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Novel approaches to improve the gas exchange process 

of downsized turbocharged SI engines – A Review 
 

Bo Hu, Sam Akehurst and Chris Brace1 

 

 

Abstract: Engine downsizing, which is the use of a smaller engine that provides the power of a larger 

engine, is now considered a mega-trend for the internal combustion engine market. It is usually 

achieved by using one or more boosting devices including a supercharger or a turbocharger. Although 

supercharging is beneficial for engine’s transient response, turbocharging technology is more widely 

adopted considering its advantages in fuel efficiency. Compared to turbocharged compression 

ignition (CI) engines, turbocharged spark ignition (SI) engines tend to be more challenging with 

respect to the gas exchange process mainly due to their higher pumping loss, the need for throttling 

and the fact that SI engines demand more controllability due to the mitigation of knock, particularly 

with regard to minimizing trapped residuals. These challenges encourage the entire gas exchange 

process of turbocharged SI engines to be regarded as a complete air management system instead of 

just looking at the boosting system in isolation.  In addition, more research emphasis should be 

focused on novel approaches to improve the gas exchange process of downsized turbocharged SI 

engines because the refinement of the conventional technologies cannot provide continuous gains 

indefinitely and only innovative concept may improve the engine performance to meet the fuel 

efficiency target and the more stringent emission regulation in the future. 

 

This paper will first briefly review knowledge of the current state of the art technologies that are in 

production as opposed to approaches that are currently only being investigated at a research level. 

Next, more novel methods of the gas exchange process are introduced to identify the improved 

synergies between the engine and the boosting machine. The major findings to improve the gas 

exchange process that emerge from this review are comprised of four aspects (depending on the 

location where the novel technologies are implemented): charge air pressurization/de-pressurization 

improvement, combustion efficiency enhancement within the chamber, valve event associated 

development and exhaust system optimization. Although the interaction between these technologies 

on different aspects of the gas exchange process was found to be highly complex the optimization or 

the combination of these technologies is anticipated to further improve a downsized turbocharged SI 

engine’s performance. 

 

 

Keywords: Gas Exchange Process, Downsized, Turbocharged, SI engine 

 

 

 
1 Faculty of Engineering and Design, University of Bath, Bath, United Kingdom 
 
Corresponding author: 
Bo Hu, Faculty of Engineering & Design, University of Bath, 
Claverton Down, Bath BA2 7AY, UK. 
Email: b.hu@bath.ac.uk 



 2 

1 Introduction 

Engine downsizing is the use of a smaller engine with 

turbochargers or superchargers to supply the same 

power output as that of a larger engine.1 A boosted 

downsized SI engine benefits from reduced pumping 

losses at part load, improved gas heat transfer and better 

friction condition, thereby making it more fuel-efficient 

than a naturally aspirated (NA) counterpart. The reduced 

engine package volume, enabled by a smaller engine size 

and hence reduced vehicle mass, also contributes to the 

improved fuel efficiency in typical drive cycles.2 

Compared to supercharging, turbocharging is more 

often combined with downsizing by automotive 

manufacturers to achieve superior thermal efficiency.  

 

Turbocharging, a means of recovering energy from 

exhaust gases through a turbine, which in turn drives a 

compressor to increase intake air density, is one of the 

key technologies that have crucially influenced the 

development of the internal combustion engine in the 

last decades.3 Initially, turbochargers were mainly 

utilized in large diesel engines. Gasoline turbocharged 

engines were developed much later, due to their 

inherent characteristics (such as knock sensitivity and 

higher turbine inlet temperature).4 However, as the 

concerns regarding fuel efficiency and emission 

legislations increase, SI turbocharged engines are now 

expected to play a more important role in reducing the 

fleet CO2.5 Implementing a range of different 

turbochargers to the same engine family also allows 

manufacturers to tune engines to achieve different 

torque and power outputs. An example of this flexibility 

is Volvo’s new modular engine platform, in which four 

different SI engines with the same geometry are divided 

into separate power/torque configurations by means of 

different turbocharger systems.6 

 

However, even though turbocharging and downsizing 

combination has been proven to be a potential trend for 

SI engines over the next decade, there are still some 

further challenges that must be addressed. An important 

direction of these is to optimize the gas exchange 

process to further improve a SI engine’s performance. 

The need for the refinement of the current gas exchange 

technologies is clear. But more importantly, innovative 

approaches are being required to meet the more 

stringent emission regulation and satisfy the increased 

fuel efficiency expectation whilst still maintaining a 

similar engine performance.  

