reducing the 

time that the truck has to be in the workshop and ease the work for the staff at the workshop. 

Lastly, the trucks will be able to stay operational for a longer time, which the customers and 

Scania would profit in financial and commercial aspects, respectively. 

1.2 PURPOSE 

The main purpose with this thesis work is to develop workshop methods that use the on-board 

sensors for measuring the performance of the SCR and DOC. These methods will then be 

tried out and evaluated on real hardware in order to see if they really work in practice. In the 

end it shall be concluded whether it is possible to isolate and measure the performance from 

the separate catalysts or not, by using the formulated methods. The developed method 

concepts shall be compared with each other and at least one concept for both the SCR and 

DOC will be recommended for future work. The measuring and sensor errors for the different 

concepts will also be taken into account. 

1.3 DELIMITATIONS 

The workshop test will be implemented on the Scania 13 litre 6-cylinder Euro VI engine 

(DC13 110) with the Scania Euro VI after-treatment system, consisting of the subsystems: 

DOC, DPF, SCR and ASC, seen in Figure 1.1. 

The tests will be performed on a real truck without any extra sensors or actuators to simulate a 

workshop environment. No dynamometer is used to increase the engine load, and the truck 

will be standing still during the tests.  

The real and virtual sensors used in the tests are: 

 Three temperature sensors in the after-treatment system 

 Two NOx-sensors; before and after after-treatment system 

 Differential pressure sensor over the DPF 

 Modelled exhaust mass flow at turbo 

 Exhaust manifold pressure 

 Calculated engine-out NOx  

Actuators used: 

 Exhaust brake 

 Urea dosage unit, controlling: Pressure, amount and timing 
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 EGR (Exhaust Gas Recirculation)  

 Scania XPI (extra high pressure injection) common-rail fuel injection system 

 VGT (if present)  

1.4 METHOD 

The thesis work will go through the following steps: 

 A literature study to investigate existing data about the after-treatment system. 

 Development of concepts based on the study. 

 Try out the concepts on Scania trucks. 

 Analyze the results from the tests it and draw conclusions about the concepts. 

 Iterate the process, till satisfaction is reached. 

 Review the testing method/process 

1.5 THESIS OUTLINE 

Chapter 2, Frame of reference, starts with research on emission and emission legislations to 

get an insight of what the after-treatment system has to perform in order to be approved by the 

European Commission. This chapter continues with a detailed description of the after-

treatment system and its components, followed by different ways of receiving damage and 

losing performance.  

Chapter 3, Method, describes new concepts of isolating and finding the damage caused to the 

DOC and SCR in the advanced mechatronic after-treatment system by using existing sensors 

and actuators.  

Chapter 4, Results, introduces the experimental equipment that was used to carry out the 

concepts on a heavy-duty vehicle. The potential of each concept is proven in this chapter by 

presenting the obtained results from the previous chapter, including measurement and sensor 

errors.  

Chapter 5, Discussion, presents the authors’ own reflections about the different concepts and 

test results.  

Chapter 6, Conclusions, states the authors’ conclusions based on the results. Chapter 3-6 are 

divided into two main tracks, DOC and SCR. The DOC track is written by the author Daniel 

Törnroos and the SCR track by Andre Åkerberg. 
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2 FRAME OF REFERENCE 

A comprehensive literature study has been made in this thesis work and everything is 

summarized into four main categories; Emission theory, containing basic information about 

the main emissions from the combustion; Emission legislations, explains the legislations that 

restricts the emissions from heavy-duty vehicles; Emission control, focusing on ways of 

reducing the emissions with an after-treatment system; and finally the Deactivation of the 

after-treatment system section, which describes different ways that the catalysts in the 

after-treatment system can lose performance. 

2.1 EMISSION THEORY 

The two most commonly used internal combustion engines in the automotive industry today 

are the gasoline (otto) and diesel engines. The main difference between these engines is that 

the diesel engine is controlled with the fuel supply and ignited by the high pressure in the 

combustion chamber. The otto-engine on the other hand, is controlled with the air supply and 

uses spark ignition.[2] 

The diesel engine has some advantages over the gasoline engine, one of them is the long 

lifetime partly derived from the more robust construction as the diesel engine operates at 

higher pressure ratios. Another advantage is the decreased fuel-consumption, derived 

primarily from the higher compression ratio.
 
[2]

 
[3] 

In the most ideal combustion, the fuel is pure and reacts only with the oxygen. In this ideal 

combustion, only water (H2O) and carbon dioxide (CO2) is formed from the oxidation of the 

hydrocarbons in the fuel. Unfortunately, the combustion is not ideal, due to non-uniform 

mixture and combustion of the fuel along with additional secondary reactions forming other 

emissions. [2] 

The emission from the diesel engine consists of compounds in three different phases: Liquids, 

solids and gases. Total particulate matter (TPM), also known as particulate matter (PM), is a 

generic name for the liquids and solids combined. PM can be split up into three major 

components:  

 Solid carbon particulates (SOL), which is commonly referred as soot. 
 

 Organic liquids, which contain hydrocarbons from unburned diesel and lubricating 

oils, commonly referred as soluble organic fraction (SOF). 
 

 Inorganic oxides, which is mainly sulphates and oxidized metals from engine wear, 

and additives in the fuel and lubricating oils. 
 

The schematic of the PM can be seen in Figure 2.1.
 
[3]

 

The PM particle diameter varies from 0.003µm (current detection limitation on measuring 

equipment) to 10µm and is usually standardized into two groups when mass-concentration is 

measured. PM10 is the particles with diameters around 10 µm, and PM2.5 has particles around 
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2.5µm. When PM number is measured, ultrafine particles (<0.1µm) are in focus as they are 

the biggest contributor to this amount. Exposure to particulate matter can seriously affect the 

health, with reduction in respiratory and cardiovascular functions.[4] 

 

Figure 2.1. Schematic of the TPM and vapour phase substances [5] 

There are multiple emissions from the combustion in the gaseous phase such as carbon 

monoxide (CO), gaseous hydrocarbons (HC), nitrogen oxides (NO), and sulphur dioxide 

(SO2). CO is a toxic compound formed by the incomplete oxidation of the hydrocarbons in 

the combustion. It is also a colour-, taste- and odourless gas, which reduces the bloods ability 

to absorb oxygen when inhaled. An exposure to this gas can cause symptoms from headache 

and dizziness to coma and death at higher volumetric concentrations. CO also acts as a 

promoter of greenhouse gases, as it decomposes hydroxyl radicals (OH) in the atmosphere 

that is used for decomposition of e.g. nitrogen dioxide (NO2). However, CO is short-lived and 

oxidizes into CO2 in the atmosphere. [2]
 
[3]

 
[6] 

Nitrogen oxides (NOx), is a composition of NO and NO2. NOx is formed from the oxidation of 

nitrogen (N2), which originates mainly from the intake air, at high combustion temperatures. 

NO is colour-, taste- and odourless, which oxidizes into NO2 in the atmosphere. NO2 on the 

other hand, is a reddish-brown gas that has an incisive odour. It strongly irritates the 

respiratory system and increases the respiratory resistance at lower concentrations; this is 

especially noticed by people with asthma. At higher concentrations, fluid starts to accumulate 

in the lungs and signs of lung oedema can be seen. NO2 can also irritate other mucous 

membranes such as mouth and eyes. In the atmosphere, NOx takes part in the generation of 

ground-level ozone (smog) by reacting with hydrocarbons. The smog irritates the respiratory 

system, causing symptoms such as coughing and irritation of throat and nose. The NOx gases 

also reacts with the moisture in the air, forming nitric acid (HNO3), which is one of the main 

components in acid rain that contaminates soil and waters. [2]
 
[3]

 
[7] [8] 

The diesel fuel contains small amounts of sulphur that oxidizes during combustion mostly to 

sulphur dioxide (SO2). At ground level, this gas affects the respiratory system and could even 

cause premature death at larger concentrations. SO2 can also further oxidize in catalysts or in 

the troposphere forming sulphites and sulphates, which subsequently reacts into other 
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substances. One of them is the toxic sulphuric acid (H2SO4), which is also one of the main 

components in acid rain.
 
[2]

 
[9]

 

2.2 EMISSIONS LEGISLATIONS  

2.2.1 EUROPEAN EMISSION STANDARDS 

In order to reduce the emissions from heavy-duty vehicles (i.e. vehicles with a gross weight 

over 3.5 tonnes) within the European Union, the European Commission introduced the 

European emission standards called Euro. The standards are constantly updated, from Euro 0 

(1988) to Euro VI that is currently (2013) being introduced in the first stage. During 

introduction, the regulations are divided into two stages; firstly, all new engine designs must, 

during type approval, meet the new emission limits; and one year later all vehicles that is 

registered as new must conform to the limits. [2]
 
[10] 

The emission limits are specified for CO, HC, NOx, NH3 and PM mass. With Euro VI, a limit 

for PM number was also introduced. The evolution of the European emission standards can be 

seen in Table 2.1. [10] 

 

  

Table 2.1. EU Emission standards for heavy-duty diesel engines from 1988 to 2014 with the specified emission 

limits and test cycles. [10][11][12] 

Standard Year Test 

cycle 

CO 

(mg/kWh) 

HC 

(mg/kWh) 

NOx 

(mg/kWh) 

NH3 

(ppm) 

PM mass 

(mg/kWh) 

PM 

number 

(#/kWh) 

Euro VI 2013 WHSC 1500 130 400 10 10 8×1011 

WHTC 4000 160 460 - 10 6×1011 

Euro V 2008 ESC 1500 460 2000 25 20 - 

ETC 4000 550 2000 - 30 - 

Euro IV 2005 ESC 1500 460 3500 25 20 - 

ETC 4000 550 3500 - 30 - 

Euro III 2000 ESC 2100 660 5000 - 100 - 

ETC 5450 780 5000 - 160 - 

Euro II 1996 ECE-

R49 

4000 1100 7000 - 150 - 

Euro I 1991 ECE-

R49 

4500 1100 8000 - 360 - 

Euro 0 1988 ECE-

R49 

11200 2400 14400 - - - 
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2.2.2 Test cycles 

In order to reassure the conformity between different tests, standardized test cycles were 

designed. These test cycles have a specified sequence of torque and engine speed variations 

over a defined time space. With the introduction of Euro III, two different types of 

certifications tests, ESC (European Stationary Cycle) and ETC (European Transient Cycle), 

became active. The ESC uses 13 different stationary operating points and the emissions are 

then summarized with a weight factor for each of the operating points. ETC on the other hand, 

uses instead a cycle that is based on real road cycle measurements with three different driving 

conditions: Urban-, rural- and motorway-driving under a duration of 30 minutes. [2] [13] 

With the latest Euro VI, WHSC (World Harmonized Stationary Cycle) and WHTC (World 

Harmonized Transient Cycle) replaced the ESC and ETC tests. The main difference between 

WHSC and ESC is that ESC only samples the emissions at the specified operating points, as 

for WHSC that constantly samples during the whole test including the ramps between the 

different operating points. WHTC and ETC, on the other hand, has three main differences: 

 The average load and engine speed has been decreased in WHTC compared to ETC. 

 WHTC has two cycles, cold and hot start, compared to the single hot start in ETC. The 

cold start cycle is used to capture the high emissions that occur before the 

after-treatment system has reached its operating temperature. These two cycles are 

then combined with a weight factor that can be seen in Figure 2.2. 

 A hot soak period is placed between the cold and hot start cycle in WHTC, as seen in 

Figure 2.2. This is implemented after the cold start cycle to test how long it takes for 

the temperature to decrease in the after-treatment system. 

 

 

Figure 2.2. The cold and hot start cycles with the hot soak period in-between. [13] 

A study has been made by R.P. Verbeek et.al, assigned by the European Commission, that 

shown that these differences lead to additional NOx emissions. An increase of 1.6% in WHSC 

was measured and 11% in WHTC, with an 8% increase originating from the cold start test. A 

WHTC test cycle can be seen in Figure 2.3. [13]  
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Figure 2.3. The WHTC test with torque and engine speed plotted over time. [13] 

2.2.3 ON-BOARD DIAGNOSTICS 

To reassure that the vehicle emissions complies to the certified classification during operation, 

an On-Board Diagnostics (OBD) system requirement was introduced with the Euro IV 

standard in 2005, called OBD Stage I. The OBD system monitors the engine performance by 

identifying faults within the engine system, and its main purpose is to detect reduction of the 

emission treatment performance. OBD also acts as the diagnostics connection to the electrical 

system and stores the detected fault-codes during runtime.  The next stage, called OBD Stage 

II was released together with Euro V in 2008, along with a demand of monitoring the 

emissions limits in the exhaust-gas treatment system, with e.g. a NOx-sensor.
 
[2]

 
[14] 

There are several ways that the emission treatment could lose performance, such as 

performance losses of components, electrical errors and tampering of components. If a fault is 

detected, a Malfunction Indicator (MI) lamp is lit, notifying the driver that a service of the 

vehicle is required. During operation, the performance of the emission treatment is measured 

and compared with the OBD threshold limits (OTL) seen in Table 2.2 with the phase-in and 

general requirement dates and levels. If any of these limits are exceeded or if any error is 

detected, the MI lamp is lit. [2]
 
[14]

 
[15] 

 

Table 2.2. OTLs for compression-ignition engines with the two different implementation stages and dates. [15] 

Emission Stage 
Level 

(mg/kWh) 

Implementation date on new 

types (DD.MM.YYYY) 

Implementation date on all 

vehicles (DD.MM.YYYY) 

NOx 

Phase-in 1500 31.12.2012 31.12.2013 

General 

requirement 
1200 31.12.2015 31.12.2016 

PM Mass 

Phase-in 25 01.09.2014 01.09.2015 

General 

requirement 
25 31.12.2015 31.12.2016 
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If the end costumer has tampered with the system somehow, or simply neglects e.g. filling up 

the AdBlue tank, additional measures can be conducted. The low-level inducement system is 

the first step, which reduces the engine torque to 75% of maximum. The second step, called 

severe inducement system, limits the vehicle speed to 20 km/h. In the low AdBlue level case, 

this sequence can be seen in Figure 2.4.[14] [15] 

 
Figure 2.4. The inducement level for different levels of reagent (AdBlue) with four refilling cases. [15] 

2.3 EMISSION CONTROL 

There are several ways to control and reduce the emissions from the engine. Two methods to 

do this are by either adjusting the combustion of the engine itself, or to take care of the 

emissions later on in the after-treatment system. 

2.3.1 IN-ENGINE EMISSION TREATMENTS 

2.3.1.1 FUEL-INJECTION SYSTEM 

The technology for injecting the fuel in diesel engines has evolved during the last decades 

from purely mechanical governed injection to the current mechatronic high pressure common 

rail system. With a high pressure common rail system it is possible to maintain a high variable 

pressure, compared to the cam-controlled injection systems that is dependent on the engine 

load and speed. It is also possible to have a variable injection timing, which means a 

possibility for using pilot and post injections. [2]  

Inducement level 

Urea command 

Refilling
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Warning (continuous) 

 

75% torque limit 
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None 
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With a higher fuel pressure, it is possible to use a smaller nozzle hole for the injector to get 

the same amount of fuel into the cylinder. With a smaller nozzle, the fuel atomizes better and 

the fuel droplets are getting smaller, making the fuel vaporization and combustion easier. [2] 

Multiple fuel injections are mainly used to improve the mixture formation so that more fuel 

can be combusted to increase the power output from the engine. Also, by combining the main 

injection with minor injections (i.e. pilot- and post-injections), decreases in NOx, noise level 

and soot formation can be achieved. There is also an additional functionality of using multiple 

injections and that is the possibility to inject diesel in to the after-treatment system. The late 

post injection, injects fuel so late that it will be uncombusted. This will cause a HC-slip into 

the after-treatment system where it will oxidize, creating an exothermic reaction (release of 

energy in form of heat). The additional heat could, for instance, be used to regenerate the 

Diesel Particular Filter (DPF). In Figure 2.5, the multiple fuel injection cycle is illustrated, 

where it is displayed as pressure as a function time. The bars in the figure indicate the 

functionality of each fuel injection. [3] [16] 

 

Figure 2.5. Illustration of the multiple fuel injections cycle, presented as pressure as a function of time. The bars 

behind the graph indicate the functionality of each injection, where EGT stands for exhaust gas treatment. [16] 

 

2.3.1.2 EXHAUST GAS RECIRCULATION 

Another way to reduce the emissions from the engine is to use an Exhaust Gas Recirculation 

(EGR) system. As the name reveals, this system recirculates the exhaust gases after the 

combustion back to the inlet manifold. This lowers the peak combustion temperature by 

deplacing the oxygen in the intake air with inert gases of the exhausts. The inert gases do not 

participate in the combustion itself, only adding mass to which the energy of the combustion 

is spread to. With the lowered peak combustion temperature, NOx formation is reduced. 

However, with increased EGR the PM emissions increases (which is commonly referred to as 

the NOx-PM trade-off), and the fuel consumption increases. To further increase the 

NOx-reduction, a EGR cooler is often fitted to decrease density of the gases.
 
[2]

 
[3] 

The amount of recirculated gases is controlled by a valve to ensure maximum possible power 

output at different loads and temperatures. The EGR-amount is also highly dependent on the 
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pressure difference between the intake manifold and the exhaust manifold. To control this 

pressure difference, a Variable Geometry Turbocharger (VGT) is often fitted.
 
[2]   

2.3.2 EXHAUST AFTER-TREATMENT SYSTEMS 

This section will present each of the components in the Euro VI after-treatment system to 

achieve knowledge about the process of treating the emitted diesel exhaust gas.  

2.3.2.1 CATALYST 

The catalyst is a technology that has been developed to control chemical reactions between 

compounds. This technology is applied to several areas of application, for instance the 

automotive industry. Here, the catalyst is placed downstream of the internal combustion 

engine to treat the emissions, thus, reducing unwanted compounds. Since it exist more than 

one field of usage, a range of various catalyst have been developed. Dependent on the desired 

activity, selectivity and space velocity (the entering volumetric flow rate through the reactor 

volume), different elements and shape of the catalyst can be modified. The following 

parameter can be changed: 

 Monolith 

 Carrier 

 Catalytic components  

 Promoter 

Every single one of above elements has exchangeable materials, which provides different 

properties including activity, selectivity and durability level. Activity refers to the degree of 

chemisorptions (the chemical reactions between the catalytic surface and the adsorbate) and 

conversion rate between the compound and material. Selectivity, on the other hand, refers to 

the enhancement of the desired reaction without enhancing parallel reactions. The commonly 

used metals to provide high activity and selectivity are noble metals, which are expensive due 

to its rarity and high demand. [3]
 

Figure 2.6 presents an illustrated picture of the catalyst layers with the different substrate for 

a supported catalyst. As it can be seen, the monolith substrate forms the lowest level layer, 

which the carrier is bonded to. In its turn, the carrier maximizes the surface area where the 

catalytic components are dispersed onto. Finally, promoters can be added with the catalytic 

material to enhance activity and selectivity.  
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 Figure 2.6. Simplified model of catalytic sites perfectly dispersed onto a carrier, which is bonded 

to the monolith substrate [3]. 

 

The monolith substrate is not always used in a catalyst, but when it is, the catalyst is referred 

as supported and otherwise as unsupported. The supported catalyst uses the monolith as a base 

to create the shape of the inner structure. The substrate of the monolith consists of durable 

materials and, therefore, enables a more complex shape of the inner structure. A popular 

shape of the inner structure of a supported catalyst is honeycomb, which is shaped as a matrix, 

see Figure 2.7. The honeycomb substrate offers low pressure drop at high flow rates, resulting 

to low fuel waste, excellent durability to thermal and mechanical shocks, high resistant to 

attrition and possibility for compact packaging, referring to high cells per square inch (cpsi). 

There are mainly two materials of used as honeycomb monolith support and that are metal 

and ceramic. [3] 

  
Figure 2.7. Simplified illustrated picture of a ceramic honeycomb monolith catalyst, viewed from the flow angle. 

