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Summary  
The upcoming European Stage V emissions regulation for Non-Road Heavy 

Duty Diesel Engines will force OEMs to adopt Diesel Particulate Filters, adding a 

further degree of complexity to the aftertreatment system, which in several cases 

already includes specific devices for NOx reduction. Since complex aftertreatment 

systems can rise packaging problems as well as reliability issues, a project in 

collaboration with Kohler, Politecnico di Torino, Ricardo and Denso, has been 

carried out to explore the feasibility of a Stage V compliant SCR-free architecture 

for a 90kW Non Road Diesel engine. To this scope a prototype engine based on the 

Kohler KDI3404, was equipped with a low-pressure Exhaust Gas Recirculation 

system, a two-stage turbocharger and a 3000 bar injection pressure-capable Fuel 

Injection System.  

This thesis focuses on the experimental and numerical assessment of emissions 

and performances of this engine architecture over the Stage V certification 

procedure. It will be shown how the high-pressure Fuel Injection System is the key 

technology to meet the stringent requirements, demonstrating how increasing the 

injection pressure from 2000 to 3000 bar can dramatically improve the NOx-Soot 

and NOx-Particulate Number trade-off, together with engine efficiency, without 

adversely affecting the emission of nanoparticles. Moreover, the use of extremely 

high injection pressures in conjunction with after injection as a soot reduction 

technique, was found to be capable of achieving up to 50% smoke reduction with a 

more than acceptable engine efficiency degradation.  

Thanks to a dedicated steady state and transient calibration, the engine was able 

to run a compliant NRSC and NRTC with more than 10% margin on NOx and a 

level of particulate matter and particulate number which can be easily managed by 

the DOC+DPF aftertreatment system. However, some components of the tested 

engine, such as the turbochargers, were found to be far from the optimal, thus 

resulting into relatively poor efficiency figures. 

Therefore, a 1D-CFD model featuring predictive combustion and emissions 

models was developed in order to assess the full potentials of this architecture on a 

kind of ñvirtual test rigò, on which different components could be easily evaluated. 

The model results proved that, with a better design of the exhaust and EGR line, 

and with a slightly higher performance turbocharger, consistent engine efficiency 

improvements could be obtained, making the SCR-free solution as a valuable 

alternative to the SCR architecture to meet the Stage V emissions regulations.  
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Chapter 1 

1 Introduction  

Part of the work described in this chapter has been previously published in: 

¶ Gatti P, Fagg S, Cornwell R, Millo F, Boccardo G, Porcu D, et al. 

Investigation of a ñSCR-freeò system to meet the Stage IV and beyond 

emissions limits. Heavy-Duty, On- Off-highw. Engines 2016 11th Int. MTZ 

Conf., Ulm, Germany: MTZ; 2017, p. 274ï91. doi:10.1007/978-3-658-

19012-5_16 

 

¶ Queck D, Herrmann OE, Bastianelli M, Naoki A, Manelli S, Capiluppi C, 

Fukuda A, Millo F, Boccardo G. Next steps towards EGR-only concept for 

medium-duty industrial engine. In: Liebl J, Beidl C, editors. Int. Mot. 2017 

Mit Konf. Nfz-Motorentechnologie und Neue Kraftstoffe, Wiesbaden: 

Springer Fachmedien Wiesbaden; 2017, p. 555ï72. doi:10.1007/978-3-658-

17109-4_37. 

 

Air pollution is a key environmental and social issue, with severe impact on 

health, vegetation, ecosystem and climate. Estimates of the health impacts 

attributable to exposure to air pollution indicate that PM2.5 concentrations in 2014 

were responsible for about 428 000 premature deaths in Europe, while 78000 are 

correlated to NO2 and 14400 to O3. Other than the social aspect it also has 

considerable economic impacts, cutting lives short, increasing medical costs and 

reducing productivity through working days lost across the economy [1]. 

Pollution is an issue that is being addressed globally. The developed countries 

started to enforce the earliest emission regulation in the second half of the 20th 

century, while others industrialized and industrializing countries are following in 

more recent times.  

 In Europe pollutant emissions were addressed by various international 

conventions, including the 1979 United Nations Economic Commission for Europe 

(UNECE) Convention on Long-range Transboundary Air Pollution (CLRTAP) and 

its various protocols, among which the 2012 amended Gothenburg Protocol is key 

in reducing emissions of selected pollutants across the pan-European region [1]. 