 

In this paper, first, some current mass production and 

highly downsized prototype SI engines will be briefly 

introduced, followed which, the paper will describe the 

gas exchange process and its effect on turbocharged SI 

engine performance. Some current production 

technologies will then be categorized for the purpose of 

understanding the interactions between boosting 

systems and gas exchange process. Finally, novel 

approaches that are currently only at a research level are 

discussed, with the aim of identifying potential 

developments in the future. Although supercharger 

technology is also an approach to achieve downsizing, 

the focus in this review paper is on turbochargers and 

turbocharging, due to the higher level of interaction with 

exhaust back pressure and thus the gas exchange 

process. 

2 Mass production and prototype downsized 

turbocharged SI engines – a brief overview 

Most downsized gasoline engines currently offered in 

the market place appear to have a ‘downsizing factor’ of 

approximately 35% to 40%.7 The downsizing factor (DF) 

is defined to as  

                     𝐷𝐹 =
𝑉𝑆𝑤𝑒𝑝𝑡𝑁/𝐴−𝑉𝑆𝑤𝑒𝑝𝑡𝐷𝑜𝑤𝑛𝑠𝑖𝑧𝑒𝑑

𝑉𝑆𝑤𝑒𝑝𝑡𝑁/𝐴
             (1) 

N/A: naturally aspirated 

 

However, the DF of some prototype highly downsized 

gasoline engines can reach to 50% - 60% or even higher 

with some new technologies currently in development. 

These new technologies, according to McAllister and 

Buckley.8 will bring more fuel consumption benefit. 

Figure 1 shows their investigation of the potential for 

downsizing based on validation data from earlier work.  
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Figure 1. The potential for downsizing based on 

validation data from earlier work.8 

 

Mass production downsized turbocharged SI engine 

In 2005, the Volkswagen 1.4 twincharger fuel Stratified 

Injection (TSI) was introduced to replace the 1.6 and 2.0 

naturally aspirated engines. The engine is equipped with 

both a turbocharger and supercharger, the performance 

of which has been shown to achieve a higher specific 

power while still benefiting from some fuel economy 

improvement.9 More recent examples of production 

downsized engines include the Ford 1.0 litre Ecoboost 

engine and PSA 1.2 litre gasoline direct injection (GDI) 

engine, both equipped with only 3 cylinders.10-11  These 

engines are both able to achieve significantly better fuel 

economy as well as fulfill the most stringent emission 

regulations. As only three-cylinder are used, the engines 

need to address some significant noise, vibration and 

harshness (NVH) challenges. However, the three-

cylinder engines can benefit from some other 

performance attributes such as reduced friction, 

reduced heat transfer area and less exhaust pulse 

interference, resulting in improved turbocharger 

performance, which will be detailed later in this paper.  

 

Downsized turbocharged SI engine only at the research 

stage 

Mahle Powertrain developed a technology demonstrator 

with a 50% DF to showcase some of the technologies 

they have been developing. The 1.2 litre 3-cylinder two-

stage turbocharged SI engine system, compared to its 

conventional 2.4 litre 4-cylinder NA counterpart, 

exhibited up to 30% on-road fuel consumption 

improvement with the Brake Mean Effective Pressure 

(BMEP) attainable above 30 bar.12 A more extremely 

downsized technology demonstrator with a 60% DF 

termed ‘Ultraboost’ brought a 2.0 litre four cylinder 

gasoline downsized engine capable of up to 35 bar BMEP, 

air pressure charging of up to 3.5 bar absolute and 

offering over 35% potential for the reduction of fuel 

consumption and CO2 emissions over the New European 

Drive Cycle (NEDC) while still matching Jaguar Land 

Rover (JLR)’s 5.0 Litre V8 naturally aspirated engine 

performance figures.7 Table 1 presents more examples of 

mass production and prototype downsized 

turbocharged engines listed by Tang et al. 13 
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3 Gas exchange process metrics and issues on 

turbocharged SI engines 

The gas exchange process in this paper refers to the 

expulsion of exhaust gases and the induction of fresh 

intake charge during the valve-open period of an engine 

cycle. An important aspect of the gas exchange process 

involves pumping work that is calculated by integrating 

the cylinder pressure with respect to cylinder volume 

calculated from bottom dead centre (BDC) of the 

exhaust stroke to BDC of the exhaust stroke to BDC of the 

intake stroke.14 Pumping work can influence engine 

performance in several aspects, including the 

relationship between BMEP, Net/Gross Indicate Mean 

Effective Pressure (IMEP) and Friction Mean Effective 

Pressure (FMEP) as shown in equation 2 and 3.  