 

Monolith 

substrate 

Catalytic sites 
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The metallic monolith substrate has grown popular as catalyst support and is frequently used 

in high-performance vehicles. The advantages of using metal are that it offers low pressure 

drop with high cell density, since thin walls can be used. This provides the possibility to 

increase the cpsi and thus resulting to a larger active area. Metal also provides higher 

conductivity than the ceramic substrate. This will increase the heat-up rate and thus reaching 

the light-off temperature faster, i.e. the temperature when most of the compounds are 

oxidized. Though, instead it suffers from poor corrosion resistance and adherence problem 

with oxide-based washcoats. However, this has lately been improved by using surface pre-

treatment and custom made metals. [2][3] 

Ceramic is a commonly used material and it is proven to have a well bonding capability to the 

washcoat, both chemical and mechanical. Also, it is highly resistance and stable towards 

thermal shocks, however, mounting it is rather difficult when there is no possibility for direct 

assembly to the metal house of the catalyst. [2][3] 

As previously stated the carrier is bonded to the monolith support and consist of materials that 

create high-surface-area. The necessity to have a large surface area is that it allows more 

catalytic components to be dispersed onto. A popular material used for its high surface area is 

aluminium trioxide (Al2O3). The carrier is not only used as a huge surface-field, it is as well a 

contributor for improved activity, selectivity and durability. [3]  

The catalytic components dispersed on the carrier are used to create sites, whereat 

chemisorptions and catalytic reaction can take place. Different catalytic material provides 

various degrees of selectivity and activity, which in turn increases the number of possible 

application areas. Something called promoters can also be added to increase the selectivity 

and activity of components. For instance, HC and CO oxidation increases at lower 

temperatures by adding cerium dioxide (CeO2) to catalytic materials, such as platinum (Pt) or 

palladium (Pd). The catalytic component together with the carrier is referred in daily speech 

as the washcoat, which can be seen in Figure 2.7. [3]  

2.3.2.2 SYSTEM LAYOUT 

In order to comply with the stringent legislations in Euro VI, the after-treatment system is 

often composed out of multiple components. The after-treatment system of Scania, consists 

out of four main components in the following order: DOC (Diesel Oxidation Catalyst), DPF 

(Diesel Particulate Filter), SCR (Selective Catalytic Reduction) and ASC (Ammonia Slip 

Catalyst). Every one of them has selectivity towards a specific emission, e.g. the SCR is 

selective against NOx. These components can be placed in a different order, but in this report 

the order DOC-DPF-SCR-ASC will be assumed if nothing else is specified. This is also the 

order that Scania uses, and the layout of the after-treatment system can be seen in Figure 2.8. 

[3] 
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Figure 2.8. Simplified illustration of the components in the after-treatment system of Scania. 

To be able to monitor and control these components, multiple sensors and actuators are used 

together with the ECU and the Dosing Control Unit (DCU). These sensors in Scania’s system 

will be explained in Section 2.3.2.7. 

2.3.2.3 DIESEL OXIDATION CATALYST 

As it was mentioned in Section 2.1, the diesel engine emits exhaust gases consisting of several 

undesired compounds including HC, CO, SOF, NOx and SO2. These compounds are 

demanded to be treated, this is either done by reducing them to legal emission levels or 

converting them into harmless substances. A commonly used method, to partially fulfil this 

purpose, is by oxidation which mainly takes place in the DOC. The main reactions that occur 

in a DOC are Reaction 2.1 to Reaction 2.5, shown below.[3] 

                Reaction 2.1 

                                   Reaction 2.2 

             Reaction 2.3 

              Reaction 2.4 

             Reaction 2.5 

In Figure 2.9, an example of the CO, HC and NO oxidation rate in a DOC as a function of its 

temperature is shown.  
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Figure 2.9 An example of the conversion rate of CO, HC and NO in a DOC as function of temperature. [17] 

In a DOC, capturing of compounds to catalytic oxidations sites are commonly carried out by 

using the flow-through technique, where the catalytic washcoat is usually supported by 

ceramic honeycomb monoliths, shown in Figure 2.10. This technique utilizes long narrowed 

channels with open ends to maximize the SOF and minimize the SOL capturing to, e.g., avoid 

soot accumulation which causes high pressure drop. [3] 

 

Figure 2.10. Illustration of the flow-through technique with the monolithic honeycomb structure support. 

The oxidation process can be performed by a non-catalytic or catalytic reaction, where both 

are dependent on the temperature. Also, the noble metals considerably affect the catalytic 

Monolith substrate Washcoat 

Emissions out from 

the diesel engine 

Emissions out 

from the DOC 
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reaction. These dependencies may cause varies consequences and therefore has to be carefully 

considered during the DOC design.  

Non-catalytic process 

A non-catalytic oxidation process of CO to CO2 requires oxygen atoms, which are obtained 

through dissociation of oxygen molecules from the exhaust gases. The main issue with 

process is the need of energy to dissociate the O2 molecules to O atoms. The energy required 

to reach this state is obtained through heat and initializes at temperatures above 700˚C. 

Consequently, extended time periods of high temperature exposure may cause the after-

treatment system to receive thermal damage that results into lowered oxidation rate. 

Therefore, the thermal resistance of the materials has to be taken into account when the DOC 

is designed. [3]
 

Catalytic process 

Though, in the other case when the conversion initializes by a catalytic process, the chemical 

reaction from CO to CO2 can start at much lower temperatures than for the non-catalytic 

reaction. Figure 2.11 illustrates the catalytic oxidation process for HC and CO molecules. The 

compounds and O2 molecules chemisorbs to the catalytic sites (e.g. Pt or Pd) where they 

create temporarily bonds with it. Due to the support of the catalytic material Pt, the adsorbed 

O2 molecules starts to dissociates to O atoms already at approximately 100˚C, instead of 

700˚C in the non-catalyzed case. The O atoms is highly reactive and will react with the HC 

and CO molecules to form H2O and CO2, which then desorbs from the catalytic sites. By 

using catalytic reaction processes, the temperature can be lowered, but instead noble metals 

have to be used. [3]   

 
Figure 2.11. Illustration of the catalytic oxidation process of CO and HC. 

The catalytic materials of the DOC have different properties that vary the selectivity and 

activity of each chemical reaction process, but this may also cause changes in poison and 

thermal resistance.  

Catalytic materials 

Two materials that are commonly used as catalyst are Pt and Pd, these materials enhances the 

oxidation rate of CO and HC. Pt has been the most commonly used catalytic material between 

these two, due to its higher resistance against sulphur poisoning and oxidation rate of HC and 

CO. However, new fuels are introduced with low sulphur content, allowing low sulphur 

resistance materials, such as Pd, to be more frequently used. The beneficial by using Pd as 

HC+CO+O2 

Pt 
Al2O3 

CO2+H2O 
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catalytic material, instead of Pt, is that it has a lower stock price and thus making the catalyst 

cheaper to produce. Pd has also higher thermal durability and lower activity level of NO 

oxidation, which creates new opportunities for changing the selectivity of the catalytic 

material. [3]
 
[18]

 
[19] 

It is not unusual to see an alloy between the noble metals Pt and Pd in a DOC, since it is 

desired to achieve different beneficial from the catalytic material. By varying the ratio load 

between Pt and Pd different benefits can be achieved such as lower light-off temperature, 

higher activity and selectivity level of oxidation rate, increased thermal and poison resistance, 

and lower prices. To show the concept more thoroughly, different impacts of various ratios of 

Pt:Pd will be discussed below. [3]
 
[18]

 
  

NO oxidation 

In the after-treatment system of Scania, the NO oxidation rate is highly desired to be 

controlled. Proper ratio of NO:NO2 increases the passive regeneration of soot in the DPF and 

the NOx reduction in the SCR at low temperatures. Though, it is difficult to control the 

NO:NO2 ratio since it is strongly dependent on temperature and catalytic material. [17] 

As it can be seen in Figure 2.9, varying the DOC inlet temperature causes the NO oxidation to 

vary. Also, within a certain temperature range, maximum NO oxidation level can be achieved. 

However, this range may look different and could be displaced to lower or higher 

temperatures dependent on the catalytic material. The reason behind the low NO oxidation 

rate at low and high temperatures, is because of the limitations in chemical kinetics of the 

reaction process (the rate of the process) and thermodynamics (stability of the current 

molecule state), respectively. [17] 

By changing the ratio between Pt and Pd, the selectivity of NO oxidation rate for the catalytic 

material can be controlled. Pt has higher NO oxidation activity than Pd, therefore, by 

increasing the amount of Pt the NO oxidation rate will be increased. [3]
 
[18] 

Figure 2.12 illustrates the level of NO oxidation rate for six different Pt:Pd ratios 

(1:0, 7:1, 2:1, 1:2,1:5, 0:1) as function of temperature. As it can be seen, if the ratio consist 

mostly of Pt the general NO oxidation rate will be increased. In the other case, if it mainly 

consists of Pd the general NO oxidation rate will greatly be lowered 
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 Figure 2.12. The figure shows an example of the NO oxidation rate in a DOC as function of 

temperature for six different Pt:Pd ratios (1:0▲ , 7:1◊ , 2:1  , 1:2  ,1:5  , 0:1 ). [18]   

 

HC oxidation 

As well as the ratio of Pt and Pd affects the oxidation selectivity, it also influences the light-

off temperature. Figure 2.13 illustrates an example of the oxidation rate of HC, in this case 

C3H6 (propylene), for six different Pt:Pd ratios (1:0, 7:1, 2:1, 1:2,1:5, 0:1) as a function of 

DOC temperature. If the ratio mostly consists of Pt the light-off temperature will decrease, 

and if it mainly consists of Pd it will increase. This can especially be seen between the Pt:Pd 

ratios 1:0 and 0:1. Furthermore, the figure also shows that different ratio of Pt and Pd could 

improve the light-off temperature performance (i.e. decrease it) more than when only Pt is 

used. [18]
 
 

 
 Figure 2.13. Example of the oxidation rate of C3H6 (propylene)in a DOC as a function of its temperature. 

The curves represent six different Pt:Pd ratio (1:0▲ , 7:1◊ , 2:1  , 1:2  ,1:5  , 0:1 ).[18] 
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Thermal and chemical resistance 

Thermal aging and chemical poisoning influence also need to be consider during the choice of 

Pt:Pd ratio for the catalytic material. Since Pd has a higher thermal durability than Pt it would 

be more beneficial if the major fraction would be Pd. However, Pd has lower resistance 

against sulphur poisoning thus causing it to be more beneficial to use Pt instead. Therefore, by 

combining these an optimal resistance against thermal and poisoning stresses could be 

achieved. [18][20] 

A thermally aged DOC receives a lower catalytic activity than a non-aged, due to the crystal 

growth of the catalytic material (this is further explained in Section 2.4.2). However, Pd has a 

high resistance against thermal stresses, thus by including portion of Pd with Pt an increased 

tolerance for crystal growth could be achieved. Figure 2.14, presents the NO oxidation rate 

for a severe aged DOC as a function of temperature for the same six Pt:Pd ratios as in Figure 

2.12. If Figure 2.14 is compared with Figure 2.12, the thermal degradation oxidation rate can 

be observed. The NO oxidation rate decreases for all Pt:Pd ratios, however, the degree of 

degradation differs for the case when Pt solely is present and when Pd is included. [18] [21]
 
  

 

 Figure 2.14. Example of the NO oxidation rate in a severe thermal aged DOC as a function of its 

temperature for six different Pt:Pd ratios (1:0▲ , 7:1◊ , 2:1  , 1:2  ,1:5  , 0:1 ). [18]   

 

The DOC can be chemical poisoned by various containments such at phosphorous (P), 

sulphur (S), zinc (Zn) and soot, which originates from the lubricated oil and fuel. However, in 

this section, sulphur will be focused. Sulphur is one of the most commonly causes for DOC 

degradation. Sulphur deposits onto catalytic sites (Pt:Pd in this case) and blocks the chemical 

reactions, which results into lowered oxidation performance. An example of this is shown in 

Figure 2.15. In the figure, it can be seen that the CO and HC oxidation rate is greatly 

influenced of the Pt:Pd ratio. If a larger fraction of the catalytic material consists of Pd it will 

have a low resistance towards sulphur poisoning and a high resistance if it is mostly Pt. A low 

resistance, will imply that when additional HC injection is used (e.g. for regeneration, see 

Section 2.3.2.4), it may slip through the DOC due to the limited HC oxidation. Though, 
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several other factors also affect HC oxidation, such as the mass flow and DOC temperature. A 

high mass flow increases the amount of compounds to oxidize, hence, occupying more of the 

catalytic sites. With a lower temperature, less kinetic energy can aid the catalytic process. 

This will is further discussed in the degradation section, Section 2.4. [3] [20] [22] 

 

 

Figure 2.15. Graph a) and b), shows the oxidation rate of CO and HC in a DOC, respectively, for four different 

Pt:Pd ratio (1:0, 10:1, 3:1 and 2:1) as a function time. During the elapsed time the catalyst is exposure to high 

sulphur levelled fuel at a steady state temperature of 250 ˚C.  [20] 

2.3.2.4 DIESEL PARTICULATE FILTER 

The exhaust gases outputted from the combustion engine consist of gaseous, liquids, and solid 

emissions. These consist of particulates, which originate mainly from SOF, carbonaceous 

particulates (soot) and sulphate (SO4), i.e. TPM. The DOC targets the SOF and controls it to a 

certain limit, thus reducing the TPM as long as the SO4 level does not increase more than the 

SOF decreases. The question that arises is how to reduce the TPM in the aspect of soot and 

SO4. Diesel Particulate Filter (DPF) is, more or less, ineffective to reduce SO4 and SOF, but is 

effective towards the soot. [3]  

Diesel particular filter physically capture the diesel particulates in the walls of the substrate to 

prevent them from reaching the atmosphere. It exist several capturing methods, and one 

commonly used in the heavy duty vehicle industry is the wall-flow technique with monolithic 

honeycomb structure support.  

The wall-flow technique is derived from the flow-through technique. The main difference 

between these two is that instead of using open channels every other channel has either a 

blocked entrance or a blocked exit, see Figure 2.16. The entering exhaust gases needs to flow 

through the DPF, but since the exits are blocked the exhaust gases will flow through the 

porous channel walls the penetrating solid particulates will be trapped whilst the rest passes 

through. The most common way to see it, is like a filter. Due to unwanted high pressure drop, 

a 

b 
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the walls need to be made sufficient porous, but not too porous since the particulates need to 

be retrained. In order to remove the accumulated soot, a regeneration method can be applied 

and this will be further explained later in this section. [3]  

 
Figure 2.16. Illustration the wall-flow concept. [23] 

Besides the low-pressure drop requirement, the DPF needs to satisfy additional requirements 

such as:  

 Sufficient filtration efficiency of the particulates to meet the particulate emission 

legalisation. 

 High regeneration efficiency, including good resistance to thermal shocks.  

 Satisfaction of the costumer and company in financial aspects, including maintenance 

cost and compact packaging. [24]   

As the filtration process proceeds for the DPF, particulates will be trapped. After a certain 

period of time, the accumulated soot will start to block the path through the wall, thus, 

decrease the permeability (penetration capability) for the exhaust gases. This phenomenon 

will inflict the pressure to drop across the DPF, illustrated in Figure 2.17. The figure shows 

the pressure drop increasing rapidly below 0.5 g/L amount of soot, for various porosity levels. 

The huge change in pressure drop is caused by the location of the accumulated soot. Initially, 

the soot will accumulates mainly inside of the porous walls. This will block the flow path and, 

thus, lower the permeability of the exhaust gases. As the accumulation proceed, at soot level 

above 0.5 g/L the pressure drop rate starts to increase linearly. At this point of time, the soot 

has started to mainly accumulates on the walls, compared to the inside wall accumulation, this 

has a much lower degree of impact on the permeability. [25]  
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Figure 2.17. Graphical illustration of pressure drop for different porosity and soot loading of catalyzed and 

non-catalyzed DPF. [25] 

After a extended operation time, the DPF will be clogged of soot due to the soot 

accumulation. This will affect, for instance, the engine performance and fuel consumption in a 

negatively manner, since the engine has to output more power to compensate for the pressure 

drop across the DPF. To prevent this, methods of cleaning the DPF of soot has been 

developed, also referred as regeneration methods. During a regeneration cycle, the 

carbonaceous particulates are oxidized to CO2 and H2O by a so-called active regeneration, 

which uses high temperatures to oxidize the particulates. Oxygen reacts with soot at high 

temperatures (above 500˚C) without a catalyst. The exhaust gases, that is emitted from the 

diesel engine does not normally reach this degree of temperature, therefore different 

regeneration methods has been introduced. These methods are categorized mainly into two 

groups, active and passive regeneration. [3] 

Active regeneration mostly uses external devices or operational changes of the diesel engine, 

whilst the passive regeneration uses trap modification. Examples of popular regeneration 

methods are: [3] 

Active: 

 Post-injection or exhaust pipe injection of HC (fuel).  

 Exhaust gas recirculation (EGR), explained in EGR section (Section 2.3.1.2).  

 

Passive: 

 Catalytic filter coating, commonly referred as catalyzed DPF (CDPF).
 
 

The first mentioned active regeneration method, uses the exothermic reaction (see Reaction 

2.2) that occur in a DOC to generate an exotherm (temperature increase), i.e. to attain high 

temperature. At high temperature, the soot oxidizes and forms CO2, see Reaction 2.6. Since 
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HC is required to generate the exotherm, the internal or external fuel-injector has to be used. 

The internal fuel-injector, which was mentioned in Section 2.3.1.1, uses the late post-injection 

to inject HC into the after-treatment system. The external fuel-injector, is implemented 

externally into the after-treatment system, which is commonly positioned between the engine 

and DOC, see Figure 2.18. Although, depending on the system configurations, an external 

fuel-injector is not always implemented. [3]  

 
Figure 2.18. Simplified picture of the positioning of the external fuel-injector. 

The passive regeneration method, CDPF, uses the catalytic washcoat technique of the DOC to 

generate more NO2, which easier reacts with soot at low temperatures than O2, see Reaction 

2.7 and Reaction 2.8. Since the passive regeneration is carried out at low temperatures, a high 

degree of soot regeneration can be achieved during normal operation. However, since the 

emitted NOx consist mainly of NO, a DOC is often placed upstream of the CDPF to generate 

even more NO2. [3]
 
[26]   

 
           Reaction 2.6 

                Reaction 2.7 

             Reaction 2.8 

If the filter has a catalytic washcoat, HC, CO and SOF will also be reduced. [3]  

A negative effect of using catalytic washcoat is the contribution to generation of SO3 

(see Reaction 2.4 in Section 2.3.2.3), which has poisoning affects on the after-treatment 

system. Though, today low sulphur levelled fuel exists and, therefore, the SO3 production has 

been reduced to acceptable levels. [3] 

The inorganic parts of PM (i.e. decomposed lube oil and fuel components, e.g. P and S) from 

the diesel engine, also known as ash, are unwanted compounds that accumulate in the filter 

walls of the DPF. The major part of the accumulated ash originates from the regenerated soot. 

Depending on regeneration method (passive or active), the ash will accumulate differently 

across the filter, see Figure 2.19. During passive regeneration, the ash tends to be located 
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where the soot is oxidized, while during active regeneration the ash seems to accumulate near 

the outlet. The ash particle size in passive regeneration tends also to be small compared to the 

ones in active regeneration. Eventually, the accumulation of ash will cause too large pressure 

drop across the DPF, that it has to be regenerated which is not a simple task. Though, since 

the accumulation of ash per hour is low during ordinary operation cycles, it will require over 

thousand hours of operation before the pressure drop will reach these levels. [27][28] 

There are several regeneration methods to remove accumulated ash from the filter, where 

each one of the methods has its pros and cons. Regeneration by heat is one of these methods. 