The Clean Air Policy Package for Europe, published by the European 

Commission in late 2013, aims to ensure full compliance with existing legislation 

by 2020 at the latest, and to further improve Europe's air quality, so that by 2030 

the number of pollution-related premature deaths is reduced by half compared with 

2005. 
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The emissions regulations succeeded to improve the air quality in Europe as 

shown in Figure 1.1, however a large portion of Europe is still exposed to pollutants 

concentrations exceeding the World Health Organization (WHO) Air Quality 

Guidelines, and challenges in emission reduction remain of primary importance [1]. 

The partial failure of the emission regulations is related to the inadequacy of 

the laboratory testing procedure, especially for Diesel equipped vehicles of the 

transport sector, which is one of the major contributors of pollutant emissions. This 

vehicles were found to produce four or five times higher emissions than the 

European standards in the real-world driving with respect to the certification 

procedure [2]. In order to oppose this phenomenon, emissions regulations in the 

power sector are now being tightened, especially for transport applications, 

adopting more aggressive cycles and real-world operation emission verification 

procedures. 

 

 

Figure 1.1 - Trends in emissions of air pollutants  

 EU (left) and EEA-33 (right)  [2] 

 

In this context, Non Road Mobile Machineries (NRMM), which include any 

vehicle or operating machinery non directly devoted to the transportation of people 

or goods on the road, as better explained in the following Paragraph, play a role. 

NRMM are subjected to severe emissions regulations all around the world, which 

are being tightened with the target of improving Particulate Matter (PM) and NOx 

emissions. These pollutants are the most problematic in terms of harm to human 



 

4 

 

health [2] and are the primary pollutants produced by Diesel engines, which is the 

dominating technology in this sector. 

These new regulations are introducing new challenging issues in the design of 

such engines which must be addressed with the definition of new concepts and 

aftertreatment systems.   
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1.1 Non-Road Mobile Machines context 

According to the definition reported in the European emission regulation ñnon-

road mobile machinery means any mobile machine, transportable equipment or 

vehicle with or without bodywork or wheels, not intended for the transport of 

passengers or goods on roads, and includes machinery installed on the chassis of 

vehicles intended for the transport of passengers or goods on roadsò[3] 

 

A broader definition used in the United Kingdom states: ñNon-road mobile 

machinery is defined as any mobile machine, item of transportable industrial 

equipment, or vehicle - with or without bodywork - that is: 

¶ not intended for carrying passengers or goods on the road 

¶ installed with a combustion engine - either an internal spark ignition 

(SI) petrol engine, or a compression ignition diesel engine 

Examples of non-road mobile machinery include, but are not limited to: 

¶ garden equipment, such as hedge trimmers and hand-held chainsaws 

¶ generators 

¶ bulldozers 

¶ pumps 

¶ construction machinery 

¶ industrial trucks 

¶ fork lifts 

¶ mobile cranesò[4] 

 

Within these definitions, the engine selected for the research project falls within the 

European Commission Non Road Diesel Engines original category of power rate 

between 75 and 130 kW, which has been extended in more recent regulations 

between 56 and 130 kW (EU Stage IV -10/2014). The applications of this kind of 

engines are extremely different varying between the truck-mounted forklift, with a 

duty cycle measured in minutes, and generators, with a duty cycles measured in 

days or months.  

For this kind of power rate Diesel engines dominates the market thanks to its 

combination of durability, reliability, affordability and efficiency which drive the 

lowest Total Cost of Ownership (TCO) [5].  

1.1.1 User Requirements 

As mentioned in the previous Paragraph the field of application of the NRMM 

category is extremely various and the user requirements are extremely different. 
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In this paragraph the most important pillars of the design and operational 

requirements of these engines are analysed to better focus the motivations of this 

project. 

¶ Productivity  

Those engines are normally installed on professional machines or in 

generators. As far as the professional machines are concerned, they can 

be loader, excavators, lifter or any type of agricultural machinery. Each 

of these applications has his own duty cycle that can be extremely 

different in terms of load and duration. The main goal for the engines 

equipped in these machinery is their ability to give productivity to the 

machine. For productivity is intended the amount of work which can be 

done in a given amount of time. This parameter is not regulated by a 

standard test and each manufacturer has its how procedure for its 

evaluation. Nevertheless, it has a strong dependency on the maximum 

performances, on the transient behaviour and on the load acceptability  

of the engine (depending on the application).  