 

            BMEP = Net IMEP - FMEP                                (2) 

           Net IMEP = Gross IMEP - PMEP                       (3) 

 

Since the pumping work required to expel the exhaust 

gases and draw in the fresh intake charge during the gas 

exchange process will affect the useful work that can be 

delivered by the engine, a large pumping loss (therefore 

more negative Pumping Mean Effective Pressure (PMEP)) 

can adversely affect the engine’s thermal efficiency. In 

addition, the combustion process is significantly 

influenced by the gas exchange process, optimizing the 

gas exchange process is the key to enhancing a 

downsized turbocharged SI engine’s fuel economy 

performance.15  

 

For turbocharged SI engines, production of a higher 

backpressure that leads to large pumping loss can be 

significant at some operating conditions. This process 

both subtracts work from the crankshaft and traps hot 

residual gas in the cylinder, both of which might result in 

increased fuel consumption, through the direct pumping 

work and retarded combustion phasing due to the knock 

limited spark timing caused by the trapped residuals. In 

the following section, some important metrics/issues 

associated with the gas exchange process is analysed 

together with its effect on the turbocharged SI engine 

performance.  

 

Scavenging behaviour: 

Scavenging is the process of pumping exhaust mass out 

of the cylinder while drawing in fresh intake charge.16 

This process is essential to smoothly run a naturally 

aspirated engine as well as a turbocharged engine 

because, if the scavenging is not sufficiently complete, a 

large amount of trapped hot residual gas would remain 

in the cylinder which would detrimentally affect both the 

volumetric efficiency and the knock sensitivity. The level 

of exhaust residuals trapped in the cylinder has also 

been proved to have a significant effect on the cycle-by-

cycle variations in the combustion and the emissions of 

NOx.17  

 

For turbocharged engines, specifically, the higher 

backpressure developed by the turbocharger turbine 

hinders the scavenging behaviour and leads to relatively 

higher trapped residuals.18 The research by Möller et 

al.19 found that a larger residual gas fraction occurred 

during the operation at low engine speed full load for a 

turbocharged SI engine. More specifically, the residual 

gas fraction (RGF) increased from approximately 4% at 

4000 revolution per minute (RPM) to approximately 8.3% 

at 1000RPM. Meanwhile, knock is often observed at low 

engine speed (spark timing usually needs to be retarded 

as a counter measure). For example, Chadwell et al.20 

stated that at low engine speeds, spark timing can often 

be retarded by as much as 30 degrees or more from the 

optimum condition for a modern boosted engine.  This 

retarded timing is partly due to the low burning speed 

resulting in increased knock index and is partly 

attributed to the fact that a larger RGF at this region 

increases the knock propensity. 

 

Note that the terms for scavenging in different 

literatures are not always fixed. For clarity, in this paper, 

the blow-through effect is included in the scavenging 

behaviour. The blow-through effect may be 

differentiated from the normal scavenging behaviour by 

allowing fresh charge to directly flow from the intake 

valve to the exhaust valve during a valve overlap period. 

The scavenging ratio, which is the percentage of intake 

air flowing into the exhaust port directly, is often a 

measure to indicate the blow-through effect. It has been 

proved that with a higher rate of scavenging, less 

residual gases will be remained in the cylinder.17 

However, port fuel injected (PFI) engines require very 

careful consideration in designing the valve overlap 

because the blow-through effect would flush the fuel/air 
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mixture directly into the exhaust without a proper 

combustion. This blow-through, on one hand affects fuel 

economy and, on the other hand, increases the 

hydrocarbon compounds (HC) emission level. For a 

direct injection (DI) engine, however, the blow-through 

can help increase the low-end torque by shifting the 

turbine operating points into a more efficient area, 

thereby increasing the boost pressure.21 This method is 

often referred to as a scavenging strategy which is widely 

adopted for turbocharged engines. 