By heating the filter above 750˚C the ash starts to shrink, and when the temperature exceeds 

900˚C, significant changes can be observed. When the after-treatment system is exposed to a 

high temperature during an extended period of time, it will start to lose its performance due to 

thermal degradation. Therefore, more commonly used methods in the workshop are cleaning 

or component replacement, though this will yield a higher cost. [3] [29] 

 

  
Figure 2.19. Illustration of the ash accumulation mechanism in a DPF, for passive (left figure) and active 

regeneration (right figure). [27] 
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2.3.2.5 NOX ADSORBER CATALYST & SELECTIVE CATALYTIC REDUCTION 

There are mainly two different ways of reducing NOx emissions within the after-treatment 

system in the automotive industry today, either by using a NOx Adsorber Catalyst (NAC) or a 

Selective Catalytic Reduction (SCR) system. [2] 

NOx Adsorber Catalyst 

The NAC is an accumulator-type of catalyst that adsorbs NOx in the lean operation cycle of 

the motor and regenerates in the rich operation cycle. During the lean operation, the NOx 

emissions are almost completely removed but increases slowly until the NAC has reached its 

maximum storage. Then the catalyst is regenerated, with a rich exhaust mixture, which causes 

a reduction of the accumulated NOx to N2 and a NOx release from the catalyst surface. This 

operation cycle can be seen in Figure 2.20. [30] 

 
Figure 2.20. NOx adsorption and regeneration cycle of a Pt/Ba/Al2O3 NAC [30] 

The basic principles of the operation can be explained in the following steps: 

1. Oxidation. During the NOx adsorption phase the engine is operated lean, which 

increases the amount of oxygen in the exhausts. Because the NOx trapping material is 

made out of alkali or alkaline-earth metals (e.g. BaO), the adsorption of NO2 is much 

more efficient than NO. To cope with this, active oxidation catalyst sites of noble 

metals (e.g. Pt) is used to first oxidize NO to NO2. This can be seen in Figure 2.21.
 
[30] 

 
 Figure 2.21. Oxidation on a Pt/Rh/BaO/Al2O3 NAC [31]  
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2. Adsorption. The NO2 and NO accumulate on the surface, creating ionic bonds with 

the alkali or alkaline-earth metal, forming nitrites or nitrates. In the case of the barium 

adsorbent, barium nitrate (Ba(NO3)2) is formed from the BaO adsorbing NO or NO2 

with the presence of oxygen. This oxygen is shown as O* in Figure 2.22 and origins 

from different sources, such as O2 in the exhausts and oxygen from NO2. [30] 

 
 Figure 2.22. Adsorption on a Pt/Rh/BaO/Al2O3 NAC. [31]  

3. Reductant evolution. The NAC has to be periodically regenerated to release and 

reduce the NOx that is accumulated on the surface. To do this, a rich exhaust mixture 

is sent through the catalyst, either by using excessive fuel in the combustion or by 

injecting diesel before the catalyst.
 
[30] 

 

4. NOx release. During a temperature increase or excessive fuel operation, the nitrate 

becomes thermodynamically unstable and starts to decompose to its original state and 

releases NOx in the process. This can be seen as the spike in NOx-outlet in Figure 

2.20. The NOx release is shown in Figure 2.23.
 
[30] 

 
 Figure 2.23. NOx release on a Pt/Rh/BaO/Al2O3 NAC. [31]  

5. NOx reduction. When the exhaust gases have turned into a rich mixture, the NOx 

reduction to N2 starts. This is performed over a reduction catalyst, (e.g. Rh), using the 

reducing compounds HC, CO and H2.This is seen in Figure 2.24. [30] 

 
 Figure 2.24. NOx reduction on a Pt/Rh/BaO/Al2O3 NAC. [31]  
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This catalyst works typically around 250 to 450˚C. Above this temperature the NO2 becomes 

unstable and NOx release begins. Below 250˚C, the oxidation is very slow and the efficiency 

of the catalyst is greatly reduced. [2] 
 

The benefit of using a NAC is that it only requires diesel for NOx reduction, thus removing 

additional reduction additives. On the other hand, it uses expensive noble metals and has a 

non-continuous reduction of NOx.
 
[30] 

Selective Catalytic Reduction 

The SCR system is an after-treatment concept that uses nitrogen compounds as reduction 

agents for NOx reduction. This agent is usually ammonia (NH3) due to its high selectivity 

against NOx gases. As ammonia is highly toxic, it cannot be safely stored. Therefore the 

non-toxic compound urea is used instead. [32] 

Urea, (NH2)2CO, is a solid compound and due to the difficulties of metering and distributing 

solid compounds, it is therefore mixed with water. This mixture is called Diesel Exhaust Fluid 

(DEF), or commonly referred to in Europe as AdBlue®, and contains 32.5% pure urea and 

67.5% deionized water. During the first part of the SCR operation, the water in the DEF is 

vaporized and urea is decomposed into ammonia and carbon dioxide. This can be seen in 

Reaction 2.9. [32] 

                       Reaction 2.9 

The decomposition is performed over two reaction steps. First step is the thermolysis, which 

converts the urea to isocyanic acid (HNCO) and ammonia, see Reaction 2.10. The second step 

is the hydrolysis of isocyanic acid when it reacts with the water vapour, forming carbon 

dioxide and ammonia, see Reaction 2.11.
 
[32] 

                   Reaction 2.10 

                  Reaction 2.11 

In order to get the urea mixture into the SCR catalyst, a Urea Dosage System (UDS) is used. 

A UDS consists of multiple subsystems that work together to dose right amount of AdBlue 

into the exhausts. A general layout for the system can be seen in Figure 2.25. The components 

of the system are explained below: 

 AdBlue Tank. This is the container for the urea mixture. This also includes different 

sensors, such as temperature and level sensors. A heating device is also often fitted 

inside to heat up frozen AdBlue (freezes at -11°C) .  

 DCU (Dosing Control Unit). The “brain” in the UDS is the Dosing Control Unit, 

which receives the wanted dosage from the ECU. This unit actuates the Supply 

Module and the Dosing Module. 
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 Supply Module. Is often fitted directly to the AdBlue tank. This module pumps 

AdBlue to the Dosing Module by keeping the wanted pressure demanded by the 

DCU. 

 Dosing Module. This unit is a solenoid or piezoelectric actuated nozzle that atomizes 

the AdBlue into the exhaust. The DCU controls the Dosing Module by converting the 

wanted dosage into actuation signals, such as frequency and time period. [32] 

 
 Figure 2.25. Simplified illustration of the UDS in an exhaust after-treatment system  

When the ammonia reaches the SCR, it chemisorbs on the active sites of the catalyst surface 

and NOx-conversion can begin. There are mainly three different types of reactions that reduce 

the NOx emissions, called the “standard SCR”, “fast SCR” and “NO2 SCR” reactions. The 

NOx exhausts in a diesel engine normally consists of <90% NO, that is why the main reaction 

with ammonia will be as below in Reaction 2.12. This is called the “standard SCR” reaction. 

[3][33] 

                      
Reaction 2.12 

When the temperature is low (<300 °C) the “fast SCR” Reaction 2.13 is more favourable. To  

get a proper performance of the SCR at low temperature, a NO2 content of 50% is needed. 

This is often realized by placing a DOC upstream.
 
[33] 

                       Reaction 2.13 
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If the NO2 level is above 50%, the excess NO2 after the “fast SCR” will react according to the 

“NO2 SCR” Reaction 2.14. This reaction can and should be avoided by making sure that the 

oxidation of NO to NO2 in the DOC does not exceed 50%, as the high NO2 content will 

reduce the performance of the catalyst. [34] 

                     Reaction 2.14 

The NOx reduction is highly dependent on the NO2 content in the NOx emissions and the 

temperature of the exhausts. When the NO2 level is below 50%, the “fast SCR” and the 

“standard SCR” reactions occur. At levels above 50%, the “fast SCR” and the “NO2 SCR” 

reactions occur. The faster reaction of the “standard SCR” compared to the “NO2 SCR” 

reaction, can be seen as the differences of the slope angles around 50% in Figure 2.26. In the 

figure, it can also be seen that a content of 50% of NO2 in the NOx exhausts is optimum for 

the conversion at low temperatures (250°C).
 
[34] 

 

Figure 2.26. The NOx conversion at different NO2:NOx ratios at 250 °C and space velocity (SV) 52 000 h-1 [34] 

The activity of reactions can be measured by the rate constant   , which is a measure of how 

fast the reaction occurs. The rate constants for the reactions in a V2O5/WO3/TiO5 SCR catalyst 

(a commonly used SCR) can be seen in Figure 2.27. At around 200°C, the “fast SCR” 

reaction is 10 times faster than the “standard SCR” reaction, but at 350°C they are equally 

fast, indicating that the NO:NO2 ratio has less importance at high temperatures. At low 

temperatures (<200°C), the non-wanted ammonium nitrate (NH4NO3) is produced in a solid 

or liquid form. This compound could temporarily deactivate the SCR by clogging the cells, 

however at 260°C it will decompose into water and nitrous oxide. The formation of 

ammonium nitrate can also be avoided by cutting of the NH3 supply to the catalyst at 

temperatures below 200°C. [34] 
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Figure 2.27. Rate constants for the reactions in a V2O5/WO3/TiO5 SCR (with ~3% V2O5 and 9% WO3), plotted at 

different temperatures with space velocity = 500 000 h-1. [34] 

The most optimum NH3:NOx ratio should be 1:1, since the conversion with the wanted “fast 

SCR“ and “standard SCR” reactions requires equal amount of NH3 and NOx, see Reaction 

2.12 and Reaction 2.13. The SCR catalyst can also store NH3 on its surface by operating with 

a NH3:NOx ratio >1 and this storage varies for different temperatures, see Figure 2.28. This 

could pose a problem when the catalyst has been operated for a while at a low temperature 

and a high amount of NH3 has been stored. If the temperature should rise at this time, the 

storage capacity of the catalyst is reduced and NH3 can slip from the catalyst unreacted. [35]
 

[36] 

 

Figure 2.28. NH3 storage at different temperatures and space velocities on a vanadia-based catalyst. [35] 

Temperature is a very important factor when it comes to reducing NOx emission with the SCR 

system. If the temperature is too low, then the conversion will drop due to low selectivity. 

When the temperature is too high, the NH3 starts to oxidize, forming NOx and N2. These can 

be seen in Reaction 2.15 and Reaction 2.16. [37]  

                    Reaction 2.15 
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                   Reaction 2.16 

The high and low temperature limits forms a certain temperature window for each type of 

SCR technology where it has its selectivity against reducing NOx, as seen in Figure 2.29. 

These can be split up in to three general SCR temperature classes: low-, medium- and 

high-temperature SCR. The NOx-conversion for these at different temperatures can be seen in 

Figure 2.30.
 
[37] 

 

Figure 2.29. Temperature window for SCR NOx 

reduction.[37] 

 

Figure 2.30. Temperature window for different types of 

SCR catalysts.[37] 

Low-temperature SCR, also called precious metal SCR, typically operates between 

175-250°C and uses noble metals for the NOx reduction (e.g. Pt), usually on top of an Al2O3 

carrier. Due to the unwanted formation of ammonium nitrate below 200°C, the temperature 

window becomes very narrow (~50°C), making the precious metal SCR more suitable for 

stationary low temperature operation. The high sensitivity against sulphur poisoning of the 

precious metal SCR combined with the varying temperatures from a mobile diesel engine 

makes this catalyst unsuitable for this kind of application. [3]
 
[37] 

Medium-temperature SCR, uses base metals instead and the most commonly used is 

vanadium pentoxide (V2O5). V2O5 catalysts revolutionized the SCR industry in the 70’s as it 

could operate at temperatures between 250-450°C. This range is making it more suitable for 

the exhaust temperatures in power plants, which was the main consumer of the SCR 

technology in the beginning. It also has a wider temperature window, making it more 

attractive for reducing NOx from mobile diesel engines. Titanium dioxide (TiO2) is the most 

commonly used carrier for the V2O5 as it is non-sulphating compared to its predecessor Al2O3, 

which reacts with SO3 and forms Al2(SO4)3. However, the TiO2 is more sensitive to high 

temperatures (>450°C), where the high-surface area anatase structure is converted to a rutile 

structure through a carrier sintering process, explained in Section 2.4.2. This greatly reduces 

the surface area from ~80m
2
/g to <10 m

2
/g. To increase the high-temperature stability of a 

V2O5/TiO2 SCR, an addition of wolfram (W) is often used in the form of WO3. By using WO3 
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in the vanadia catalyst and a NO2 level of 50% at low temperatures, the temperature range can 

be increased further to 180-475°C.
 
[3][34]

 
[37] 

High-temperature SCR uses zeolites for the operation. Zeolite is composed of a SiO2-Al2O3 

structure with metal within the structure. Cu and Fe are metals that is often used, which gives 

the catalyst different properties. Zeolite catalysts typically operate between 350-600°C, the 

Cu-zeolite SCR operates at low-temperatures, whilst Fe-zeolite is better for high-temperature 

operation.
 
Zeolite catalysts have a different NOx reduction curve over the temperature range 

compared to the other types, as seen in Figure 2.30. This is due to that the catalyst does not 

oxidize NH3 to NOx when there is NOx present in the exhausts, giving it an increasing NOx 

conversion at increasing temperatures.
 
[3]

 
[37]  

2.3.2.6 AMMONIA SLIP CATALYST 

The Ammonia Slip Catalyst (ASC) is often used to reduce the ammonia that slips from the 

SCR and with the current Euro VI legislations there is also a limit of how much NH3 that is 

allowed to slip. With the help of an ASC, the SCR can also be pushed harder with a higher 

NH3:NOx ratio (>1), resulting in a higher NOx reduction. [36] 

The general ASC operates by oxidizing NH3 through a noble metal, e.g. Pt. There are mainly 

three chemical reactions in the ASC that reduces the NH3; Reaction 2.15 and Reaction 2.16 

mentioned in Section 2.3.2.5 and Reaction 2.17. [36][38]
 

                   Reaction 2.17 

Reaction 2.17 produces nitrous oxide (N2O), which is a greenhouse gas that is 270 times more 

effective than CO2. Reaction 2.16 is the most desirable reaction, as the other two forms toxic 

pollutants, but it has the lowest selectivity. This is partly due to the already excess amount of 

nitrogen (N2) in the exhausts. This is one of the reasons that a new type of catalyst has 

arrived, the dual layer ASC. [36] [38] 

The dual layer ASC consists of one Pt layer that has an SCR layer on top of it. The Pt layer 

oxidizes the NH3 to NOx, which the SCR layer subsequently converts to N2 and H2O, as seen 

in Figure 2.31. This dual-layer system increases the N2 selectivity and NH3 conversion, while 

reducing the NOx formation. [36]
 
[39] 
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 Figure 2.31. Simplified illustration of the dual layer ASC function. [39]  

2.3.2.7 SENSOR SYSTEM 

In order to properly monitor and control the exhausts in the after-treatment system, multiple 

sensors are often used. In the after-treatment system of Scania, there are three different types 

of sensors; two NOx-sensors, one after the engine and the other one at the tailpipe; three 

temperature sensors, the first before the DOC, the second before the DPF, and the third before 

the SCR; and a differential pressure sensor over the DPF. The placement of these components 

can be seen in Figure 2.8 in Section 2.3.2.2.[3] 

One commonly used sensor for measuring the NOx gases at high-temperatures is the 

multilayer zirconia (ZrO2) NOx sensor; this is also the sensor that Scania uses. Inside the 

sensor there are two internal cavities, as seen in Figure 2.32. The gases enter the first internal 

cavity through the first diffusion path. Inside the first cavity the first oxygen pump is located, 

which removes most of the oxygen in the gases. The oxygen pump makes use of the ability of 

zirconia to conduct oxygen ions when a voltage is applied between two electrodes at either 

sides of the material at high temperatures. By measuring the pumping current between the 

electrodes (Ip0), the oxygen content can be determined. [40] 

 

Figure 2.32. Illustration of a thick film zirconia (ZrO2) NOx-sensor. [40] 
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Inside the second internal cavity there is a second oxygen pump with the current Ip1, which 

further reduces the oxygen content before the NOx gases is decomposed into N2 and O2 on the 

catalytic surface of the measuring electrode. The oxygen that is generated from the 

decomposition is then detected as an oxygen pumping current, seen as Ip2 in Figure 2.32, in 

the NOx measuring cell. This pumping current is proportional to the amount of NOx in the 

gases.
 
[40] 

The temperature sensors used in the Euro VI after-treatment system of Scania, is of the type 

thermocouple. The thermocouple consists of two wires of dissimilar metals which are 

connected in one end, called the measurement junction, seen in Figure 2.33. The other end, 

where the wires are not connected, is called the reference junction and this is where the 

voltage is generated through the thermoelectric effect. The voltage over the reference junction 

is highly dependent on the temperature of both the measurement junction and the reference 

junction, and this voltage is later converted to a temperature difference between these two 

junctions. To get the absolute temperature at the measurement junction, the reference junction 

needs to have a fixed or known temperature. The most common way to solve this, is to 

measure the temperature as close as possible to the reference junction with another type of 

temperature sensor, such as a diode, thermistor or Resistance Temperature-Detector (RTD).
 

[41] 

 

Figure 2.33. Principle of thermocouple temperature measurement. [41] 

The advantages of using a thermocouple temperature sensor are; the wide temperature range 

that ranges from, depending on the metals in the wires, from -250°C to +2500°C; rapid 

response times; and robust construction that is suitable for hazardous environments. However, 

there are some drawbacks; the measured voltage is in the µV scale and is sensitive to noise; 

the voltage signal is nonlinear; and the accuracy is less due to inherited errors from the 

reference junction temperature, noise from environment, and metallurgic inaccuracies. [41] 

The differential pressure sensor measures the pressure difference between two measuring 

points, just as a regular pressure sensor. In case of a regular pressure sensor, pressure is 

compared between the desired measuring point and the reference measuring point, which is 

atmospheric pressure or vacuum. In comparison, the differential pressure sensor measures the 

difference between two desired measuring points, instead of using one reference, to measure 

for instance a pressure drop over a component. In the after-treatment system of Scania, a 

differential pressure sensor is used to measure the differential pressure over the DPF, which is 

regenerated when the measured pressure drop is too high.
 
[2] 
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2.4 DEACTIVATION OF THE AFTER-TREATMENT SYSTEM 

The catalysts of the after-treatment system are continuously exposed to a stressful 

environment. This environment includes thermal-, chemical- and mechanical stresses, which 

decreases the chemical reation rate of the catalyst in various ways. The degraded catalysts 

may sometimes be restored by using restoration techniques; however, that is not always an 

option. In these cases, a workshop is needed to repair or replace the deactivated components. 

Each type of degradation will be further discussed in this section.  