 

¶ Total Cost of Ownership 

Another parameter which is of crucial importance for this kind of 

machinery is Total Cost of Ownership (TCO). This parameter is the sum 

of the machine cost and of the operating cost, which includes the fluids 

consumption (Fuel + AdBlue if adopted) and the maintenance cost. The 

maintenance time, in which the machinery is not productive, is also 

considered as a cost, therefore the reliability is extremely important. 

For this reason, the introduction of new engine technologies is 

extremely challenging in this sector, since anything that does not bring 

immediate and significant improvement in the productivity does not 

worth the engineering effort to guarantee adequate reliability. 

Moreover, the fact that those machinery often operates in unfavourable 

environments must be considered in this regard. 

It is worth to highlight that higher is the size of the engine, higher is the 

relative weight of the fuel consumption over the TCO. 

 

¶ Packaging 

Normally the design of the chassis of these machinery is well 

established, and the Original Equipment Manufacturers (OEMs) are not 

prone to modify the engine bay to accommodate more bulky engines, 

or to integrate wider air ducts or wider heat exchangers, or to 

accommodate new tanks for additional fluids.  

  

¶ Safety and Fuel availability 

Those machineries normally operate in unfavourable environment, very 

dusty and dirty, often under extreme temperatures, and are subjected to 

hard vibrations. For this reason, engine which operates with low 
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flammability and low degree of explosiveness fuels are normally 

favoured, clearing the way to the success of Diesel technology in this 

field.  

That said, since Diesel fuel is always present in construction area or, 

from a broader viewpoint, in the heavy duty field, machinery operating 

with Diesel are favourable also from the logistic point of view of having 

only one type of fuel.   

1.1.2 Legislation 

Historically the United States (US) regulations have been slightly tighter than 

the European Union (EU) counterparts in terms of NOx and PM emissions, as 

reported in Figure 1.2. Nowadays EU has overtaken US in setting the emission 

standards for this category of engines releasing the Stage V regulation which will 

be active in 2020. 

This new regulation furtherly pushed the limit for particulate matter mass down 

to 0.015 g/kWh and firstly introduced the limit on particle number to 1x1012 #/kWh 

(details on the difference between Stage IV and Stage V regulation can be find in 

Table 1.1 and Table 1.2). Moreover, it would increase compliance and enforcement 

by strengthening rules on market surveillance by adopting portable emission 

measurement systems (PEMS) to monitor Particulate Matter, HC and NOx over 

normal duty cycles [6]. 

According to [7] this translates for OEMs in the mandatory use of Diesel 

Particulate Filters (DPF) since no practical way is available to reach this level of 

particles emissions with any in-cylinder emission control strategy.  

The introduction of the DPF is particularly critical for NRMM, since it is an 

aftertreatment device that affects the engine performance (and therefore the 

productivity of the machinery) due to engine backpressure increase and due to the 

strategies that must be put in place for its regeneration. It is extremely critical 

especially for the application which have an extremely short duty cycle as the truck-

mounted forklifts. These machines are used to load and unload the truck they travel 

along with, and they are operated for a very short time not giving the DOC (Diesel 

Oxidation Catalyst) and the DPF the possibility to reach the temperature needed to 

activate the regeneration process. The only possibility for the DPF regeneration is 

a stand still strategy manually activated by the user, in which the machinery is left 

offline to complete a cycle of warm-up and DPF regeneration before being able to 

operate again. This kind of regeneration strategy that can last for several tenths of 

minutes, strongly affects the productivity of the machine.  