 

Back-flow: 

The flow direction that is opposite to scavenging is 

usually referred to as back-flow. This reversed flow often 

occurs when the exhaust pressure exceeds the in-

cylinder pressure or the intake pressure during the valve 

overlap period resulting in hotter trapped residuals and 

poorer volumetric efficiency. It is suggested that the 

overlap between the intake and the exhaust valve should 

be reduced to avoid such phenomena.22 For example, a 

valve overlap in spark ignition engines is usually reduced 

during the part throttle and idling operation to avoid 

large back-flow.2  

 

Figure 2. Blowdown interference on the I4 engine with 

standard exhaust duration.23 

P exh: exhaust pressure; P int: intake pressure 

 

The effect of each gas exchange process mentioned 

above for a standard turbocharged engine is illustrated 

in figure 2. The upper two curves from the first pane 

indicate the scavenging mass flow rate with the second 

maximum curve strongly influenced by the blow-through 

effect and the lower curve from the same pane is 

significantly affected by back-flow. It is known that by 

varying the duration and the timing of the exhaust 

camshaft, the ratio of both effects can be altered and 

optimised. For example, if the low-end torque and 

transient response is to be optimized, a short exhaust 

camshaft duration and relatively late exhaust valve 

opening must to be adopted. These conditions will 

guarantee the blowdown pulse from the next cylinder in 

the firing order to arrive late and reduce the pulse 

interference period while still maintaining large blow-

though. Large blow-through then would be beneficial for 

the efficiency & mass flow of the turbine which leads to 

higher boost pressure and improved transient 

performance.  

 

The scavenging and backflow effects covered above not 

only apply to turbocharged SI engines but also apply to 

naturally aspirated SI engines. In the following, a unique 

gas exchange issue termed pulse interference is 

demonstrated.  

 

Pulse interference is an issue for turbocharged engines 

with more than three cylinders without the use of the 

twin-scroll turbocharger layout. Some authors state that 

the event duration of a camshaft is usually 

approximately 210 degrees which is a common 

compromise between the maximum utilization of the 

power stroke and a minimal charge-cycle work.3 

Considering the inter-cylinder firing interval for 3 and 4 

cylinder engine is 240 crank angle degree (CAD) and 180 

CAD respectively, a 4-cylinder engine will suffer pulse 

interference, whereas a 3-cylinder engine will have 

sufficient pulse separation. For example, figure 3 shows 

that the blowdown pulse of cylinder 3 causes an increase 

of the pressure in cylinder 1 during the open period of 

the exhaust valve. This increase in pressure results in 

unnecessary pumping losses and a reduction of the 

breathing performance of the turbocharged engine. The 

pulse interference is often avoided by connecting several 

cylinders of an engine through a single branch to a single 

turbine inlet. 
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Figure 3. Four Cylinder Engine Gas Exchange Diagram –Cylinder 1.24 

Cyl. 1: cylinder 1; Cyl. 2: cylinder 2; Cyl. 3: cylinder 3; Cyl.4: cylinder 4. 

 

Note that although the definition described above could 

be used as a measure to indicate the gas exchange 

performance of a turbocharged engine, it is not 

appropriate to regard the gas exchange process as 

occurring within a closed system. In the following, an 

example is made to explain the synergistic effect of the 

gas exchange process and combustion phasing on the 

overall engine’s thermal efficiency.  

 

For turbocharged SI engines, the intake charge is 

pressurized above the ambient to boost the engine 

performance, which inevitably introduces a higher intake 

charge temperature. This higher temperature affects 

both the volumetric efficiency and the knock resistance. 

The engine performance at high load would be improved 

with a higher pressure and a lower temperature of the 

charge (higher air density). An inter-cooler is a common 

means to achieve these conditions; however, the 

temperature cannot be reduced to ambient or sub-

ambient levels as intercoolers do not have 100% 

effectiveness. In this case, the performance of the gas 

exchange may be compromised for the purpose of 

enhancing the combustion phasing to achieve total 

efficiency improvement. The turbo-expansion concept 

detailed in the next section is such an example, which 

utilizes the exhaust energy to cool the intake charge 

while compromising some of the pumping work to 

achieve a better net efficiency improvement. 

4 Strategies for optimizing the gas exchange 

process 

In the following section, a number of technologies will 

be reviewed with focus on the gas exchange process. In 

table 2, four categories are identified including charge air 

pressurization/de-pressurization improvement, 

combustion efficiency enhancement within the chamber, 

valve event associated development and exhaust system 

optimization. This category system is based on the 

location at which the technology is implemented. 