Fundamentals will be discussed to achieve a better understanding of the impacts by poisoning 

and thermal stresses. The chemical reaction rate depends on several factors, such as active 

sites (where compounds chemical reacts), pore diffusion resistance (accessibility to active 

sites in the pores), temperature and mass flow of the exhaust gases. The degrading impacts 

affect some of these variables negatively, making it difficult for the catalyst to keep up with 

the desired conversion rate. [3]
 

2.4.1 CHEMICAL DEACTIVATION 

Chemical stresses for the after-treatment system occur when contaminants are present in the 

exhaust gases (either in vapour or liquid phase) and deposit onto the catalytic surface. The 

contaminants originate mainly from lubricating oil, fuel (e.g. P, Zn, S, Pb and Ca) and 

catalytic materials (e.g. Pt). These contaminants react with the catalytic material directly or 

indirectly, causing performance losses due to inaccessibility of active sites and pores. When 

contaminants react directly with the catalytic material, it is often referred as selective 

poisoning. When it reacts indirectly, it is said to be non-selective poisoning.  [3]
 
[42] 

Selective poisoning negatively affects the activity and selectivity of the active sites, by either 

reducing or removing the chemical process. The contaminants either chemically react with the 

catalytic materials (creating a permanent inactive catalytic alloy) or adsorbs onto the catalytic 

sites (temporary blocking the active sites from reacting). [3]
 
[43]  

2.4.1.1 LOSS OF ACTIVE SITES 

In Figure 2.34, the conversion rate for a degreened catalyst (i.e. a new catalyst that has 

exhibited a short run-in period) and a directly poisoned catalyst, with loss of active sites, are 

compared at different temperatures. This is a highly idealized graph, and it illustrates the need 

of an increased temperature (seen as a phase-shift), when the number of active sites are 

decreased. Furthermore, the reaction time at low temperatures is long, which causes the active 

sites to be occupied for long time periods. The catalyst with more active sites will then have 

the advantage of handling larger amount of compounds. Basically, the catalyst with most 

active sites compensates the long reaction time with larger active surface. Therefore, a 

catalyst with decreased active surface will have lower conversion rate than a fresh catalyst at 

equal temperatures. However, the reaction rate at high temperatures will be much shorter, 

which could compensate for the loss of active sites and, thus, resulting in equal conversion 

rate. [3]
 
[43]  
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 Figure 2.34. Conceptual illustration of the catalytic performance for a fresh 

versus selective poisoned catalyst (loss of active sites). [3] 
 

2.4.1.2 PORE DIFFUSION 

The contaminants can also react with the carrier to form new compounds, and this may 

partially block the pores and cause increased pore diffusion resistance (lowering the 

accessibility to the pores). Since pores provides large active surface, narrowing of the pores 

entrance will degrade the conversion rate when higher transportation rates in and out from 

pores are desired (collision between the exiting and entering gases).  

An illustration of pore diffusions impact on a catalyst conversion rate is shown in Figure 2.35, 

where it is compared to a fresh catalyst as a function of temperature. At low temperatures, the 

reaction time is long, leaving the size of the active surface to be the dominant factor of the 

conversion rate. Compared with the case when the active sites were lost due to poisoning, 

pore diffusion does not affect the active surface. Therefore, at low temperatures the fresh 

catalyst and the deactivated one will have about the same conversion rates. However, as the 

temperature increases, the reaction time will be shorter and thus result into higher 

transportation rates in and out from the pores. Since the impact of pore diffusion causes the 

pore entrances to decrease in size, the transportation will be limited, leading to restriction in 

the conversion rate. If the temperature increases further, the impact of pore diffusion will be 

less significant, since the reaction time will be short enough to compensate for it (less active 

surface is needed to convert the compounds). [3]   
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 Figure 2.35. Conceptual illustration of the catalytic performance for a fresh 

versus selective poisoned carrier (pore diffusion). [3] 

 

2.4.1.3 MASKING & FOULING 

Contaminants with high-molecular-weight commonly deposit physically on the catalytic 

washcoat where it blocks the active sites and pore entrances (pore diffusion). This occurrence 

is commonly known as masking and fouling, but also as non-selective poisoning. A poisoned 

catalyst by this means will show a substantial loss in maximum conversion due to the loss of 

geometric area. In Figure 2.36, the conversion capacity for a masked catalyst is illustrated as 

a function of temperature, and compared to a fresh catalyst. [3]  

 
 Figure 2.36. Conceptual illustration of the catalytic performance for a fresh 

versus non-selective poisoned catalyst. [3] 

 

2.4.1.4 REGENERATION 

A poisoned catalyst can sometimes be restored by using regeneration methods. Regeneration 

simply implies that poisoned catalyst can partially or completely be restored to its original 

state. This is done for instance by air cleaning, washing (e.g. water or chemicals), 

heat-treatment or by reducing/removing the poison from the operating process (e.g. fuel). [3]   
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2.4.1.5 POISONS 

Mentioned in Section 2.3.2.3, sulphur originates from the lubricating oil and fuel, causing 

degrading impacts on the catalytic material and carrier. Sulphur is classified as a selective 

poison, and may both react with the catalytic materials (by desorbing onto it) and carrier (by 

chemical reacting with it). Therefore, sulphur may both decrease the number of active sites 

and enhance the pore diffusion resistance. Sulphur poisoned catalysts are commonly treated 

with heat to regenerate the functionality of the catalyst. [3] [22] 

Phosphorus originates from the lubricating oil and causes huge problems when it enters the 

after-treatment system. It is characterized as a non-selective poison which blocks pore 

entrances and active sites (masking), interfering primarily with the outer surface of the 

washcoat materials. In the case when phosphorus enters the after-treatment system, it deposits 

as a thin layer onto the washcoat, concentrated at the inlet of the DOC and decreases along its 

length. Therefore, it is rarely to see a phosphorus poisoned DPF or SCR. Deactivated catalyst 

by phosphorus poisoning is generally irreversible during traditional operation cycles of the 

engine. Therefore, it is necessary to avoid implementation of noble metals that is sensitive for 

phosphorus poisoning and inducing means of it (e.g. lowering the amount phosphorus in the 

oil).
 
[3] [42] [44] 

HC in a liquid state, is sometime associated with SCR masking issues. This problem could 

arise, for example during cold starts or when the DOC and/or DPF are heavily degraded 

whilst injecting externally HC. If a larger amount HC is stored in the SCR, it may cause 

performance losses due to masking of the active sites and pores. It is possible to regenerate 

the SCR from HC poisoning by heat-treatment, but when a large adsorbed amount HC is 

oxidized it can generate a large exotherm, which could thermally aged the SCR. [45] 

2.4.2  THERMAL DEACTIVATION 

Automobile catalysts are exposed continuously to thermal stresses, which negatively impacts 

the catalytic material and/or carrier. The thermal damage causes most commonly crystal 

growth or loss of internal pore structure. Thermal stresses are also referred as sintering. [43] 

[46]  

When the catalytic material starts to sinter the crystal structure will grow, which causes the 

active sites to merge, thus, leaving decreased number of active sites left to react with the 

compounds. Catalytic materials sinter differently depending on several factors, such as 

temperature, material type (carrier, promoters and active component) and dispersion (the 

distances between the active sites). These parameters have different levels of influence on the 

sintering. For instance, during temperature increases the sintering rate will exponentially 

grow, however, by choosing a material with high tolerance towards temperature increases, the 

sintering level could be greatly decreased. [3]
 
[46]  

Figure 2.37 shows a simplified picture of a deactivated catalyst, which have suffered from 

catalytic material sintering. Each dot illustrates a catalytic component that is normally 
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dispersed evenly onto the carrier. The piles of dots represent the sintering phenomena of the 

catalytic components (the crystal growth). The figure also shows the decreased active area 

(lower surface-to-volume ratio), caused by crystal growth. Compare Figure 2.37 with Figure 

2.6 in Section 2.3.2.1 to see the illustrated differences between a sintered catalyst and a fresh 

one. [3]
 
[46] 

The conversion rate of a catalyst with crystal growth (caused by sintering) shows similar 

characteristics as for a catalyst with a loss of active sites (caused by selective poisoning), see 

Figure 2.34 in Section 2.4.1. The main reason behind this is that in both cases, the 

degradations causes decrease in the number of active sites and leaves the remaining ones 

unaffected. 

 
Figure 2.37. Conceptual illustration of sintering, inflicting crystal growth. [3] 

Carrier sintering occurs when the thermal stresses becomes too comprehensive for the carrier 

to handle. During this state, the carrier changes the shape and causes the pores entrances to 

shrink (increasing the pore diffusion resistance) or to be blocked (losing active sites). When 

the pores entrances are partially blocked by sintering, it is referred as pore sintering and when 

it is completely blocked it is referred as sintered pore.
 
[3] 

Pore sintering and sintered pores are illustrated in Figure 2.38. The consequences of pore 

sintering will be of similar characteristics as for pore diffusion caused by selective poisoning. 

In case of sintered pores, the conversion rate will be more similar to a non-selective poisoned 

catalyst. However, since pore sintering and sintered pores commonly occur simultaneously, 

the conversion rate will become a combination of a selective and non-selective poisoned 

catalyst. [3] 
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Figure 2.38. Conceptual illustration of sintering, where sintered pore and  pore sintering of the carrier are 

shown. [3] 

Regeneration of a sintered catalyst is usually irreversible and, therefore, it is more efficient to 

design a catalyst to prevent sintering than it is to reverse it back to original state. [46] 

2.4.3  MECHANICAL DEACTIVATION 

In automobile applications, the catalyst operates in a harsh environment in terms of vibration, 

frequent thermal changes and continuous exposure of high gas flows. This causes the 

following phenomenal:  

 A long duration time of vibrations for the washcoat materials will result into cracks, 

which may end up causing washcoat material loses.  

 Rapid changes of temperature will affect the materials of the catalyst differently, 

depending on the thermal properties of the materials, leading to bonding problems 

between the substrates. 

 Since the exhaust gases are emitted in high-flows the washcoat will be exposed to 

attrition (erosion), leaving permanent damage due to washcoat loss.  

Detached parts due to mechanical stresses (e.g. parts of the turbo) or remaining parts from a 

workshop visit (e.g. screws), may cause catastrophic consequences. For instance, high flows 

of exhaust gases may accelerate remaining screws after a workshop visit, which would collide 

with obstacles and resulting into permanent damaging.     

The loss of washcoat materials, due to mechanical damage, will result into similar conversion 

versus temperature curve behaviour as for the case of active sites losses (see Figure 2.34), 

combined with restriction in space velocity due to the loss of geometric area. Catalyst damage 

causes by mechanical means is irreversible and therefore it is desired to develop catalyst 

materials that can sustain the mechanical stresses.[3] [43]
 
[46]  
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3 PROCESS 

In this section, different concepts are introduced for troubleshooting the DOC and SCR. Each 

one of them will include a Background section, which explain the connection between the 

literature study and the developed concept, and a Procedure section, which explain how it is 

carried out.  

3.1 DIESEL OXIDATION CATALYST 

As it was mentioned in the theory section, the main purpose of the DOC is to oxidize exhaust 

gas components emitted from the diesel engine. By measuring the oxidation performance of 

the DOC, it will be possible to estimate the condition of it. This section will investigate three 

concepts of how to measure the oxidation performance. The first and second concept utilizes 

the temperature measurement principle that derives from the fundamentals of knowing that 

HC oxidation causes an exothermic reaction; see Reaction 2.2 in Section 2.3.2.4. The third 

concept, utilizes the NOx-conversion measuring principle that is derived from knowing that 

the NOx-reduction in the SCR is dependent on the NO oxidation. To keep a high 

NOx-reduction rate at low temperatures, a certain NO:NO2 ratio is required, see Figure 2.27 in 

Section 2.3.2.5.  

To perform the first and second concept, the temperatures from the sensors and mass flow has 

to be known, meanwhile the last concept also require the NOx values. The temperatures and 

mass flow should be kept constant during the measurement to increase the repeatability of the 

test. External factors such as HC remains, sulphur or urea lumps may also affect the tests, 

therefore, the system should initially be conditioned at high temperatures for an extended time 

period (i.e. few hours). 

The tests starts with heating up the engine by adjusting the engine speed and exhaust brake 

pressure (EBP) to obtain the correct temperature and mass flow. This is then followed by 

closing the EGR and VGT valve to eliminate disturbances. When the mass flow and 

temperatures has settled, the test procedure begins. 

3.1.1 CONCEPT 1- MEASUREMENT OF HC-SLIP 

3.1.1.1 BACKGROUND 

The DPF requires continuous regeneration to be operative, otherwise, the filter will be 

clogged by the accumulated soot and cause pressure drop, see Section 2.3.2.4. To regenerate 

the DPF, high temperature is desired, but temperatures of this level are normally not reached 

during the operation. Therefore, to increase the temperature further the exothermic reaction 

technique is used. This is done by injecting HC into the DOC through the internal or external 

injector, see Section 2.3.1.1 and 2.3.2.4.   
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In the Euro VI after-treatment system of Scania, there exists three temperature sensors, seen 

in Figure 3.1. The first is positioned at the inlet of the DOC (TDOC inlet), the second at the 

outlet of the DOC (TDOC outlet) and third at the outlet of the DPF (TDPF outlet). During 

HC-injection any HC-slip caused by the DOC will lead to a secondary exothermic reaction 

across the DPF since it is catalytic coated. These two exotherms are seen in the figure as 

∆TDOC and ∆TDPF. The exothermic reactions are sensitive for changes in mass flow, 

temperature and amount injected HC, but also the condition of the DOC and DPF. [47] 

 

Figure 3.1. The after-treatment system layout, where HC is oxidized and generates the two exotherms ∆TDOC and 

∆TDPF. 

The amount of HC that slips through the DOC can be calculated by using the two measured 

exotherms, which can be seen in Equation 3.1.  

         
     

       
 

     

           
 

                       

                      
 

 

Equation 3.1 

 

Equation 3.1 uses the ratio between ∆TDPF and ∆TTotal  to receive a percentage measurement of 

the HC that slips through the DOC.  

As it was mentioned earlier, the HC-slip is affected by several variables. To take all variables 

into account will cause the complexity of the test to increase, which will decrease the 

repeatability. Therefore, to keep the number of variables to a minimum and to stress the DOC 

to the maximum, three goals are set:  

1. The mass flow and DPF outlet temperature will be aimed to be kept constant at 

maximum allowed value. The temperature will have an approximately 10% safety 

margin of the maximum allowed temperature at the DPF outlet, to avoid equipment 

damages.   

2. The DOC inlet temperature will be varied from high to low temperatures to ensure the 

injected HC is oxidized. Less stress is put on the DOC at higher DOC inlet 

temperatures, since more kinetic energy can aid the oxidization rate, see Section 2.4. 
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During each measurement, the variations of the temperature will be kept at a 

minimum. 

3. The HC-injector will solely aim to keep the DPF temperature at the goal temperature 

and will not be varied during the measurement. 

3.1.1.2 PROCEDURE 

After the initial setup is finished and the equipment is checked, the HC-injection starts.  

The test procedure will have the following steps: 

1. The HC-injection will be slowly incremented to keep control over the HC-influence, 

and will be increased until the goal DPF outlet temperature has been reached. The 

DPF outlet sensor will cause regulation delays and difficulties that has to be 

considered during the test, due to the large thermal inertia of the DPF. The result of 

this step will be something similar to the Initial phase displayed in Figure 3.2. In the 

figure, the HC injection command is represented as the solid line, meanwhile the other 

three represents the temperature sensors. [47] 

 

 
 Figure 3.2. Illustration of the test procedure, where “Tstart” displays the highest measured DOC inlet temperature 

and “T2” the next measured temperature, and “Meas.1” and “Meas. 2” where the measurements are carried out. 

 

2. The measurement initializes when the system has settled and the goals are fulfilled, 

i.e. the DOC inlet and DPF outlet temperature keeps Tstart and Goal, respectively. The 

measurements are performed by logging the value of the three temperature sensors, 

mass flow and HC-injection during a period of time, to ensure that the system has 

settled. The measurement is referred as Meas.1 in Figure 3.2. 

 

3. When the first measurement is complete, the DOC inlet temperature is decreased to T2 

by lowering the engine speed and decreasing the EBP. Notice, the mass flow must 

always be kept constant to maintain high test repeatability. Therefore, when the DOC 
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inlet temperature is lowered, the EBP is adjusted first since it has less effect on the 

mass flow than the engine speed. Each decrease is of an equidistant step and will be 

done after each measurement. Since the DPF outlet temperature will decrease as well, 

due to loss of kinetic energy, additional HC has to be injected, which is seen in the 

figure between Meas.1 and Meas.2. Once the system has settled, the next 

measurement is carried out, this is displayed as Meas.2.  

 

4. Step 3 is repeated until the HC-slip reaches values about 35-50%. 

 

5. After the test is done, the HC-slip values are evaluated by inserting the logged values 

into Equation 3.1. These values are then plotted as a function of corresponding DOC 

inlet temperature; see the example in Figure 3.3.   

A degreened DOC should slip less HC than a degraded at each DOC inlet temperature. 

Therefore, the degraded curve should be displaced to higher values for both the x- and y-axes. 

In Figure 3.3, the dotted line represent a degraded DOC and the solid line a degreened one, 

and the arrow indicates the displacement direction due to degradation. The dots on the solid 

line illustrates where the temperature measurements can be performed.        

 

 Figure 3.3. Expected outcome from the this concepts test procedure and illustration of the displacement of 

a degraded DOC relative to a degreened one. Where the y-axis is the HC-slip yielded from Equation 3.1. 

Tlowest is the temperature where 35-50% HC-slip is measured.The arrow indicates the direction of the 

degradation.  
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3.1.2 CONCEPT 2 – MEASUREMENT OF COMPARATIVE 

3.1.2.1 BACKGROUND 

Instead of measuring the HC-slip as in Concept 1, a comparative value can be calculated by 

comparing the modelled and measured exotherm across the DOC. The measurement will 

become a ratio between the actual and modelled temperature difference across the DOC and 

will be referred as the comparative.  

3.1.2.2  PROCEDURE 
The procedure of this test will be carried out similar to Concept 1 in Section 3.1.1, though, 

instead of measuring the HC-slip the comparative value is measured. 

The output of each measurement for a degreened DOC should result to a curve similar to the 

solid line in Figure 3.4. If the comparative value is equal to 100%, all HC should be oxidized 

and if the value is equal to 0%, no HC should be oxidized. If a degreened and degraded DOC 

are compared with the same model, the comparative value should be lower for the degraded, 

since the model does not take aging into account. This is illustrated in the figure, where the 

solid line represents a degreened DOC and the dotted a degraded DOC. The arrow indicates a 

potential displacement direction of the curve when a degraded curve is compared to a 

degreened. [48] 

 

 Figure 3.4. Illustration of  the expected comparative measurements as function of DOC inlet 

temperature, where the black dots represents the measurement points as in Concept 1. The arrow 

indicates the direction of the degradation. 
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3.1.3 CONCEPT 3 – MEASUREMENT OF NOX TRANSIENTS 

3.1.3.1 BACKGROUND 

In Figure 2.27, the NOx-reduction of the SCR at various temperatures was illustrated. At low 

temperatures, the NOx-reduction rate is greatly dependent of NO:NO2 ratio, i.e. the DOC 

oxidation performance. However, this ratio is also strictly dependent of the temperature. 

There are also two curves of interest, which provides different reduction rates:  

 Standard SCR reaction 

 Fast SCR reaction 

In Figure 2.27 of the literature study, the fast SCR reaction was shown to be faster than the 

standard SCR reaction at low temperatures. The standard SCR reaction uses mainly NO, 

whilst the fast SCR reaction require equal amount of NO:NO2. The NOx emitted by the engine 

consist mainly of NO, therefore, the standard SCR reaction will normally occur. However, by 

implementing a DOC upstream of the SCR, higher NO2-levels can be achieved.  

The NOx-reduction cannot occur without urea, see Section 2.3.2.5. Therefore, by not injecting 

urea the NOx-conversion will be 0%. Now, if the temperature is low and the urea dosage is 

turned on, there will be a difference in the rise time (i.e. the time duration from 10 to 90% of 

the maximum NOx-conversion value) depending on the NO:NO2 ratio. The fast SCR reaction 

reacts faster than the standard SCR reaction, thus have a shorter rise time. In the same 

manner, the stored ammonia will be faster deposited from the SCR when the urea dosage is 

turned off. Therefore, at low temperatures it will be possible to estimate the oxidation 

performance of the DOC by measuring the rise or fall time of a transient urea test. Illustration 

urea transient test is shown in Figure 3.5, where the solid, dotted and dashed and dotted line 

represents the urea-injection, fast SCR reaction and standard SCR reaction, respectively.  

 
Figure 3.5. Illustration of the transient urea test. 
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The rise-time or fall-time are measured by two methods, area and time difference calculations.  

Method 1. Area calculation under the curve. The rise-area is estimated between 

10-90% of the NOx-conversion and the fall-area between 90-10%. 

In Figure 3.6, the area of solid lines shows where the rise sequence 

is measured, and the dashed show where the fall is. 

Method 2. Time difference measuring. Same principles as for the first method 

applies here, but instead of the area calculation the time difference 

is measured. In Figure 3.6, the two different time differences are 

illustrated as ∆trise and ∆tfall. 