Moreover, DPF can bring several packaging problems especially if the engine 

is already equipped with other complex aftertreatment system for NOx. 
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Figure 1.2 - EU and USA NRMM NOx and PM Regulations 

 (56 < Peak Power < 130 kW) [8][9] 

 

Table 1.1 - Stage IV emission standards for NRMM Diesel Engines [8] 

Cat. 
Net Power 

Date 
CO HC NOx PM 

kW g/kWh 

Q 130 Ò P Ò 560 2014.01 3.5 0.19 0.4 0.025 

R 56 Ò P < 130 2014.10 5.0 0.19 0.4 0.025 

 

Table 1.2 - Stage V emission standards for NRMM Diesel Engines [8] 

Category Ign. 
Net Power  

Date 
CO HC NOx PM PN 

kW g/kWh 1/kWh 

NRE-v/c-1 CI P < 8 2019 8.00 7.50a,c 0.40b - 

NRE-v/c-2 CI 8 Ò P < 19 2019 6.60 7.50a,c 0.40 - 

NRE-v/c-3 CI 19 Ò P < 37 2019 5.00 4.70a,c 0.015 1×1012 

NRE-v/c-4 CI 37 Ò P < 56 2019 5.00 4.70a,c 0.015 1×1012 

NRE-v/c-5 All  56 Ò P < 130 2020 5.00 0.19c 0.40 0.015 1×1012 

NRE-v/c-6 All  130 Ò P Ò 560 2019 3.50 0.19c 0.40 0.015 1×1012 

NRE-v/c-7 All  P > 560 2019 3.50 0.19d 3.50 0.045 - 

a HC+NOx 
b 0.60 for hand-startable, air-cooled direct injection engines 
c A = 1.10 for gas engines 
d A = 6.00 for gas engines 
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Type Approval Tests: 

 

The type approval test requires the measurement of the engine emissions along 

two cycles: the Non Road Steady Cycle (NRSC) and Non Road Transient Cycle 

(NRTC). 

 

NRSC 

The NRSC is a sequence of several steady state modes with different 

weighting factors as schematically reported in Table 1.3. This test is reported 

within the international standard for exhaust emission measurement ISO 8178 

with the identification ñType C1ò. 

Table 1.3 - Non Road Steady Cycle (ISO 8178 -Type C1) [10] 

Mode number 1 2 3 4 5 6 7 8 9 10 11 

Torque, % 100 75 50 25 10 100 75 50 25 10 0 

Speed Rated speed Intermediate speed Low idle 

Type C1 0.15 0.15 0.15 - 0.10 0.10 0.10 0.10 - - 0.15 

 

Referring to Table 1.3 ñrated speedò identifies the speed at which the 

manufacturer declares the maximum power, and ñintermediate speedò the 

speed corresponding to the maximum torque. In the last row the relative 

weighting factors of each operating point are reported.  

 

NRTC 

The NRTC test is a transient driving cycle for mobile nonroad engines 

developed by the US Environment Protection Agency (EPA) in cooperation 

with the authorities in the European Union (EU). The test is used 

internationally for emission certification/type approval of nonroad engines 

[11].  

The cycle was developed by means of a statistical analysis of the Real-

World cycles of different machineries and tries to represent each NRMM 

application as Figure 1.3 by AVL shows. 

The cycle is an engine dynamometer transient driving schedule with a total 

duration of 1238 seconds, normalized over the maximum torque and the 

maximum speed. It is run twice, with a cold and a hot start, with a 20-minute 

soak period between the tests. The cold start weighting factor is 10% in the EU 

and 5% in the US [11], making the cold start definitely not a concern for this 

kind of engines, thanks to the relatively low weighting factor and to the 

extremely aggressiveness of the cycle which makes the aftertreatment to warm 

up quite soon. The cycle, in fact, covers almost all the engine map with very 

frequent operation near the full load. Moreover, it is extremely transient 

demanding with frequent loadsteps from very low loads to full load in less than 

two seconds. To give a practical evidence of the  aggressiveness of this cycle a 

comparison with the load profile of a medium-size passenger car diesel engine 
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over the Worldwide Harmonized Light Vehicles Test Cycle  (WLTC) is 

reported in Figure 1.4. Finally, the comparison of the NRTC and NRSC 

(assuming speed of maximum torque equal to 50%) over the normalized engine 

map is reported in Figure 1.5. 

 

NTE 

 From US Tier IV, NRMM engines must comply also to the Not-To-Exceed 

Standard (NTE), which is a further instrument to guarantee that Heavy Duty 

Engines emissions are controlled over the full range of speed and load 

combinations commonly experienced in use. It does not involve a specific 

testing procedure and can include any steady or transient operation within the 

NTE control area. 

The basic definitions of NTE area are the following [12]: 

¶ All engine speeds 15% above the ESC (European Stationary Cycle) 

speeds [13]. 