However, note that some of the technologies are 

optimized for several locations of the turbocharged 

engine and in this case the technology is categorized into 

the most relevant classification. In the same category, 

the knowledge of the current state-of-the-art 

technologies in production is discussed first, and then 

the relatively novel approaches of the gas exchange 

process that may be currently at a research level are 

demonstrated. The major findings that emerge from 

reviewing the literature and future potential directions 

are then finally discussed.   
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Charge air pressurization/de-
pressurization improvement 

Combustion efficiency 
enhancement within the chamber 

Valve event associated 
development  

Exhaust system 
optimization 

Inlet Manifold Design Stratified Charge VVT 
Twin-scroll 
turbine 

WEDACS EGR  VGT 

Turboexpansion Cylinder deactivation  WCEM 

 HCCI  DEP 

   Turbo-discharging 

   Mirror Gas 
turbines 

Table 2. Technology category 

 

4.1 Charge air pressurization/de-pressurization 

improvement 

Intake Manifold Design: 

Intake manifold design is crucial for optimizing engine 

performance. A typical intake manifold, in its most 

simplistic form, consists of two main parts: the plenum 

and the intake runner. The plenum acts like a resonating 

chamber which allows the pressure wave to bounce back 

and forth in the manifold. If the valve opens at the exact 

time when the wave of the air arrives, the added 

pressure will boost the air into the cylinder producing 

higher volumetric efficiency, vice versa.25 The Chrysler 

300SL is one of the first cars to have intake manifold 

design in mind. By optimizing the intake geometry, the 

vehicle managed to produce higher power at high RPMs 

instead of higher torque at low RPMs, due to its racing 

heritage.26 It is known that for fixed-geometry intake 

manifold, the desired engine performance can only be 

achieved at very narrow engine operating range. In this 

context, variable intake manifold (VIM) is introduced for 

automotive applications. Compared to the similar 

technology – variable valve timing, the VIM concept can 

provide similar output with a cheaper cost and less 

complications. Of course, it is evident that these two 

technologies can be combined to enhance both 

strengths. Honda’s variable valve timing and lift 

electronic control system (VTEC) engine is such an 

example, which is demonstrated to improve the engine 

thermal efficiency by 13% equipped with these two 

technologies.27 It is suggested, as turbocharging is a very 

prominent trend amongst all manufacturers & can 

achieve better performance, VIM will probably be seen 

less in new cars.   

 

Waste Energy Driven Air Conditioning system 

(WEDACS)28-29 

WEDACS is an engine load control system that provides 

electrical energy and cooling power by the energy that is 

otherwise lost in throttling. This technology patented by 

the Eindhoven University of Technology replaces the 

conventional throttle valve with a turbine-generator 

combination. Throttling losses are reclaimed by 

expanding the intake charge through a turbine coupling 

with a generator, which lightens the load of the 

alternator. In addition, the intake temperature is reduced 

due to the expansion effect of the turbine, which can be 

used to cool the air conditioning fluid. This system was 

demonstrated to improve the fuel efficiency by up to 19% 

in the MVEG-A drive cycle. However, in this layout, even 

though the de-throttling concept is achieved, a throttle 

valve might still be needed because the air mass flow 

might be out of range for the turbine at idle. Meanwhile, 

a bypass throttle is also a necessary component to 

enable the engine to operate under high load, without 

which the turbine would act like a restricted nozzle to 

constrain the intake mass flow at high load.  

 

The small operating range of the system was then 

improved by the same group of authors attempting to 

use a variable nozzle turbine to expand the control range 

of the engine. Two variable nozzle mechanisms were 

adopted to adjust the high engine power and the low 

engine power. Through the optimization of the variable 

geometry turbocharger (VGT) mechanism, the system 

exhibited up to 8% fuel efficiency improvement for 

typical turbine operating conditions.  

 

Turboexpansion: 
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Turboexpansion, a termed first introduced in the study 

by Turner et al.30, is basically achieved by deliberately 

over compressing the charge air, intercooling it at the 

resulting elevated pressure, and then expanding it via an 

expander to the desired plenum boost pressure, thereby 

ensuring a plenum temperature that can potentially 

become sub-ambient at full-load. Several means could 

be used to achieve similar outcome i.e., reducing the 

start of the compression temperature including water 

injection and introduction of the fuel before the pressure 

charging device.31-32 However, neither of them has the 

same potential to be utilized for automotive 

applications.30 

 

There are two configurations investigated in 

turbocharged SI engines to achieve turbo-expansion. 

One is from the research by Turner et al., the schematic 

of which is shown in figure 4. The other is from the study 

by Whelan et al., the schematic of which is shown in 

figure 5. The latter one, which is also termed the turbo-

cooling system (TCS), is slightly different from the former 

concept. In the TCS, both an additional compressor and 

a turbine are utilized to pressurize and expand the intake 

charge. By removing the heat with an intercooler and 

making the expansion ratio greater than the 

compression ratio, a sub-ambient temperature could be 

achieved.33-34 However, unlike the traditional 

turboexpansion concept, the turbo-cooling system does 

not reclaim energy to the crankshaft but lead to lower 

pumping loss. In the following, the traditional 

turboexpansion concept will be reviewed, followed by a 

brief discussion of the turbo-cooling system. 