 

Figure 3.6. Method 1 & 2: Measuring of the area and time difference. 

Figure 2.9 in Section 2.3.2.3, an example of the NO-oxidation behaviour in a DOC at certain 

temperatures is showed. The temperature variations is larger at certain DOC temperatures, 

and these areas varies depending on, e.g., the condition, mass flow, material and noble metal 

load in the DOC.  

In Section 2.3.2.4, it was explained that the NO oxidation also occurs across the DPF (if it is a 

CDPF) and that it consumes NO2 for passive regeneration, see Reaction 2.7 and Reaction 2.8. 

This basically indicates that the DPF will also influence the total NO oxidation.  

The condition of the SCR is an essential part of the test, since a new and a degraded one will 

have different NOx-reduction performance. This could impact the test and lower its 

repeatability, therefore the SCR performance has to be evaluated before the test initializes.  

The system layout of the Euro VI after-treatment system in Scania was seen earlier in the 

literature study in Figure 2.8. The two NOx-sensors and three temperature sensors will be 

required to perform this test. The NOx-sensors will be used to calculate the NOx-conversion, 

and the temperature sensors to support the regulation of the temperature of the SCR. The 
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temperature of the SCR will require some time to stabilize due to the thermal inertia of the 

DPF and SCR, this will increase the time duration of the test. 

This test has three parameters to consider, the mass flow, SCR temperature and amount of 

injected urea. The goals of the test procedure will be the following: 

1. Keep the mass flow high and constant, as in Concept 1, by regulating the engine speed 

and EBP. 

2. The aim is to keep the temperature of the after-treatment system constant during the 

measuring. The temperature will be set to the lowest possible, to obtain the largest 

dependency of the NO:NO2 so that different NOx-reduction rates can be measured. 

Since the NO:NO2 ratio should be 1:1, the temperature must be high enough to keep 

the NO-oxidation rate high.   

3. The injected amount of urea will be constant and adjusted for each SCR temperature 

measurement. The injected urea must be high enough to cause the SCR and ASC to 

slip ammonia so that the post SCR NOx-sensor is able to registered it. Therefore, the 

slip must exceed the error margin of the sensor to ensure that slip is displayed. 

3.1.3.2 PROCEDURE 

After the initial setup is set and all equipment are checked, the test starts.  

The test procedure will have the following steps: 

1. The urea dosing will be initially be kept off, and when the mass flow and temperature 

has stabilized, it is set to a constant level that cause ammonia-slip. This must fulfil 

goal three. The SCR temperature, NOx-values and mass flow will be logged during the 

measurement.  

2. When the post SCR NOx-sensor displays the required amount of slip, the urea dosage 

is set to off. 

3. The test ends, when the two NOx-sensors shows a low NOx-conversion. The whole test 

procedure is seen in Figure 3.7. The solid line shows the urea dosage and the dotted 

line the NOx-conversion, also, the marking indicates where the ammonia-slip occurs.  
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This test can be performed at nearby temperatures, in order to obtain the performance over a 

small temperature range. 

The logged values are then evaluated by calculating the rise- and fall-time area and time 

difference of the NOx-conversion. These calculated values are then plotted as a function of the 

temperature. These values are than compared to the measurements of a degreened DOC, and 

if the time measurements are larger than the degreened values the DOC is degraded.    
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Figure 3.7. Illustration of the test procedure of the NOx transient concept . 
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3.2 SELECTIVE CATALYTIC REDUCTION 

Testing of the SCR can be done when it is known that the NOx-sensors are functioning 

properly. It is also important that the temperature and exhaust mass flow is known and 

relatively constant to be able to compare the acquired performance with the reference 

performance from a degreened SCR. There are other things that also could affect this test 

procedure, for example an urea-lump in the catalyst. If present, this lump need to be removed 

before the test procedure. 

The tests often starts with operating the engine with a high engine speed, in order to get a high 

mass flow of the exhausts. The engine is operated and locked into a high-NOx engine mode 

and the EGR-valve is closed, in order to get as high and stable engine-out NOx as possible. In 

order to get the requested temperature of the exhausts, the exhaust back pressure (EBP) is 

adjusted with the valve position of the exhaust brake. This warm-up sequence can be seen in 

the four steps below: 

1. Make sure that all of the sensors in the exhaust after-treatment system is fully 

functioning, i.e. that the temperature of the SCR, exhaust mass flow and NOx before 

and after SCR are known and correct. 

2. Operate the engine at a constant engine speed and a fixed engine mode, without EGR.  

3. Adjust the temperature of the exhausts by changing the exhaust break pressure. 

However, by increasing the exhaust break pressure, the exhaust mass flow will also 

decrease. If a higher exhaust mass flow is wanted than the engine speed can produce, 

the VGT can be used to pump more air into the engine. However, the VGT and 

exhaust brake counteract each other, making it hard to have a high flow and a high 

temperature simultaneously.  

4. When the wanted exhaust mass flow and temperature are achieved, the test can begin. 

3.2.1 CONCEPT 1 - MEASUREMENT OF AMMONIA STORAGE 

3.2.1.1 BACKGROUND 

The SCR catalyst has an ammonia storage capacity that is dependent on both temperature and 

exhaust mass flow. When the SCR ages, for example through thermal sintering, the sites 

where chemisorptions can occur are reduced and the ammonia storage capacity decreases. For 

a V2O5/TiO2 SCR, the surface area may also have been reduced due to a carrier sintering 

process, explained in Section 2.3.2.5 and 2.4.2, which also reduces the ammonia storage 

capacity. The overall performance of the catalyst is therefore lowered, and an illustration of 

this can be seen in Figure 3.8. 
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Figure 3.8. Simplified illustration of the differences between a degraded and a degreened SCR when comparing 

NOx-conversion with a fixed step in urea-dosage. 

An ammonia storage capacity test can therefore tell the status of the SCR catalyst, and this 

test can be done in three different ways: 

Test 1. Starting with no dosing, and then take a fixed step in urea-dosing.  

Test 2. Starting with a constant dosing, and then cut off the urea-dosing.  

Test 3. Starting with no dosing, and then start with a low dosage of urea. The dosing is 

then slowly incremented until a small ammonia-slip can be measured (the 

maximum NOx-conversion has  already occurred before this point). When the 

slip occurs, the urea dosage is cut off.  

These three tests are illustrated in Figure 3.9. 

 
Figure 3.9. Urea-dosing strategy for the three different tests. Fixed step for Test 1-2 and usage of a sweep for Test 3. 
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To get a measure of the ammonia storage capacity out of these test, two different measuring 

methods can be used: 

Method 1. Measure the time from a urea-dosage transient to the settling of the 

NOx-conversion.  

Method 2. Calculate the area between the urea-dosage transient and the settling of the 

NOx-conversion. 

Depending on how aged the SCR is, the temperature of the SCR, and the space velocity, these 

measured values will be different. When the catalyst has lost ammonia storage capacity, the 

time it takes for the catalyst to desorb ammonia will be shortened. This time for an degraded 

SCR (∆tdegraded) can be measured and compared with a degreened SCR (∆tdegreened), as seen in 

Figure 3.10. The time for adsorbing ammonia may be shortened, however this has to be 

further tested.  

 
 Figure 3.10. Illustruation of the time and area differences for a degreened 

and a degraded SCR, under the NOx-conversion curves. 

 

Another way to measure the storage capacity is to calculate the area between the 

NOx-conversion curve and the time-axis. The area is limited by the urea dosage transient on 

the left hand side, and at the time when the NOx-conversion has settled on the right hand side, 

seen as tstart and tend in Figure 3.10.  

As seen in Figure 3.10, the area of a degraded SCR can be compared with the area of a 

degreened one to get a measure of the performance. This area can be calculated by using the 

integral in Equation 3.2 to obtain the ammonia storage, which also takes the exhaust mass 

flow into consideration.  
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                             Equation 3.2 

In Equation 3.2;           is the mass flow of the exhausts in [kg/h];          is the 

approximated molar mass of the exhausts (29 g/mole);       and       is the NOx content 

in the exhausts in [ppm] measured at engine out and tailpipe, respectively;       is the molar 

mass of urea (60 g/mole). 

3.2.1.2 PROCEDURE 

When the warm-up sequence is finished, the urea dosage starts.  Depending on which of the 

tests that is used, different urea dosing strategies are used, as explained in Section 3.2.1.1. The 

test procedure for Test 1-2 will have the following steps:  

1. The urea dosing will be performed in fixed steps, as seen in Figure 3.9. This dosing is 

set a constant level that is slightly below the ammonia-slip level, approximately at a 

NH3:NOx ratio of 1-1.2 depending on temperature and exhaust mass flow. The 

measurements for Test 1 begins. 

2. The dosing is kept constant for a specified period of time that is enough for the 

NOx-conversion to stabilize. When the NOx-conversion has stabilized, the 

measurements for Test 1 ends. 

3. When this time period is over, the urea-dosage is cut off. The measurements for Test 2 

begins. 

4. The urea-dosage is kept off during a specified time period that is enough for the 

NOx-conversion to stabilize. As the NOx-conversion has stabilized, the measurements 

for Test 2 ends. 

The measurements for Test 1 and 2 are done between step 1-2 and 3-4, respectively. The 

different measurement methods can be seen in Section 3.2.1.1 as Method 1-2.  

For Test 3 on the other hand, the procedure will look as the following: 

1. The urea dosing is performed with a sweep, as demonstrated in Figure 3.9, starting 

with a NH3:NOx ratio at somewhere under 1. 

2. The NH3:NOx ratio is then slowly incremented until a small ammonia-slip is detected 

by a decrease in the NOx-conversion, due to the cross-sensitivity of the NOx-sensor. 

3. When the decrease in NOx-conversion is detected, the urea dosage is cut off and the 

measurement begins. 

4. The measurement continues until the NOx-conversion has stabilized again, then it is 

completed. 

These tests can be made several times at the same temperature and exhaust mass flow in order 

to minimize the errors of the measurements. The tests can also be made at different 

temperatures in order to get the performance over a full temperature range, seen in Figure 

3.11. 
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 Figure 3.11. Simplified illustration of the decreased ammonia storage of a degraded SCR compared to 

a degreened SCR. TLow limit and THigh limit represents the lowest and highest limits of the test.  

 

3.2.2 CONCEPT 2 - MEASUREMENT OF NOX-CONVERSION WITH UREA-SWEEP 

3.2.2.1 BACKGROUND 

The more straightforward approach to test the performance of a SCR catalyst is to measure 

the NOx-conversion. When a SCR-catalyst is degraded, the NOx-conversion decreases as the 

number of active catalytic sites where NOx-reduction can occur are reduced. To be able to 

fully maximize the NOx-conversion of the catalyst, an urea-sweep will be used. This is done 

by slowly increase the urea-dosing until a certain ammonia-slip can be measured. This 

follows the same principle as explained in Test 3 in Section 3.2.1.2 and can be seen in Figure 

3.9. 

3.2.2.2 PROCEDURE 

First, the catalyst is heated to the specific temperature, and the mass-flow is adjusted so that is 

corresponds to the wanted operating point, as explained earlier in Section 3.2. For this concept 

the test procedure will look as the following: 

1. The urea dosing is performed with a sweep, as demonstrated in Figure 3.9, starting 

with a NH3:NOx ratio at somewhere under 1. The maximum NOx-conversion is logged 

during the whole test through the two NOx-sensors, and the temperature and mass flow 

is constant. 

2. The NH3:NOx ratio is then slowly incremented by increasing the urea dosing.  

3. The dosing is increased until a small ammonia-slip is detected by the NOx-sensor after 

the SCR as an increase of NOx, due to the cross-sensitivity of the NOx-sensor. Before 

this small increase, the maximum conversion rate for the catalyst has already been 

achieved, and this value is the one used for comparison. 
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4. When the decrease in NOx-conversion is detected, the urea dosage is cut off and the 

storage of data ends. 

This test can also be performed over the whole temperature range to get the NOx-conversion 

curve of the catalyst, seen in Figure 3.12.  

 
 Figure 3.12. A symbolic illustration of the difference in NOx-conversion for a degreened and a degraded 

SCR. The shape of the curve for the degraded SCR may differ depending on the type of degradation and 

the extent of it. TLow limit and THigh limit represents the lowest and highest limits of the test. 

 

As this concept follows almost the same test procedure as Test 3 in the first concept, these two 

concepts can be combined to get more information out of the same test. 

3.2.3 CONCEPT 3 - MEASUREMENT OF NOX-CONVERSION WITH TEMP.-SWEEP 

3.2.3.1 BACKGROUND 

As explained in Section 3.2, it is difficult to obtain high temperatures and high exhaust mass 

flows at the same time in stationary operation since the exhaust brake counteracts the exhaust 

mass flow. A high exhaust mass flow may be needed to push the catalyst to its limit, so that a 

decrease in performance is measureable with the on-board sensors. In this concept, the 

thermal inertia of the catalyst is used to keep up the temperature while having a high exhaust 

mass flow through the catalyst. 

As all of the catalysts have a certain mass, thermal energy can be stored. The thermal energy 

that can be stored is dependent on the specific heat capacity and mass of the catalyst. The time 

it takes for heating and cooling the catalyst will differ due to these two parameters, the mass 

flow, and the temperature of the catalyst and exhausts. Due to the extra thermal masses of the 

DOC and DPF catalysts in front of the SCR, the thermal inertia of the SCR will be even larger 

as seen in Figure 3.13. T1, T2 and T3 are the temperatures from the temperature sensors and the 

SCR temperature is a modelled temperature. 
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Figure 3.13. Illustration of the thermal inertia of the SCR shown when the temperature is suddenly decreased. 

To practically use this behaviour, the catalyst is first heated to a high temperature. When the 

catalyst has reached this temperature, the exhaust brake is deactivated, which was used for 

heating of the catalysts, and the VGT valve is opened to a certain degree to further increase 

the exhaust mass flow. This whole sequence can be seen in Figure 3.14, and the point where 

the exhaust brake is deactivated and VGT valve opens can be seen as tswitch in the same figure.  

 
Figure 3.14. Illustruation of the test, where tswitch is the point where the exhaust brake is deactivated and the VGT 

is used to increase the exhaust mass flow. 

During the cool-down of the catalyst, NOx-levels can be measured to be able to get the 

NOx-conversion over the whole temperature range and to later compare it with a degreened 

catalyst to get a measure of the performance. As seen in Figure 3.14, the exhaust mass flow is 

at its maximum at tstart and decreases slowly partly due to the decrease in temperature of the 

exhausts. When the temperature of the exhausts decreases, the velocity of the exhausts also 

decreases, making the VGT spin slower, hence, pumping less air into the engine. The 

engine-out NOx also decreases as the engine load changes.   
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Since the ammonia storage only increases with decreasing temperature, the dosing can be kept 

constant without risking any ammonia slip during the whole test sequence. However, the 

dosing will not be enough to maximize the NOx-conversion at lower temperatures due to the 

increase of ammonia storage capacity. This will make this test valid at high temperatures 

only. 

3.2.3.2 PROCEDURE 

The catalyst is first heated to a high temperature, with the help of the warm-up sequence that 

is explained in Section 3.2. When this is done, the sequence looks as the following: 

1. When the catalyst has reached the specified temperature, the urea-dosing is adjusted so 

that a maximum level of NOx-conversion is reached. After that is done, the exhaust 

brake is deactivated and the VGT-valve is opened to a specified level. This instant can 

be seen as tswitch in Figure 3.14. 

2. After tswitch, the exhaust mass flow increases and starts to cool the after-treatment 

system. tstart is where the temperature of the SCR start to drop and where the actual 

measurement and logging of the NOx-sensors and catalyst temperature  begins. 

3. During the decrease in temperature, the dosing is kept constant. The measurement 

continues until the temperature is below a certain limit or that the NOx-conversion is 

below another limit. 

4. When the measurement ends (at tend), the urea dosage is turned off. The position of the 

VGT-valve is decreased to reduce the VGT speed and the engine speed is decreased. 

The measurements are then used to get the NOx-conversion over the whole 

temperature range that the catalyst has experienced during the test. The result will look 

something like Figure 3.15. However, due to the fixed dosing, the only usable part is 

at high temperatures. 

 
 Figure 3.15. An illustruation of the expected result from the test in the concept where the 

temperature is varied. TLow limit and THigh limit represents the lowest and highest limits of the test. 
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4 RESULTS  

In this section, the equipment and results for all the concepts mentioned in Section 3 are 

presented. The equipment is stated in the Test Equipment section, which includes data of the 

mufflers, trucks and software that were used. The results are divided into two subsections, 

Diesel Oxidation Catalyst and Selective Reduction Catalyst, which includes the data of the 

result and errors. 

4.1 TEST EQUIPMENT 

The test equipment is divided into two main sections: Mufflers and Trucks. The sensors and 

actuator that were mentioned in Section 1.3 are integrated in the system and will not be 

discussed in detail. 

4.1.1 MUFFLERS 

The muffler used in this thesis, is compact package that contains all four catalysts: DOC, 

DPF, SCR and ASC. An illustration of a typical Euro VI muffler from Scania can be seen in 

Figure 4.1 and a cross-sectional view in Figure 4.2. 

  
Figure 4.1. A Scania Euro VI muffler.[1]  Figure 4.2. A cross-sectional view of a 

Scania Euro VI muffler.[1] 

 

The experiments where performed on eight different mufflers and their differences are 

described in Table 4.1. The size of each DOC, DPF and ASC in the mufflers was the same, 

except for the SCR. Also, all mufflers had uniformed distribution of the noble metals in the 

DOC, except for the one in Muffler 3 in Table 4.1, which has a non-uniformed. One of the 

eight mufflers was degreened and is called “New”. The seven remaining have experienced its 

own unique degree of degradation. The mufflers were mounted on different trucks as it can be 

seen in the table, and further data about these trucks can be obtained by reading Section 4.1.2.  
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Table 4.1. The mufflers used in the experiments. 

Muffler DOC DPF SCR 

Number Name Truck Size(L) Type Size(L) Size(L) 

1 Normal Ebba 7.4 Uniform 19.5 31 

2 
Low conv. at high temp and 
flow 

Mikki 7.4 Uniform 19.5 31 

3 Soot burn in DPF Mikki 7.4 Non-uniform 19.5 24 

4 SCR or DOC degraded Mikki 7.4 Uniform 19.5 38 

5 New Mikki 7.4 Uniform 19.5 37 

6 New poisoned Mikki 7.4 Uniform 19.5 37 

7 Evelyn Evelyn 7.4 Uniform 19.5 31 

8 Europe Europe 7.4 Uniform 19.5 31 

 

Muffler 1, 7 and 8 in the table above had all the same hardware and were fully functional, but 

had different aging. They were all mounted on different trucks, to minimize the measuring 

errors for the tests. The remaining five were mounted on a single truck, and these mufflers 

had different setup and various aging. The following was known about the mufflers before the 

tests began: 

“Low conv. at high temp and flow” had shown to emit too high NOx levels at high 

temperatures and mass flow in previous tests.  

“Soot burn in DPF “ had also been tested but had instead experienced thermal stresses of 

900˚C three times due to soot burn in the DPF.  

“SCR or DOC degraded” was an unknown case, where the only known information was that 

either the SCR or DOC was degraded.  

“New” was a degreened muffler and acted as the maximum performance reference. 

 “New poisoned” was attempt to thermally age and poison the DOC of “New” by using a 

blowtorch for 30 minutes and spraying a whole can of heat proof colour into it. 
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4.1.2 TRUCKS 

Four different trucks were used in these experiments, Ebba, Europe, Evelyn and Mikki. All of 

these trucks had Euro VI engines of Scania, and the data about them are stated in Table 4.2. 

The hardware was almost identical for them all, except for Evelyn that had additional horse 

power and the age of the sensors.  

Table 4.2. Trucks used in the experiments. 