¶ All engine load points greater than or equal to 30% or more of the 

maximum torque value produced by the engine. 

¶ All speed and load points where the power produced by the engine 

is higher than 30% of the maximum power. 

Engines which are certified with regulations requiring NOx and PM below 2.5 

g/kWh or 0.07 g/kWh respectively, can apply a factor of 1.5 on the emissions 

regulated value when operating in this area. 

 

All the operating conditions which are not covered by those test procedures are not 

regulated. 

Comparing Figure 1.5 and Figure 1.6, it results clear that the non-regulated 

zone and NTE zone applies only at low speed high load, which is the only region 

of the engine map not covered by the more stringent NRSC and NRTC. 

 

 
Figure 1.3 - Non Road Transient Cycle [AVL] 
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Figure 1.4 ï WLTC and NRTC comparison 

 

 
Figure 1.5 - NRSC and NRTC comparison 

 

 

Figure 1.6 - Basic NTE zone [12] 
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1.2 Project Overview 

As previously explained, the European Commission is introducing with the Stage 

V regulation the limit on particle number, forcing the engine manufacturers to 

introduce DPF in their aftertreatment systems, since no practical way is available 

to meet the limit of 1x1012 #/kWh with any in-cylinder technique [7]. 

On the other hand, NOx limit has been kept constant from Stage IV, and several 

layouts are feasible to meet the limit of 0.4 g/kWh.   

Ricardo investigated three main engine layouts, to meet the NRMM Stage V for 

engine power rate between 56 and 130 kW regulation, which are summarized in 

Figure 1.7.  

 

 

Figure 1.7 - Stage V Compliant NRMM Engine Layout [14] 

 

¶ Solution A features quite standard engine layout, completely avoiding 

the use of Exhaust Gas Recirculation (EGR) and demanding all the NOx 

reduction to a high efficiency Selective Catalytic Reduction (SCR) 

combined with an Ammonia Slip Catalyst (ASC). For this kind of 

layout, a standard single stage turbocharging system and low to medium 

injection pressure Common Rail (CR) Fuel Injection System (FIS) is 

enough. 

¶ Solution B relaxes the efficiency requirement of NOx catalyst, 

introducing the use of low rate of Cooled EGR to partially reduce the in 

cylinder NOx formation. This will require higher boost pressure to keep 

Air-to-Fuel Ratio (AFR) and smoke under control, and increased 

injection pressure to deal with the increased charge density and slower 

combustion due to the EGR dilution effect. 

¶ Solution C avoids completely the use of any aftertreatment for NOx, 

demanding all the NOx reduction to extremely high rate of cooled EGR. 

In order to pursue this solution a high performance boosting system, 

such as an intercooled two stages turbocharger, must be used in order 
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to guarantee adequate AFR with such amount of EGR. The extremely 

high charge density will require an extremely high-pressure FIS to 

guarantee good mixing and acceptable combustion duration. 

In the emissions power band between 55 and 100 kW, which represents almost the 

30% of the market, Kohler have developed the KDI3404, a 3.4 liters, 4 cylinders 

Diesel engine compliant with Stage IV and Tier IVf regulation, sold in different 

power configurations between 75 and 100 kW. All the applications feature SCR 

catalyst for NOx. The introduction of the DPF with the upcoming Stage V pushed 

Kohler to start a project in collaboration with Politecnico di Torino, Denso and 

Ricardo, to explore the possibility to meet Stage V emission regulation exploiting 

the last-proposed solution.  

SCR-free architectures could offer some advantages for this kind of application 

since SCR systems typically present several drawbacks, such as significant 

packaging issues especially when combined with a DPF, need for an infrastructure 

for a second liquid and additional sensors and actuators, at the risk of reducing the 

robustness and increasing the cost. 

As a further support of the packaging concerns, in Figure 1.8 the design of the 

current production engine (Stage IV with SCR) and the design of the Stage V SCR-

free layout is compared. It is worth to remind that a Stage V SCR layout would 

anyway require DOC and DPF. 

 

Figure 1.8 ï Packaging comparison of SCR and SCR-free 

architectures [15] 

 

Few examples of similar architectures are reported in literature. 