Truck Engine 

Name Type 
Number of 
cylinders 

Effect (hp) Size(L) 

Ebba Euro VI 6 480 13 

Europe Euro VI 6 480 13 

Evelyn Euro VI 6 490 13 

Mikki Euro VI 6 480 13 

 

To be able to communicate with the ECU in the trucks, the CAN-interface was used. This 

made it possible to control and read the parameters in the ECU in real-time. These parameters 

were also logged to be further analysed. 

4.2 DIESEL OXIDATION CATALYST 

To evaluate the DOC performance, the three concepts mentioned in Section 3.1 were used. 

The experiments was done by using Muffler 3-8 in Table 4.1 and Truck 2-4 in Table 4.2. 

Mufflers 3-6 were mounted on the same truck to minimize external changes such as the 

sensors and engine. The two remaining mufflers were mounted on two separately trucks to 

obtain dispersion measurements. 

The EGR and VGT valve were closed during the tests to decrease the disturbances of the 

mass flow and temperature. 

4.2.1 CONCEPT 1 – MEASUREMENT OF HC-SLIP 

This first concept were tested on all of the six mufflers, with temperature ranging from TStart 

to the lowest possible (Tlowest) without exceeding 35-50% HC-slip. As it was seen in 

Section 2.3.2.3 and 2.4, the light-off temperature was affected by the several parameters such 

as the load and ratio of the noble metals and degree of degradation. Therefore, by stressing the 

DOC by lowering the inlet temperature, both the light-off temperature and overall oxidation 

rate can be measured. In this thesis work and concept, the light-off temperature is defined as 

the temperature where 50% of the HC is oxidized. 

All tests began with setting the initial parameters, followed by adjusting the engine speed and 

EBP until the required exhaust mass flow and temperature were achieved. The engine speed 
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and EBP had to be re-adjusted sometimes, due to occasional changes in the temperature of the 

diesel engine. The HC-injector was initially kept off, but was manually switched and adjusted. 

The HC was slowly incremented till the DPF outlet temperature had reached the goal 

temperature, i.e. 90% of the maximum allow operation temperature. It was shown that the 

injected HC also had a small impact on the DOC inlet temperature and, therefore, the engine 

speed and EBP had to be re-adjusted once again. The exhaust mass flow was set to the highest 

possible exhaust mass flow that could be achieved without including the VGT and damaging 

the equipment. The temperatures, HC-injection and exhaust mass flow values were logged 

during the test. 

When all parameter were set and the system had settled, the test was started by switching on 

the logging. The logging was switched off after a few minutes, which was shown to be 

enough to ensure that the system was stationary. When the logging was done, the DOC inlet 

temperature was lowered with equidistant steps of 10˚C. The decrease was performed by 

adjusting the engine speed and EBP. This decrease lowered also the DPF outlet temperature, 

but it was kept by increasing the HC-injection. After the adjustment had been settled, the next 

measurement was carried out. This was repeated until the 35-50% HC-slip was measured. At 

low temperatures, the declining step was lowered to 5˚C to obtain more accurate observations 

of the changing behaviour of the HC-slip value and also to avoid instability when the steps are 

too large. During the measurement, the temperature signals and mass flow shown to have a 

low variance, but the temperature variance slightly increased at low DOC inlet temperatures. 

The logged temperatures and exhaust mass flow were plotted as function of time to evaluate 

the stabilization of each measurement. The major part of the logs was shown to be stable, but 

a few did not. To obtain a good approximation of the HC-slip, the mean and median value 

were evaluated and compared. The median value yielded the best results according to a visual 

estimation of HC-slip versus time plots, and was therefore used. The HC-slip value was 

calculated by inserting the median of the DOC inlet, DOC and DPF outlet temperatures in the 

HC-slip equation, Equation 3.1. The HC-slip values were then plotted as a function of 

corresponding DOC inlet temperature. The result from one completed series of measurements 

on muffler “New” is shown in Figure 4.3. 
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Figure 4.3. A complete series of measurements from the test on the muffler ”New” in Table 4.1. Tstart is the 

starting temperature and Tlowest the temperature where 35-50% HC-slip is measured. 

A single series of measurements for all six mufflers were plotted in a single graph, so they 

could be compared, see Figure 4.4. As it was said in the Mufflers section (Section 4.1.1), 

“New” is the maximum performance reference. This muffler yielded the lowest HC-slip 

values among the measured mufflers on the truck “Mikki”. The lowest HC-slip values was 

measured on “Evelyn”, but since this muffler was mounted on another truck (“Evelyn”) this 

will be rated as a measurement deviation. Also, the muffler “New poisoned” showed to have 

similar performance as “New”, which mean that it was an failed attempt to poison “New”. 

The remaining mufflers “SCR or DOC degraded”, “Soot burn in DPF” and “Europe” had 

varied outcome compared to “New”. The first two mentioned, shown to have similar DOC 

performance according to this test, which were a lot worse than the performance of “New”. 

This could be a tendency to degradation. Lastly, “Europe” had the fewest number of 

measurement points since it had the shortest experimental time, but it showed to have larger 

HC-slip than “New” and a bit lower than “SCR or DOC degraded” and “Soot burn in DPF”. 

The lowest temperature measurement for “Europe”, showed to have higher HC-slip than the 

worst performed mufflers, this is probably mainly caused by the large DOC inlet step 

combined with the increased instability of the system.  

The mufflers seemed to gathered at two areas in Figure 4.4. These two areas are referred as 

Degreened and Degraded in the figure and are divided by a dotted curve. This curve is 

displayed to provide a rough approximation of where tendency towards degradation can be 

observed. Also, the arrow indicates a potential direction towards the degrading behaviour.  
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 Figure 4.4. Single series of HC-slip measurements from the tests of the six mufflers  

After the mufflers had been evaluated, the errors was examined to determine the robustness 

and repeatability of the test. It was assumed that there were three main sources to the errors in 

this test: 

 Measurement deviation 

 Error of the temperature sensors  

 Exhaust mass flow (e.g. due to model errors) 

The test procedure was performed by adjusting the parameters manually, i.e. no regulator was 

used to manage the engine speed, EBP or HC-injector. This may cause measurement 

deviations. To investigate it, the test procedure was repeated several times. This was carried 

out on two of the six mufflers, which were “New” and “SCR or DOC degraded”. These two 

were chosen, since the first mentioned was the reference curve and the latter one had the 

highest potential of including a degraded DOC according to the received information. The test 

procedure was repeated six times for the first muffler and seven times for the second. The 

outputs for these measurements are shown in Appendix A. The number of data series varied 

due to the experimental time limit on each muffler.  

When the evaluation of the two mufflers was done, the deviations of the measurements were 

evaluated by using the standard deviation. The standard deviation is the measurement of how 

much the values deviates from the mean value. Therefore, the mean value of the HC-slip 

values was calculated. The mean values for these two mufflers and their standard deviation 

(seen as bars) are plotted in Figure 4.5, where the largest observed deviation was at the lowest 
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temperature by the muffler “New”. Also, as it can be observed in the figure, the separation 

between the two mufflers is outside the error margin. 

 
 Figure 4.5. The mean value and standard deviation of the HC-slip measurements from the tests 

on the two mufflers, where the deviations are displayed as bars. 

 

After the measurement deviations had been examined, the temperature sensors error influence 

was investigated by inserting them in the HC-slip equation, see Equation 4.1. The sensors 

were assumed to be independent from each other, with an equal absolute error, referred as 

εSensor which can have both a positive and negative sign. The largest error showed out to be 

when the denominator (∆Ttotal) was either at its lowest or highest value (i.e. the sensor error of 

TDPF outlet and TDOC inlet had the same signs), meanwhile the nominator (∆TDPF) was constant 

(i.e. the sensor error of TDPF outlet and TDOC outlet had the opposite signs). Furthermore, the error 

showed to decline with decreasing temperature, i.e. it were largest at high temperatures. 

Figure 4.6 shows the error of the temperature sensors evaluation for the mufflers “New” and 

“SCR or DOC degraded”, where the largest observed error was at the highest temperature for 

both mufflers. As it can be seen, even here, the separation between the two mufflers is outside 

the error margin. Therefore, it is a high possibility, that it is possible to measure the oxidation 

performance of the DOC with this concept. 
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Figure 4.6. The error of the temperature sensors influence on the HC-slip ratio.  

The exhaust mass flow was not evaluated; a discussion about this can be seen in the 

Discussion section, Section 5.3.  

The errors caused by sot, sulphur and remaining HC in the components were neglected in the 

tests and may influence the end results. Normally, the components should be conditioned, i.e. 

cleaned, by running them at high temperatures for several hours. In these tests, they were only 

conditioned 40 minutes at medium temperatures. This will remove the HC, but the sot and 

partially the sulphur will remain since they require higher temperatures. 

4.2.2 CONCEPT 2 – MEASUREMENT OF COMPARATIVE 

This test was carried out the same way as Concept 1 and on the same six mufflers. To 

evaluate the comparative value, the modelled temperatures had to be included in the logging. 

The logged parameters during this test were the HC-injection, exhaust mass flow and actual 

and modelled temperatures. 

The values were also evaluated in a similar way as in Concept 1, but instead of evaluating the 

HC-slip the comparative was evaluated. The median of the comparative showed out to result 

into the best approximation of each of the logs. Each comparative median value was then 

plotted as function of the corresponding DOC inlet temperature median. 

In Figure 4.7, a single series of the comparative measurement points from the experimental 

phase on all six mufflers can be seen. In the figure, “Europe” seems to generally to have 

similar comparative values as “SCR or DOC degraded” and “Soot burn in DPF”, except the 

deviation at the lowest temperature. This counteracts what the HC-slip concept showed, 

where “Europe” had better performance than those two mufflers. Though, all three had worse 

oxidation performance than “New”, which show the same tendency towards degradation as for 
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the HC-slip concept. Even here, “Evelyn” seems to have better performance as “New” and 

will, therefore, will be considered as a deviation measurement due to truck change. Also, 

“New poisoned” shows no tendency of performance loss compared to “New”, which indicates 

that it was a failed attempt to poison the muffler “New”.  

As in the first concept, the mufflers in this concept were shown to yield a distinct separation 

from each other. This can be seen in Figure 4.7, where this separation is displayed by the 

dotted curve, the separate zones are referred as Degreened and Degraded. This curve displays 

a rough approximation of where a potential tendency towards degradation behaviour can be 

observed. The arrow indicates the direction of the displacement towards the degrading 

behaviour. 

 
Figure 4.7.  Single series of comparative measurements from the tests on the six mufflers. 

After the result data evaluation, the errors caused by the measuring procedure and DOC outlet 

temperature sensor were examined on the two mufflers “New” and “SCR or DOC degraded”.  

The standard deviation was used to identify the deviation values from the mean value, as in 

Concept 1. The repeated series of data on the two mufflers can be seen in Appendix B. The 

deviations from examination were plotted as a function of the DOC inlet temperature and are 

seen as bars in Figure 4.8. The largest observed measurement deviation was at the lowest 

temperature for “New”. As it can be seen in the figure, the separation between these two 

mufflers is outside the error margin. 
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 Figure 4.8.  The mean value and standard deviation (seen as bars) of the comparative 

measurements from the tests on the two mufflers. 

 

The DOC outlet temperature sensor is directly connected to the comparative value. The error 

caused in the measurements by the DOC outlet sensor was calculated by inserting the sensor 

error into the comparative calculation. It was then plotted as a function of the DOC inlet 

temperature to observe the error influence at different temperatures, seen in Figure 4.9. In the 

figure, it can be clearly seen that high temperatures causes the largest error and that it 

decreases with declined DOC inlet temperature. The largest error was observed at the highest 

temperature for “New”. 

 
Figure 4.9. The influence of the error of the DOC outlet sensor on the two mufflers as a function of the DOC 

inlet temperature. 
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The DOC inlet temperature sensor error and exhaust mass flow are not included into the error 

analysis. It has to be examined if a complete error analysis has to be made. 

4.2.3 CONCEPT 3 – MEASUREMENT OF NOX TRANSIENTS 

This last concept was only performed on two muffler, “New” and “SCR or DOC degraded”, 

with the temperature ranging from T1 to T3, where T1 is the highest temperature as it was 

showed in Figure 2.27, the NOx-reduction rate in the SCR is affected by the NO oxidation in 

the DOC, especially at low temperatures. Therefore, transient tests of urea have been carried 

out.   

All tests began with setting the initial parameters. This was followed by adjusting the engine 

speed and EBP till the required exhaust mass flow and temperature were achieved. The 

exhaust mass flow was set to the highest possible without including the VGT and damaging 

the engine. The urea-injector was initially kept off and was later manually switched and 

adjusted. 

When the setup was done, the test started by switching on the logging. Then the test was 

performed according to the test procedure of Concept 3, in Section 3.1.3.2. The urea-dosage 

was increased with a step, this step was empirical derived with the aim to cause ammonia-slip. 

The slip had to exceed approximately 10ppm + the maximum NOx-sensor error, to ensure that 

a slip occurred. When sufficient slip was displayed, the urea dosage was switched off. The 

recorded were switched off when the two NOx-sensors showed about the same value. An 

actual test sequence from the measurements on the muffler “New” can be seen in Figure 4.10, 

where the dashed and solid line represent the NOx-conversion and urea dosage, respectively. 

Section 2.3.2.5 showed that low temperatures caused the NOx-reduction rate in the SCR to be 

greatly dependent on the NO:NO2 ratio than it is at high temperatures, however, the 

NO oxidation of the DOC and DPF declines with decreased temperatures. Therefore, the tests 

were performed at SCR temperatures of T1, T2 and T3, since it seemed to be acceptable 

temperatures according to the two restrictions. The DOC temperature was manually regulated 

to keep an equal value to the SCR, to achieve a constant system temperature.  
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Figure 4.10. An actual test sequence from the measurement on the muffler “New” at the temperature T2. 

When the measuring was done, the logs were evaluated according to the two methods in 

Section 3.1.3.2. The Trapezoidal rule was used to approximate the area under the 

NOx-conversion curve during the rise and fall sequences, see Equation 4.2. The calculated 

areas and time differences were then plotted as a function of SCR temperature. 

 

     

 

 

   
 

 
                         

 

   

 Equation 4.2 

The test procedure was performed on the mufflers “New” and “SCR or DOC degraded”. Both 

the rise and fall sequence were evaluated with the two measuring methods. The results were 

plotted as a function of SCR temperature and can be seen in Appendix C.  

The deviations of the measurements were derived by using the standard deviation calculations 

as in Concept 1, and are illustrated as bars in Appendix C. The largest error was calculated at 

T1 for “SCR or DOC degraded” during the rise sequence. The standard deviation included 

eight test repetitions for each muffler and temperature. The SCR temperature was shown to 

not cause any larger impacts on the rise sequence measurements, but did for the fall sequence. 

Also, the degreened muffler “New” showed out be faster at all temperatures than the degraded 

“SCR or DOC degraded” for both measurements, except one, which was the area 

measurements at T3 during the fall sequence. One of the reason behind this was the influence 

of the ammonia storage of the SCR. 

After the result evaluation, it was discovered that the measured temperatures used in these 

tests were too high, which was due to misread data about the total NO oxidation rate caused 

by the DOC and DPF in Scania. The measuring temperatures should instead have been much 
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lower, and thus obtain an optimal NO:NO2 ratio where the SCR has a high dependency on the 

NO oxidation of the DOC.  

4.3 SELECTIVE CATALYTIC REDUCTION 

To evaluate the three different concepts for measuring the performance of the SCR, five 

different mufflers were used, which are seen as Muffler 1-5 in Table 4.1. To decrease the 

errors as much as possible, four out of five mufflers were mounted on the same truck along 

with the same sensors for those tests. The last muffler was tested on another truck just to see 

how much the test equipment/trucks varied from each other. This muffler can be seen in Table 

4.1 as “Normal”, where the name refers to a muffler that has experienced a normal aging 

process and still has accepted performance. The tests started with closing the EGR valve to 

increase the exhaust mass flow and to increase the engine-out NOx. 

4.3.1 CONCEPT 1 - MEASUREMENT OF AMMONIA STORAGE 

This concept was carried out on five different mufflers with the temperature ranging from    

to   , which were chosen since they had a safety margin to the practical lowest and highest 

operating temperatures. As shown in Figure 2.28, the ammonia storage decreases with 

increasing temperature, which was the major reason why the tests were focused on low 

temperatures.  

The tests were always started by turning the urea-dosage off. To get the right temperature of 

the catalyst, the exhaust brake pressure was adjusted. When the temperature was reached, the 

speed of the engine was further adjusted to get the right exhaust mass flow. As the engine 

speed also has a small effect on the temperature, the exhaust brake pressure needs to be 

adjusted accordingly. The engine speed was chosen to keep the engine noise down and at the 

same time have a high exhaust mass flow. The exhaust mass flow was kept at      for all the 

temperatures except for    where it was kept at a slightly higher exhaust mass flow, called 

   . 

When all of this is was done, the actual test started according to the procedure for Test 3 in 

Section 3.2.1 The urea-dosage started at a low level and was then slowly incremented until a 

small ammonia slip could be measured. The temperature steps used in the tests were 

equidistant from    to   , and at every temperature multiple urea-sweeps were performed. 

The engine out NOx and engine speed changed with every step to keep the temperature and 

flow at the specified limits. 

An actual test sequence can be seen in Figure 4.11. In all of the tests, an ammonia slip of 

approximately 10 ppm was chosen. The maximum error of the NOx-sensor was added to this 

value, i.e. the measured slip was larger 10 ppm. 
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 Figure 4.11. An example of an actual test sequence of the “New” muffler at the temperature T3 

and exhaust mass flow     . 

 

Each test sequence was logged for further evaluation after the tests. The ammonia storage was 

then calculated by using a numerical approximation of Equation 3.2. This was done with the 

trapezoidal rule, seen in Equation 4.2 in Section 4.2.3. 

Six different limits were used for calculating the ammonia storage of the catalyst in the form 

of two starting points and two endpoints: 

 Urea dosage off to 20% NOx-conversion (toff to t20%) 

 Urea dosage off to 10% NOx-conversion (toff to t10%) 

 90% of maximum NOx-conversion to 20% NOx-conversion (t90% to t20%) 

 90% of maximum NOx-conversion to 10% NOx-conversion (t90% to t10%) 

These limits can also be seen in Figure 4.12. The reason for the two different end limits was 

just to see how the last decrease in NOx-conversion affected the results. The usage of the 90% 

limit was to see if the downward flank changed between the tests and mufflers. The time 

between these limits were also measured to see if it could be used to measure the 

performance. 
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Figure 4.12. Illustration of the limits for the time measuring and ammonia storage calculations 

The measured storage can be seen for all five mufflers with the temperature ranging from    

to   , in Figure 4.13. The error bars in the figure is the standard deviation for the calculated 

ammonia storage.  

 

 Figure 4.13. The normalized ammonia storage in grams for the five mufflers when measuring from 

the deactivation of urea dosage to 20% NOx-conversion. SCR volume in the parentheses. 
 

In Figure 4.13, it can be seen that the “New” muffler has the highest storage, but it also has 

one of the largest volumes (37 litres). The “Low conv. at high temp. and flow” muffler shows 

some deviating behaviour at   , which can be explained by the single measuring point at this 

temperature. As all of the tested mufflers have different SCR volumes, it can be difficult to 

compare the data. Figure 4.14 shows the ammonia storage is normalized against SCR volume. 
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 Figure 4.14.The normalized ammonia storage (grams per litre) for the five mufflers when 

measuring from the deactivation of urea dosage to 20% NOx-conversion. SCR volume in the 

parentheses. 

 

The most interesting muffler that stands out from the rest in Figure 4.14 is the “SCR or DOC 

degraded” that has lost a lot of storage compared to the other ones. “Low conv. at high temp. 

and flow” and “Soot burn in DPF” also shows some minor decrease in ammonia storage. In 

Figure 4.15 the ammonia storage per litre is shown at   , with the standard deviations for the 

measurements in the error bars.  

 

Figure 4.15. The ammonia storage for the five mufflers at T2, with the standard deviations for the measurements 

shown in the error bars. SCR volume in the parentheses. 

The NOx-sensors also have some errors in the measurement that needs to be considered. The 

error of the NOx-sensors is specified with linear functions. It uses either an absolute error, 

seen in Equation 4.3: 

                          Equation 4.3 

Or a relative error, seen in Equation 4.4: 
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                          Equation 4.4 

The error is whichever of these two equations that gives the highest error. To get the 

maximum ammonia storage including the error in this concept, the engine out sensor is 

maximized whilst the after SCR sensor is minimized. To get the minimum ammonia storage, 

the error of the engine out sensor was instead minimized, whilst the after SCR sensor was 

maximized. This was done for all of the tests at    and is shown in the error bars in Figure 

4.16. 

 

Figure 4.16 The ammonia storage for the five mufflers at T2, with the standard deviations for the maximum 

sensor errors shown in the error bars. SCR volume in the parentheses. 

Even with the added sensor errors, the storage for “SCR or DOC degraded” is still well below 

the “Normal” and “New” mufflers. The time it took for the tests to go from urea dosage off to 

20% NOx-conversion is shown in Figure 4.17. 

 

Figure 4.17. The time taken from the urea dosage is turned off until the NOx-conversion is below 20%, with the 

error bars showing the measuring errors. SCR volume in the parentheses. 

At low temperatures (  ) this time is significantly longer than for the other temperatures as 

the NOx-levels are lower here due to less usage of the exhaust brake and due to the higher 

ammonia storage capacity of the catalyst. To ease the comparison between the mufflers, the 

time can be normalized with the SCR volume, which is shown in Figure 4.18. 
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Figure 4.18. The normalized time taken from the urea dosage is turned off until the NOx-conversion is below 

20%, with the error bars showing the measuring errors. SCR volume in the parentheses. 

Here it is visible that the time taken for the decrease in NOx-conversion is significantly 

smaller for “SCR or DOC degraded” than the other mufflers. The other mufflers stay almost 

within the measuring errors. This can easier be seen at    in Figure 4.19. 

 

Figure 4.19. The normalized time taken from urea dosage off to 20% NOx-conversion at T2 with the error bars 

showing the measuring errors SCR volume in the parentheses. 

In Figure 4.20 the sensor errors is instead shown in the error bars. 

 

Figure 4.20. The normalized time taken from urea dosage off to 20% NOx-conversion at T2 with the error bars 

showing the maximum sensor errors. SCR volume in the parentheses. 

In Appendix F to Appendix H, graphs can be seen for the other measurements limits. 
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4.3.2 CONCEPT 2 - MEASUREMENT OF NOX-CONVERSION WITH UREA-SWEEP 

In this concept, the same test data were used as in Concept 1 in Section 4.3.1. Instead of using 

just the data from the urea dosage turned off to a certain NOx-conversion, the whole range is 

checked at to get the maximum conversion. As stated in previous section, the exhaust mass 

flow was kept around     kg/min for all the temperatures except for    where it was at 

    kg/min. The maximum NOx-conversion for these tests can be seen in Figure 4.21. 

 

 

Figure 4.21. NOx-conversion for the five mufflers from T1 to T6. SCR volume in the parentheses. 

As seen in Figure 4.21 the errors are quite large at    and the conversion is still high at the 

higher temperatures. In Figure 4.22 the maximum conversion is instead shown between    to 

   with the measuring errors in the error bars. 

 

Figure 4.22. NOx-conversion for the five mufflers from T2 to T6 at    . SCR volume in the parentheses. 
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The measurements show small to no decrease of the NOx-conversion for the “Soot burn in 

DPF” and “SCR or DOC degraded” mufflers. 

The engine out NOx is of great importance when it comes to NOx-conversion errors. With 

increased engine out NOx, the contribution of the error in the after SCR NOx gets smaller at 

high NOx-conversions, which can be seen in Equation 4.5.  

                    
             

              
 Equation 4.5 

This makes it more suitable to have NOx-conversion tests at high engine out NOx, which is at 

high temperatures where the exhaust brake puts a higher load on the engine in this concept. 

4.3.3 CONCEPT 3 - MEASUREMENT OF NOX-CONVERSION WITH TEMP.-SWEEP 

The tests were performed on all five mufflers with a start temperature of        and ending at 

    , as explained in Section 3.2.3. First the SCR was heated up to        (with the warm-up 

sequence explained earlier in Section 3.2) with the help of the exhaust brake pressure. When 

the temperature was reached, the urea-dosage was turned on and adjusted so that the SCR had 

a high ammonia storage before the test began. Just before the test, the urea dosage was fixed 

to a certain value and kept at that level until the whole test was over. The VGT-valve was also 

adjusted and fixed at this point to a certain position so that the exhaust mass flow initially 

would increase to         (at       ) and decrease to       (at     ). The variation of the 

exhaust mass flow plotted over the temperature can be seen in Figure 4.23.  

 
Figure 4.23. The exhaust mass flow varying with temperature for the “Normal” muffler. 

The exhaust mass flow decreases the fastest at high temperatures and has after a short while 

an almost linear decrease. Unfortunately, had the tests for the “New” muffler and the 

“SCR or DOC degraded” a decrease in exhaust mass flow compared to the other ones. Instead 

of going from         to      , the exhaust mass flow varied from the lower          to        

as seen in Figure 4.24. 
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Figure 4.24. The exhaust mass flow varying with temperature for the “New” muffler. 

Different levels of urea-dosage were tried out on the “Normal” muffler, which can be seen in 

Figure 4.25. These tests were made to see how the differences in urea-dosages altered the 

NOx-conversion. During all of tests of this concept, the engine-out NOx was kept at a constant 

value after the exhaust brake was deactivated.          represents an urea dosage, and a higher  

N number, represents a higher urea dosage. 

 
Figure 4.25. The NOx-conversions dependency on the urea-dosage at the same exhaust mass flows for the 

“Normal” muffler. 

As seen in Figure 4.25 and explained earlier, the NOx-conversion improved with increased 

urea-dosage at low temperatures due to the ammonia storage capacity, which is one of the 

reasons why the tests were focused on high temperatures. Figure 4.26 is the same figure as 

Figure 4.25, but is zoomed in at the high NOx-conversion area to see the difference between 

the dosages. 

Tstart 
Temperature (°C)  

 

  

Normal (31L) -          
Normal (31L) -          
Normal (31L) -          
Normal (31L) -          
Normal (31L) -          

N
O

x-
co

n
ve

rs
io

n
 (

%
) 

Tend Tstart 

Temperature (°C) 

Ex
h

au
st

 m
as

s 
fl

o
w

 (
kg

/m
in

)          

       



82 

 
Figure 4.26. Same as Figure 4.25, but with changed axis to see the difference in NOx-conversion at high 

temperatures. The muffler seen in this test is the “Normal” muffler. 

In Figure 4.26 it can be seen that         dosage gives the highest NOx-conversion ratio for 

“Normal” at high temperatures. More measurements were made around this dosage than those 

shown in Figure 4.26 but none of them had a higher NOx-conversion at high temperatures 

than the urea dosage        . If the dosage is too low, the SCR cannot use all of its active 

catalytic areas. If it is too high, the ammonia just slips through the catalyst and is detected as 

an increase of NOx.  

As the exhaust mass flow was approximately the same between the tests for the “New” 

muffler and the “SCR or DOC degraded”, it is possible to compare them against each other. 

This comparison can be seen in Figure 4.27. 

 
Figure 4.27. The NOx-conversions for the “New” muffler compared to the “SCR or DOC degraded” muffler at 

different urea-dosages. 

The “SCR or DOC degraded” muffler shows a small NOx-conversion decrease over the whole 

temperature range compared to the “New” muffler even though the SCR of the 

“SCR or DOC degraded” is larger. In Figure 4.28 the same results are shown, but it is 
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zoomed in at the high NOx-conversion area with the maximum NOx-sensor errors shown in 

the dotted lines. 

 
Figure 4.28. Same as Figure 4.27, but with changed axis to see the difference in NOx-conversion at high 

temperatures. The dotted lines symbolizes the maximum error of the NOx-sensors.  

The “SCR or DOC degraded” muffler still shows a small decrease in the high temperature 

area with the maximum errors added to the results.  

The “Soot burn in DPF” and “Low conv. at high temp. and flow” mufflers had the same 

exhaust mass flow during the test as the “Normal” muffler, which makes them suitable to 

compare with each other. In Figure 4.29 the “Normal” and “Soot burn in DPF” mufflers are 

compared and shown. 

 
Figure 4.29. The NOx-conversions for the “Normal” muffler compared to the “Soot burn in DPF” muffler at 

different urea-dosages. 

From Figure 4.29 it can be seen that the ”Soot burn in DPF” muffler has lost some 

performance compared to the “Normal” muffler. However, the “Soot burn in DPF” is a bit 
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smaller than the “Normal” muffler, which affects the results. In Figure 4.30, the zoomed-in 

high NOx-conversion area can be seen with the maximum NOx-sensor error for “Soot burn in 

DPF (24L) –          ” shown in the dotted lines. 

 
Figure 4.30. Same as Figure 4.29, but with changed axis to see the difference in NOx-conversion at high 

temperatures. The dotted lines symbolizes the maximum error of the NOx-sensors. 

The last tests were performed on the “Low conv. at high temp. and flow” muffler, which 

showed small to no decrease in performance compared to the “Normal” muffler as seen in 

Appendix I. A comparison of all of the mufflers can be seen in Appendix J, however, the 

differences in the exhaust mass flow should be kept in mind. 
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5 DISCUSSION 

This section includes reflections and analyzes of the results that were obtained from the 

experimental phase divided into three subsections, Diesel Oxidation Catalyst, Selective 

Catalytic Reduction and General. The two first mentioned subsections, includes discussions 

about the result and error analysis of each concept, and the third subsection, consider the 

general aspects that affects all of the concepts. 

5.1 DIESEL OXIDATION CATALYST 

5.1.1 CONCEPT 1 – MEASUREMENT OF HC-SLIP 

The HC-slip concept provides several benefits of measuring the oxidation performance. It has 

a low error sensitivity, which was shown in the result, see Section 4.2.1. The error caused by 

the temperature sensors did not result into high deviations, even though it was the worst case 

that was assumed. The measurement deviations were shown to yield generally low errors too. 

The temperature sensors and measurement procedure were assumed to be the main error 

sources of this test. Since these errors had such a low impact, it seems that it is possible to 

determine that this concept has a tendency to be able to measure the oxidation performance. 

The control difficulty of the regulation was high since the temperatures were influenced by 

three parameters, HC, engine speed and EBP. Also, the HC contribution to the exotherms was 

difficult to control at low temperatures due to the high system instability. Furthermore, the 

thermal time delay of the DPF that was mentioned in Section 3.1.1 increased the regulation 

duration before settlement. 

The amount HC that was injected was regulated according to the demanded DPF outlet 

temperature. The actual and demanded HC probably deviated during the test, since the actual 

value is derived from a model. Regulating according to the displayed HC value would 

probably have caused a large error in the measurements, but since the amount HC was 

regulated according to the DPF outlet sensor the errors were minimized. If it is assumed that 

the DPF outlet sensor is kept constant at the highest allowed temperature the error would be 

small. However, a more troublesome aspect of the HC injector is the injector distribution. If 

the injection distribution was to be concentrated on a small area of the honeycomb structure of 

the DOC during the test, it would probably overload it and cause it to slip more HC than it 

actual should, thus yielding erroneous result. 

To perform this concept, two catalytic components were required to create the exotherms. 

This will yield a requirement since not all after-treatment system includes a catalytic DPF.  

Since there are two catalytic components and only one is measured, it is automatically 

assumed that the DPF is fully functional. Though, it is also possible that the DPF could as 

well be degraded or even deactivated. This would be catastrophically, since then it is not 

possible to carry out the test and also the HC-slip may flow down into the SCR. As it was 
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mentioned in the chemical degradation section, see Section 2.4.1, HC is stored in the SCR 

only if it is in a liquid state where it then will cause masking degradation. This is easily 

removed by increasing the exhaust gas temperature by adjusting the engine speed and EBP, 

but if the temperature is not slowly increased a large exotherm could occur (depending on the 

amount adsorbed HC). Since this test initial temperature is Tstart and the amount injected HC 

is low, the possible amount of HC that could flow downstream is small. Especially since 

between 50-90% of the injected amount of HC is oxidized without a catalyst at this 

temperature, see Appendix K. However, this could also be avoided by implementing a safety 

function that checks if any exothermic increase occur when HC is injected. 

5.1.2 CONCEPT 2 – MEASUREMENT OF COMPARATIVE 

The comparative variable was logged simultaneously with the HC-slip concept in this thesis 

work. This method showed low probability to be able to measure the oxidation performance at 

higher temperature, where it was assumed that the “SCR or DOC degraded” muffler was 

degraded, and that the reference muffler was “New”. However, low temperatures generated 

large separation between these two mufflers, though, this temperature range also yields large 

system sensitivity which may generate additional errors. A complete error analysis has to be 

performed to draw any conclusion about if it is possible to measure at low temperatures. At 

high temperatures, it was not possible to measure the oxidation performance due to the large 

error sensitivity. However, if it is possible to stress the DOC further by increasing the exhaust 

mass flow, it could be possible to measure at high temperatures. To increase the exhaust mass 

flow more, the support of the VGT is required when the truck is in parked state, since the 

maximum allowed exhaust mass flow generated by the engine was used during this thesis 

work. To include the VGT in the measurements, it will cause cooling and instability effects on 

the after-treatment system. Also, it is difficult to use the EBP and VGT simultaneously since 

they counteract each other. Therefore, high temperature measurements of this concept will not 

provide satisfactory result. 

Temperatures in a large range were investigated during the experimental phase. As it can be 

seen in Figure 4.7, the comparative values for each curve decreases rapidly at low 

temperatures, this can be explained by, for instance, the light-off temperature changes due to 

aging is not included in the model calculation. Since not enough data were collected during 

this thesis work, it is not possible to tell if the light-off temperature can be measured with this 

comparative test. What can be said, is that there is a tendency so that the light-off temperature 

could possibly be determined, this can be seen by comparing the pattern at the low 

temperature region for each curve of the muffler in Figure 4.4 (the HC-slip result) with the 

corresponding curve in Figure 4.7 (the comparative result).  
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5.1.3 MEASUREMENT OF CONCEPT 1 & 2 

In Figure 4.4 and Figure 4.7, the degraded mufflers “Soot burn in DPF” and 

“SCR or DOC degraded” shows similar results. It could be several explanations to this 

outcome and two of them will be discussed here. First, the simple explanation, they both have 

lost equal degree of oxidation performance. Second, the measurements may have bad 

resolution, i.e. all degraded mufflers could be located around the same location. If the latter 

one is true, it will be difficult to receive accurate results. 

The muffler “New – poisoned” was an attempt to thermally age and poison the DOC in the 

muffler “New”, and the test results from these measurements are showed in Figure 4.4 and 

Figure 4.7. As it was shown, the attempt failed since “New – poisoned” did not show any 

signs of degradation, even though a blowtorch and a whole aerosol spray can of heat proof 

paint were used to degrade the DOC. This result could either be due to the DOC performance 

was too good and the test was too weak to push the DOC to its limit, or that it has too low 

resolution to distinguish between nearby measurements. 

Injecting HC to the after-treatment system is both fuel wasting and dangerous. One hour 

testing approximately consumes 4,5 litres diesel (assumed diesel density: 0,8 kg/litre and HC 

injection: 1 g/s) excluding the fuel consumption due to the idle driving, which results to a fuel 

economic penalty. As it is well known now, oxidizing HC leads to temperature increases, 

which is necessary to perform this test, but uncontrolled increases could thermally damage the 

components in the muffler. It could be especially dangerous when the DOC or DPF are 

sulphur poisoned. During HC-injection in these tests, the temperature increases and might 

cause a sulphur  removal, which in turn could cause an uncontrolled temperature increase due 

to the increased oxidation performance of the component.  

5.1.4 CONCEPT 3 – MEASUREMENT OF NOX TRANSIENT  

The benefits of using this concept were that it was easily repeated and controlled, and had the 

shortest test duration. The control of the test procedure was compared to the first two concepts 

easy since the only actuator that had to be changed during the test was the urea-injector. Since 

there was not HC-injection, the total fuel consumption of this test was lowered and also the 

temperature disturbances.  

Both the time difference and area were used to measure the rise and fall sequence of the test 

procedure. These both measuring methods were shown to output similar results for the rise 

sequence, but not for the fall sequence. During the area calculation of the fall sequence, the 

area values varied. The result from Section 4.3.1 seems to indicate that the ammonia-storage 

represent the SCR performance. Therefore, the area calculation should probably not be used 

since the SCR performance will then be included into the measurement. Also, the range of the 

measuring should be further investigated, there could be possibilities to achieve more robust 

results by measurements between 20-90%/90-20% instead of 10-90%/90-10%. 
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The test was only carried out on two mufflers, “New” and “SCR or DOC degraded”, due to 

the late test procedure determination. The best result would have been achieved if the 

measuring could have been carried out on at least two more mufflers, one with a degraded 

SCR and one with a degraded DOC. Then, it could have been possible to determine if both the 

rise and fall sequence could have been used and also the SCR dependency. 

The urea injector may time to time inject erroneous amount of urea, this could cause 

measurement deviations. As it was mentioned in Section 4.2.3, the injected amount of urea 

was derived empirical by the criteria that it should not be too much, but enough to cause 

ammonia-slip that the NOx-sensor can detect it. Since the NOx-reduction was greatly 

influenced by the amount urea, a further investigation should be carried out to obtain the 

optimal amount that should be injected. 

As it was seen in Section 4.3, either the relative or absolute error of the NOx-sensors was used 

as the actual error of the sensors, dependent on which one that has the largest impact on the 

sensor value. Since the engine out NOx-sensor was always this high during the tests, the 

relative error will cause the largest error of that sensor. The NOx-value after the SCR changes 

during the test and will thus include both errors, depending on the measured sensor value. A 

ratio becomes most sensitive when the denominator is low. Since the engine out NOx sensor is 

the denominator, the largest ratio sensitivity is obtained when the relative error is negative. 

With this high sensitivity, the largest NOx-conversion error is obtained when the nominator 

has the largest change, which is at high NOx-conversion (i.e. the absolute error), see Equation 

5.1. 

                    
                                

                                  
 Equation 5.1 

The exhaust mass flow used in all tests was the highest possible and therefore caused high 

noise level. Since these tests will be carried out in workshops, the audio ergonomics has to be 

considered. The tests were never performed at lower exhaust mass flow, but it could be 

possible to measure there as well and thus lower the noise level.  
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5.2 SELECTIVE CATALYTIC REDUCTION 

5.2.1 CONCEPT 1 - MEASUREMENT OF AMMONIA STORAGE 

In the first concept, “Measurement of ammonia storage” the fixed dosing test Test 1-2, were 

ruled out quite early due to different reasons. First of all, the upward flank of the 

NOx-conversion with a fixed-step dosing (Test 1), was too fast. It took only a couple of 

seconds for the NOx-conversion to go from 0 to 95%, as seen in Figure 4.10, which makes 

this test too sensitive for NOx-sensor errors.  

Test 2 (the downward flank) on the other hand, is much slower due to the stored ammonia in 

the catalyst. Although, the dependency on the stored ammonia poses a problem as there is 

today no sensor in the system that measures the actual amount of injected AdBlue in the 

system, only a modelled value. This could cause some variance in the stored ammonia at the 

end on the dosing as the catalyst is not filled up to its maximum, which could affect the 

results.  

In Test 3 this is no problem, as the catalyst get filled up with ammonia until an ammonia slip 

is detected by the NOx-sensor. The 20% NOx-conversion limit was chosen in the tests, 

because 20% was close to the maximum combined error of the NOx-sensors. The minimum 

NOx-conversion could also be measured before the test by running the system without dosage 

to make sure that the NOx-conversion will decrease under 20%.  