In [16] the use of extremely high injection pressure in combination with cooled 

EGR rate above 40 % was needed to achieve the engine out level prescribed in Tier 
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4f with a  lambda of 1.5 in a 30 kW/l engine, requiring a boost pressure of 5 bar 

(absolute). 

In [17], a 6 cylinders, 6 liters, MAN Heavy Duty Diesel Engine was modified 

with a 2500 bar FIS to try to meet the Stage IV limits without SCR. Without an ad-

hoc optimization of the calibration and of the combustion system, this engine was 

able to reach 0.6 g/kWh of NOx with acceptable transient performance at the price 

of high smoke emissions. 

 

The project was developed in three phases: 

¶ Preliminary Phase: in this phase which was Ricardo and Kohler 

main responsibility, the main tasks were the following: 

­ AFR and EGR targets definitions to meet the legislative 

limits. 

­ Combustion system definition: combustion chamber, swirl 

ratio and injector nozzles portfolio to be experimentally 

tested. 

­ Turbochargers matching. 

­ EGR cooler sizing and airpath definition. 

 

¶ First Experimental Phase: in this phase which has been carried out 

in the steady-state test bench of the Energy Department of 

Politecnico di Torino (DENERG), the engine was tested with a 

provisional design in order to carry out the Nozzle Selection, to 

experimentally confirm the AFR and EGR targets, and so the 

boosting requirements, and to develop a first steady state calibration. 

This part of the project is widely discussed in Chapter 2. 

 

¶ Second Experimental Phase: this last phase, which is extensively 

described in Chapter 3, was carried out with the final engine setup 

in the transient test bench of DENERG. The main task was the 

development of a steady state and transient calibration able to meet 

the Stage V Emissions standards. 
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1.3 Engine description 

The engine chosen for the project was a modified version of the normal 

production KDI3404TCR shown in Figure 1.9.  

 

Figure 1.9 - Kohler KDI3404 Engine 

 

This engine is on the market in different power rates since 2014 and it is 

compliant with the EU Stage IV standard featuring High Pressure EGR, 2000 bar 

Denso Common Rail FIS and a single stage turbocharger controlled by a 

mechanical wastegate. 

The engine was modified for the purposes of the project by replacing the single 

stage turbocharger with a two stages unit, the HP EGR line was replaced by a LP 

pressure pathway, the combustion system (cylinder head + combustion chamber) 

was developed ad hoc, and the 2000 bar common rail FIS was replaced with a 4th 

Generation Denso Common Rail capable of 3000 bar injection pressure.  

The high level targets are reported in Table 1.4 for what concerns emissions, 

and in Figure 1.10 in which the performance of the normal production Stage IV are 

plotted with the target for this project. A modest power derating was accepted due 

to the early stage of development of the engine technology. 

In Table 1.5 the main engine specifications are summarized. 
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Table 1.4 - Provisional High-Level targets on certification cycles [14] 

  
NOx 

[g/kWh]  

HC 

[g/kWh]  

CO 

[g/kWh]  

PM 

[g/kWh]  

PN 

[#/kWh]  

Legislated 

Limit  
EU Stage V 0.4 0.19 5 0.015 1*1012 

Provisional 

Engineering 

Targets 

Tailpipe 

Emissions 
< 0.34 0.15 1.5 0.012 8*1011 

Aftertreatment 

Conversion 

Efficiency 

- 
DOC 

>90% 

DOC 

>90% 

DOC >90% 

DPF >99% 
DPF>99% 

Engine Out 

Emissions 
< 0.34 < 1.5 < 15 <1.2 <8*1013 

 

 

Figure 1.10 - Full Load Performance 

 

Table 1.5 ï Stage V Engine Specifications 

Engine Type Diesel / 4 Cylinders In Line / Cast Iron Crankcase 

Valvetrain  4 Valves / Pushrod - Rocker with hydraulic tappets 

Bore 96 mm 

Stroke 116 mm 

CR 16 

Displacement 3.4 liters 

Turbocharger 2 Stages (Intercooler + Aftercooler) 

EGR Cooled Low Pressure 

Fuel System Denso HP6 Pump / G4S Injectors / 3000 bar Injection Pressure 

Aftertreatment  DOC + DPF 

Performance 480 Nm @ 1400 rpm / 90kW @ 2200 rpm 
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To define the engine layout and properly size each component Ricardo 

performed a keypoint analysis of both NRSC and NRTC to define the target values 

for EGR rate and AFR. This was obtained ahead of any detailed 1D or 3D 

Computational Fluid Dynamics (CFD) simulation activity, using a well-established 

0D modelling approach, which uses empirical NOx and soot/smoke/PM 

relationships to rapidly explore the design space with minimal computational effort. 