Tests were also made by going to a 10% NOx-conversion to make sure that a 20% limit does 

not affect the results too much. A comparison that shows the difference between the 20% and 

10% limit at different temperatures can be seen in Appendix E in Figure A. 14. Here it can be 

seen that the 20% limit is a reasonable assumption at    where the difference between the 

ammonia storages is low. This was one of the reasons that    was chosen as the comparison 

temperature.  

At lower temperatures (  ) the duration of the tests become unnecessary long due to slow 

reaction rates and a large ammonia storage. For the “New” muffler, removal of ammonia took 

almost three times longer at    compared with the same test at   . At higher temperatures 

(   ) the ammonia storage becomes lower, making it harder to compare the results.  

The ammonia storage was also measured from 90% of max NOx-conversion to 20% 

NOx-conversion. This was done to see how the ammonia storage influenced the 

NOx-conversion at different temperatures. Figure A. 15 and Figure A. 16 in Appendix E 

shows how much of the total ammonia and time that is spent during the decrease of 

NOx-conversion at different temperatures. At   , 45-50% of the total ammonia is consumed 

during the decrease of the NOx-conversion and this covers approximately 55% of the total 

time of the test. These numbers are larger than for   , which indicates that the amount of 

utilized ammonia storage is of considerably larger importance considering the 

NOx-conversion at low temperatures (  to   ) than for   . At higher temperatures, the 



90 

ammonia consumed during the decrease of the NOx-conversion increases again, which could 

be explained by the decreased ammonia storage. An illustration of this is shown in Figure 5.1. 

 
 Figure 5.1. Illustration of the difference in NOx-conversion curves 

with increasing temperatures.  
 

As seen in Figure 5.1, the ammonia storage for “SCR or DOC degraded” muffler is greatly 

reduced for the dosage off to 20% NOx-conversion test at   . Only 36% of the ammonia 

storage compared the “New” muffler is left, which clearly indicates a performance loss. The 

“Soot burn in DPF” also shows a small decrease in ammonia storage (78%), which also could 

indicate a decrease in performance. However, it is unclear if the ammonia storage of the SCR 

can be used as an indicator for the NOx-converting performance of the SCR, but the number 

of activated sites where NOx-reduction can occur should increase with the increase of 

ammonia adsorbed by the SCR.  

With increasing exhaust mass flows, the ammonia storage will also be lowered, as seen in 

Figure 2.28. The exhaust mass flow      was chosen at   , because it was the maximum 

exhaust mass flow at    with the exhaust brake activated and a high engine speed. The same 

exhaust mass flow was chosen for the both temperatures to easier compare the results with 

each other. A higher exhaust mass flow can be achieved at    to decrease the test-time, but 

then the noise from the engine will increase due to the higher engine speed. 

The usage of the measured time from the dosage system turned off to a certain 

NOx-conversion to measure performance is also possible. As seen in Figure 4.18, the 

“SCR or DOC degraded” muffler had a shorter fall-time than the other mufflers, which also 

could indicate some sort of aging of that muffler. However, this test is much more sensitive to 

measuring errors than the ammonia storage, due to the dependency on the ammonia in the 

SCR. With higher exhaust mass flows and higher engine out NOx, the shorter the fall-time 

will get. In the ammonia storage test, these two factors are taken into account in the ammonia 

storage calculation, seen in Equation 3.2. The area-measuring method (Method 2 in 

Section 3.2.1) with the calculation of ammonia storage is therefore a better measuring method. 
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5.2.2 CONCEPT 2 - MEASUREMENT OF NOX-CONVERSION WITH UREA-SWEEP 

The results from the second concept, “Measurement of NOx-conversion with urea-sweep” 

seen in Figure 4.22, shows only a small reduction in NOx-conversion. This is almost within 

the standard deviations for the measurements, which makes it almost impossible to tell if a 

loss of performance is seen and therefore not recommended as a workshop method. 

At    it was difficult to control the SCR, because at this temperature the reactions are very 

slow and the ammonia storage is much larger than at higher temperatures. The 

NOx-conversion is also well below 100%, which makes it hard to know if there is an 

ammonia-slip occurring or if it is just the variation of the engine out NOx that causes a sudden 

increase of NOx. If the urea dosage increases too fast during the urea-sweep, the maximum 

NOx-conversion may be missed. The tests will also take longer time to perform the lower the 

temperatures are, as explained earlier in Section 5.2.1.  

As explained earlier, it is hard to see any performance difference between the mufflers and 

this could be caused by the low exhaust mass flows. The exhaust mass flow was kept at      at 

   to speed up the test process. On all the other temperatures, the exhaust mass flow was 

instead kept at    . To be able to reach higher flows than     at    without further increasing 

the engine speed, which is already high, the exhaust brake needs to be deactivated. 

Deactivating the exhaust brake is also one of the main working principles of the last concept, 

“Measurement of NOx-conversion with temp.-sweep”. 

5.2.3 CONCEPT 3 - MEASUREMENT OF NOX-CONVERSION WITH TEMP.-SWEEP 

In this last concept, both the temperature and the exhaust mass flow changes during the test 

compared to the other two concepts where these two were fixed. This makes it possible to 

double the exhaust mass flow for the mufflers at    (   is the same as       ), thus stressing 

the NOx-reducing ability of the SCR much harder. As the maximum NOx-conversion at low 

temperatures was very dependent on the urea dosage, the comparisons within this concept 

were performed at high temperatures. 

The “SCR or DOC degraded” muffler shows a lost NOx-reduction capability over the high 

temperature range when compared with the “New” muffler (seen in Figure 4.28) which 

indicates some level of aging. In Figure 4.30, the “Soot burn in DPF” muffler is compared 

with the “Normal” muffler and it also shows a small decrease for the high temperature range. 

However, the SCR of the “Soot burn in DPF” muffler is 7 litres smaller than the SCR of the 

“Normal” muffler, which makes it uncertain if the catalyst has lost performance or not. 

As explained earlier, the NOx-conversion is highly dependent on the urea dosage at low 

temperatures, which makes this test with a fixed dosage more suitable for high temperature 

tests. However, the urea dosage could be varied during the test to maximize the use of the 

available ammonia storage capacity of the SCR. By using a varied dosage, the 

NOx-conversion curve for the whole temperature range could be achieved without the need of 

multiple tests.  
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The exhaust mass flow varies during the test, but there could be a possibility to reduce the 

variation of flow by regulating the VGT during the test. The VGT-valve could start at a lower 

value at the beginning and increase with the decreasing temperature. However, by regulating 

the VGT during the test, the load on the engine will also change along with the engine out 

NOx. This could increase the variations of the measured NOx-conversion. 

Another possible problem with this concept is that not all Scania Euro VI engines have a 

VGT. Tests will have to be made with those who do not have one to see if the exhaust mass 

flow gets high enough to be able to show any difference in the NOx-conversion.   

If it is possible to control urea dosing during the test in Concept 3 so that the ammonia storage 

is maximized during the whole sequence, one sweep may be enough to tell the 

NOx-conversion for the whole temperature range with a high exhaust mass flow during the 

whole test. This would be much more time-efficient than Concept 2 where an urea-sweep 

needs to be performed at every temperature step to get the same NOx-conversion versus 

temperature plot.  
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5.3 GENERAL 

While running the engine, auxiliary systems such as the air compressor system, AC unit and 

alternator, are intermittently operated. When they are operating, the engine load increases, 

thus altering the engine out NOx and the exhaust temperature. The changes of the engine out 

NOx during a test for the ammonia storage concept can be seen in Appendix D as the sudden 

spikes in both engine out NOx and the after SCR NOx. Unfortunately, some of the auxiliary 

systems cannot be deactivated during the tests and these spikes decreases the repeatability for 

the tests, especially for the time taken for the desorption of ammonia in the first SCR concept. 

The increase of the exhaust temperature is considered to have a low influence on the 

temperature of the catalysts as it only happens for a short period of time. 

The exhaust mass flow will be of great importance when it comes to the testing the 

performance of the after-treatment system. However, the errors in the calculations of the 

exhaust mass flow were not presented in this thesis work. To be able to see how reliable these 

tests are from a exhaust mass flow sensor error perspective, a comparison needs to be made 

with data from the same mufflers in a more controlled environment at the same operating 

points. More tests can also be made with the same mufflers on different trucks to see the 

impacts of sensor deviation and aging. 

There could also be other faults that could cause a decrease of the performance of the 

after-treatment system. An example is an oil leak from the engine that would degrade the 

catalysts. If the muffler is then replaced without fixing the oil leak from the engine, the fault 

will only reappear again. This could be hindered by checking the oil consumption between the 

service intervals at the muffler replacement, to see if the oil consumption has been above 

normal consumption. During operation, the temperature sensors are constantly logged and this 

data can be seen in the workshop. By analysing this data, it can be seen how long the different 

catalysts have experienced a certain temperature. This information could then be combined 

with the results from one of these concepts and the oil consumption to perhaps come to a 

conclusion if the catalyst has suffered from a thermal damage or a chemical damage, because 

it might be difficult to tell this from the test results alone. This may be valuable information 

for preventing future muffler replacement. 
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6 CONCLUSIONS  

The main objective of this thesis work was to find workshop methods for troubleshooting the 

performance of the DOC and SCR.  

6.1 DIESEL OXIDATION CATALYST 

Three DOC concepts to measure the oxidation performance have been derived during this 

thesis work. These concepts used basically two main principles for the measurement, HC- and 

NO-oxidation. 

The first concept, HC-slip, was able to measure HC-oxidation performance on six different 

mufflers. Three of them, “Europe”, “SCR or DOC degraded” and “Soot burn in DPF”, 

showed increased HC-slip compared to the degreened muffler “New”. 

“SCR or DOC degraded” and “Soot burn in DPF” showed to be similar and had the highest 

HC-slip, i.e. the worst performance. A clear separation between the assumed degraded 

muffler and the degreened one could be seen in the result plots. Therefore, it is possible to 

conclude that this concept can measure the oxidation performance. 

The second concept, comparative, was simultaneously performed on the six mufflers with the 

first concept. Even though a separation could be observed in the result plots between the 

degreened and degraded muffler, this separation is not enough to conclude any performance 

lose due to the errors. 

The last concept, Measurement of NOx transients, was shown to have been measured at too 

high temperatures. Since the DPF also oxidizes, this test will measure the total NO-oxidation 

and therefore it will not be possible to measure the oxidation performance of DOC alone. 

However, if it possible to measure the total oxidation or not will remain unknown throughout 

this thesis work.  

Among the three measuring procedure concepts of the DOC, the HC-slip test seems to have 

the highest potential to measure the oxidation performance of the DOC. In comparison to the 

NOx transient test, it has the ability to measure the performance of the DOC alone. Also, it is 

not dependent on the condition of neither the SCR nor the NOx-sensors. In comparison to the 

comparative test, it show tendency to be able to measure the oxidation performance and has 

fewer model dependencies. It also has a higher potential of measuring the light-off 

temperature.  

Since Concept 1 show tendency to be able to measure the oxidation performance of the DOC, 

the used exhaust mass flow in the tests seems to be sufficient to stress the DOC to obtain a 

measurement of the performance. Since the resolution of the results is still undetermined, it is 

not possible to decide whether if it could be lowered or must to be increased further. 



96 

The HC-slip concept included some drawbacks, such as long duration time and troublesome 

temperature regulation. These drawbacks have to be investigated further, to find potential 

improvements of increasing the efficiency of this test.  

6.2 SELECTIVE CATALYTIC REDUCTION 

Different concepts were developed to measure the performance of the SCR. Due to the 

NOx-sensors positioning, the measured performance will be a combined SCR and ASC 

performance. The basic principles for the three concepts were to either measure the ammonia 

storage or the NOx-conversion.  

The first concept measured the ammonia storage with the help of an urea-sweep for the 

mufflers and two of them shown a decrease in the storage. The worst muffler 

“SCR or DOC degraded” had only 36% left of its original ammonia storage at    compared a 

degreened muffler. The second worst muffler “Soot burn in DPF” had 78% left. The time 

taken for desorbing the ammonia also shows a decrease for these two mufflers, 34% and 72% 

respectively. However, the time taken for desorbing ammonia will decrease with increased 

engine out NOx and exhaust mass flows, which increases the measuring errors. This is not a 

problem when the ammonia storage is measured, as these two factors are taken in 

consideration in the calculations. 

The second concept measured the NOx-conversion in stationary operation. Due to the low 

exhaust mass flow when using the exhaust brake for adjusting the temperature, these tests did 

not show any NOx-conversion decrease for the mufflers used. However, it cannot be totally 

concluded that this does not work, as it might work for more aged and/or smaller SCR 

catalysts. 

The last concept also measured the NOx-conversion, but at higher exhaust mass flows. The 

tests shows a performance decrease for the “SCR or DOC degraded” muffler when compared 

with the “New” muffler, where the NOx-conversion had decreased at       . The “Soot burn in 

DPF” muffler also showed a decrease in NOx-conversion at        compared with the 

“Normal” muffler, which was a bit larger (31 against 24 litres). 

According to the test results, the first and last concept can be used to measure the performance 

of the SCR. The time taken to perform these tests is almost the same from engine start to the 

end of the test. Also the control difficulty is almost the same, as both concepts need a 

temperature regulator and a dosage regulator to be able to be automated.  

The last concept has the advantage of showing the NOx-conversion, which is easier to relate 

to than the ammonia storage. However, to get the correct performance at the low temperature 

range multiple measurements needs to be done with different dosages, or just make use of an 

adaptive dosing.  

The first concept, Measurement of ammonia storage, is the one that is recommended as the 

measuring and sensor errors are easier minimized due to the constant exhaust mass flow 
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during the test. The measurements also show a larger performance span between the mufflers 

than for the last concept. The engine speed can also be lowered, which decreases the noise 

coming from the engine. There is also no need for a VGT, which makes first concept 

available for more engine setups. To be able to fully implement this concept as a workshop 

method there are some additional work that need to be done.  
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APPENDICES 

 

APPENDIX A  

HC-SLIP MEASUREMENTS 

 
Figure A. 1. The six data series of the measuring on the muffler “New”, with lines. 

 

 
Figure A. 2. The six data series of the measuring on the muffler “New”, without lines. 
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Figure A. 3. The seven data series of the measuring on the muffler “SCR or DOC degraded”, with lines. 

 

 

 
Figure A. 4 The seven data series of the measuring on the muffler “SCR or DOC degraded”, without lines. 
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APPENDIX B 

COMPARATIVE MEASUREMENTS 

 

Figure A. 5. The six data series of the comparative measuring on the muffler “New”, with lines. 

 

 

Figure A. 6. The six data series of the comparative measuring on the muffler “New”, without lines. 
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Figure A. 7. The seven data series of the comparative measuring on the muffler “SCR or DOC degraded”, with 

lines. 

 

 

Figure A. 8. The seven data series of the comparative measuring on the muffler “SCR or DOC degraded”, without 

lines. 
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APPENDIX C 

NOX TRANSIENT TEST MEASUREMENTS 

 
Figure A. 9. The time difference measurements of the rise sequence, including the standard deviation (displayed as 

bars). The green solid line represents “New” and the red dashed line the “SCR or DOC degraded”. 

 

 
Figure A. 10. The area measurements of the rise sequence, including the standard deviation (displayed as bars). The 

green solid line represents “New” and the red dashed line the “SCR or DOC degraded”. 
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Figure A. 11. The time difference  measurements of the fall sequence, included the standard deviation (displayed as 

bars). The green solid line represents “New” and the red dashed line the “SCR or DOC degraded”. 

 

 
Figure A. 12. The area measurements of the fall sequence, included the standard deviation (displayed as bars). The 

green solid line represents “New” and the red dashed line the “SCR or DOC degraded”. 
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APPENDIX D 

THE CHANGES OF THE ENGINE OUT NOX DURING TESTS 

 

 
Figure A. 13. The output from the NOx-sensors for the “New” muffler during an ammonia storage test. 
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APPENDIX E 

COMPARISON BETWEEN DIFFERENT LIMITS IN CONCEPT 1 AND 2 

 

Figure A. 14. This figure symbolizes the amount of ammonia that is desorbed when going from 20% to 10% 

NOx-conversion divided with the total ammonia storage from urea dosage off to 10%.  

 

 

Figure A. 15. This figure symbolizes the amount of ammonia that is desorbed during the downward flank (going 

from 90% to 20% NOx-conversion) divided with the total ammonia storage from urea dosage off to 20%. 
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Figure A. 16. This figure symbolizes the time spent desorbing ammonia during the downward flank (going from 90% 

to 20% NOx-conversion) divided with the total ammonia storage from urea dosage off to 20%. 
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APPENDIX F 

GRAPHS FOR DOSING OFF TO 10% NOX-CONVERSION 

 

Figure A. 17. The ammonia storage from dosage off to 10% NOx-conversion. 

 

Figure A. 18. The ammonia storage from dosage off to 10% NOx-conversion normalized against SCR volume. 
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Figure A. 19. The time taken from dosage off to 10% NOx-conversion. 

 

Figure A. 20. The time taken from dosage off to 10% NOx-conversion normalized against SCR volume. 
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APPENDIX G 

GRAPHS FOR 90% OF MAX NOX-CONVERSION TO 20% NOX-CONVERSION 

 

Figure A. 21. The ammonia storage from 90% of max NOx-conversion to 20% NOx-conversion. 

 

Figure A. 22. The ammonia storage from 90% of max NOx-conversion to 20% NOx-conversion normalized against 

SCR volume. 
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Figure A. 23. The time taken from 90% of max NOx-conversion to 20% NOx-conversion. 

 

 

Figure A. 24. The time taken from 90% of max NOx-conversion to 20% NOx-conversion normalized against SCR 

volume. 
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APPENDIX H 

GRAPHS FOR 90% OF MAX NOX-CONVERSION TO 10% NOX-CONVERSION 

 

Figure A. 25. The ammonia storage from 90% of max NOx-conversion to 10% NOx-conversion 

 

Figure A. 26. The ammonia storage from 90% of max NOx-conversion to 10% NOx-conversion normalized against 

SCR volume.  
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Figure A. 27. The time taken from 90% of max NOx-conversion to 10% NOx-conversion. 

 

Figure A. 28. The time taken from 90% of max NOx-conversion to 10% NOx-conversion normalized against SCR 

volume. 

  

Ti
m

e
 (

s)
 

Temperature (°C) 

90→10% 

New (37L) 
Normal (31L) 
Low conv. at high temp. and flow (22.8L) 
Soot burn in DPF (24L) 
SCR or DOC degraded (38L) 

Ti
m

e
 (

s/
L)

 

Temperature (°C) 

90→10% 

New (37L) 
Normal (31L) 
Low conv. at high temp. and flow (22.8L) 
Soot burn in DPF (24L) 
SCR or DOC degraded (38L) 



- 16 - 

APPENDIX I 

NOX-CONVERSION FOR “LOW CONV. AT HIGH TEMP. AND FLOW” IN CONCEPT 3 

 

Figure A. 29. The NOx-conversions for the “Normal” muffler compared to the “Low conv. at high temp. and flow” 

muffler at different urea-dosages. 

 

 

Figure A. 30. Same as Figure A. 29, but with changed axis to see the difference in NOx-conversion at high 

temperatures. The dotted lines symbolizes the maximum error of the NOx-sensors. 
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APPENDIX J 

NOX-CONVERSION FOR ALL OF THE MUFFLERS IN CONCEPT 3 

 

 
Figure A. 31. The maximum NOx-conversion at high temperatures for all five muffler. The exhaust mass flow for 

“Normal” and “New” muffler is          to        , and for the others         to      . 

 

 

Figure A. 32. The maximum NOx-conversion at high temperatures for all five muffler zoomed in at high 

NOx-conversions. The exhaust mass flow for “Normal” and “New” muffler is          to        , and for the 

others         to      . 
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APPENDIX K 

SAMPLE VALUES OF DIESEL USED IN THE TRUCKS  



 

 