The outputs of this methodology are the AFR and EGR target over the full load 

operating conditions, summarized in Table 1.6. 

Table 1.6 - Full Load AFR and EGR Targets [14] 

Speed rpm 1000 1200 1400 1600 1800 2200 

Torque Nm 380 446 480 478 451 391 

AFR - 17.5 17.5 17.7 18.1 18.6 19 

EGR % 10 20 40 38 38 42 

 

Of particular note is the very high EGR rate at full load, coupled with the need 

of maintaining acceptable minimum AFR. It is clear that this combination of targets 

place very strong demands on the air/EGR [18][19][20] and combustion systems.  

In the following Paragraphs a detailed description of the engine components 

selected to meet these ambitious targets is presented. 

1.3.1 EGR 

The ability to recirculate EGR is the key factor for this kind of engine layout. 

Without the correct amount of EGR, the only way to control NOx emission is to 

retard the injection timing to reduce the combustion temperature with big penalty 

in fuel consumption. The ability to recirculate EGR is defined from one side by the 

EGR system and its ability to exploit the pressure difference between exhaust and 

intake pressure to drive the exhaust gases, and on the possibility to increase this 

pressure difference when needed.  

On the other hand, the EGR rate is limited by the necessity of keeping 

acceptable AFR to control soot emissions, therefore the EGR tolerance increase as 

the boost pressure increase, making the charging system a paramount component. 

 As widely reported in literature, EGR reduces NOx mainly by lowering the 

combustion temperature, therefore the EGR temperature is of crucial importance to 

fully exploit the EGR rate making the sizing of the EGR cooler another key aspect 

of the design. Mainly three layouts are available for EGR circuits: high pressure 

(HP-EGR), low pressure (LP-EGR) and the combination of the two or dual loop 

(DL-EGR). 

In the HP architecture, a fraction of the exhaust gases is diverted from the 

exhaust manifold upstream of the turbine, to the intake manifold downstream of the 

intercooler forcing the gases through an EGR cooler. The system is controlled by 

an EGR valve placed downstream of the cooler for obvious thermal concerns. 

In the LP architecture instead, the exhaust gas is sampled downstream of the 

aftertreatment and recirculated upstream of the compressor after being cooled in an 
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EGR cooler. The system is controlled by an EGR valve that regulates the flow and 

a flap that can be placed alternatively in the intake line or in the exhaust line to 

increase the pressure differential to flow the EGR. Numerical analysis have shown 

that the exhaust positioning of this valve is more effective from the efficiency point 

of view [19]. 

The HP and LP architectures can also be combined obtaining what is usually 

called a hybrid or dual loop system. 

Although the HP circuits have been the most widespread up to now, the LP 

architecture offers the opportunity to achieve higher EGR rate while maintaining 

low intake temperatures and with perfect mixing. Moreover, the introduction of 

DPF and the consequent clean EGR being recirculated, solves the concerns about 

compressor wheel damaging and cooler fouling. However LP EGR often shows 

poor transient performance and requires more sophisticated control [21]. 

Ricardo carried out an investigation of the sensitivity of key EGR hardware 

attributes to rated power using their 0D modelling approach which confirmed the 

selection of LP-EGR as the preferred route to going forward. The results of this 

analysis are reported in Figure 1.11, which indicates the response of various 

engine parameters as rated power is varied between 80 and 100 kW (23.5-29.4 

kW/l, 12.8-16.0 bar BMEP) if LP or HP-EGR is used. With LP-EGR, generally, 

the thermal load on compressors, interstage cooler, EGR cooler, and intake 

manifold boost pressure are all reduced compared to the HP-EGR case. 

Additionally the target power of 90 kW is confirmed as being sensibly 

achievable within the engine structural Peak Firing Pressure (PFP ï Maximum 

in cylinder pressure) limit, which was initially set to 170 bar for this application, 

even though the hardware can withstand up to 180 bar. 

 

 

Figure 1.11 - 0D model responses to EGR circuit type and rated power [14] 

 






















































































































































