 

 

Figure 4. Proposed test engine system using an Opcon 

Twin-Screw Expander.  

I/C: inter-cooler 

 

Figure 5. Turbo-cooling system.  

CAC1: charge air cooler 1; CAC2: charge air cooler 2. 

 

There are two potential types of expander that may be 

used in the traditional turboexpansion concept: 

aerodynamic-expansion and positive-displacement 

device. For optimum efficiency, a high-speed 

aerodynamic-expansion turbine is beneficial. However, 

the following obstacles prevent such technology from 

being implemented into practice: the necessity of 

coupling such a turbine to an electric motor and the 

difficulty to absorb the reclaimed power. A low-speed 

positive-displacement device (due to its similar air 

consumption characteristics to those of an internal 

combustion engine, thereby removing the need for 

some of the potential control strategies) may be 

appropriate for use in the turboexpansion concept. Two 

types of positive-displacement expanders were 

simulated and experimentally studied in the literature: 

Lysholm twin-screw and twin vortices series (TVS) R-

Series Eaton. 

 

The turboexpansion concept using an Opcon twin-screw 

expander at the high-pressure stage of a twin-charged SI 

engine was demonstrated to reduce the likelihood of 

knock at high engine loads in simulations due to the 

intake temperature reduction. However, the engine test 

results were not realistic due to the low isentropic 

efficiencies of the components used on the investigated 

engine.30,35 More specifically, in the simulation work, the 

concept was proven to be able to configure a heavily 

pressure-charged engine with a high, fixed compression 

ratio. The authors stated that, with such a configuration 
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(see figure 3), 150 PS/litre and 200 Nm/litre specific 

value could be achieved with a compression ratio as high 

as 10.5:1. Full-load Brake Specific Fuel Consumption 

(BSFC) was demonstrated to attain just over 240 g/kW, 

but this result did not consider the requirement of the 

turbine inlet temperature, and the combustion model 

used was not able to predict knock onset. The fuel 

consumption benefit came only from the recovery 

power by the expander in their modelling work and was 

in the range of 5.1 kW out of the total of 187.6 kW. In the 

later engine test investigation by Turner et al., the results 

were unfortunately unrealistic. Taitt et al.36 proved that, 

for the isentropic efficiencies of the components used on 

the engine investigated, the system was not capable of 

delivering significant reductions in the inlet charge air 

temperature. They also indicated that system 

effectiveness is the least sensitive to compressor 

isentropic efficiency and the most sensitive to 

intercooler effectiveness, with the sensitivity of the 

expander isentropic efficiency being in between. 

 

Romagnoli et al.37 conducted experimental research on 

an Eaton-type supercharger (R410 TVS) as an expander. 

The results of this research were considered to be the 

first available performance test data of an Eaton 

supercharger acting as an expander. From the research 

results, to deliver a similar mass flow range to the engine 

when it is operated as an expander, the supercharger 

must spin at a slower rotational speed. Thus, a different 

supercharger drive ratio (continuously variable 

transmission [CVT] preferred) must to be used to 

accommodate various engine operating points. Hu et 

al.38 continued the research on use of the Eaton-type 

supercharger as an expander by implementing the 

obtained experimental data into a calibrated downsized 

SI engine system model in GT-Power. Although the 

expansion cooling effect could be achieved, the BSFC 

improvement was found to be limited due to the 

associated larger pumping loss and the corresponding 

larger residual gas fraction resulting in degraded 

combustion phasing. However, as there is no proper 

positive-displacement expander template in GT-Power, 

the results might not be sufficiently accurate. Note that 

the limited BSFC improvement might be ‘good’ enough, 

as the supercharger was initially not intended to be used 

as an expander. If the supercharger was optimized for 

the purpose of expansion, more energy could be 

reclaimed and some of pumping loss could be saved 

which might result in better BSFC performance.  

 

Although the Eaton-type supercharger as an expander 

concept showed limited fuel efficiency improvement at 

full load, it might be beneficial to use the same 

configuration to achieve the de-throttling purpose at 

part load. This proposed configuration is basically a 

combination of the traditional turboexpansion concept 

and the WEDACS concept, and it has been studied by Hu 

et al.39 In their study, a CVT-drive Eaton-type 

supercharger (R410 TVS) was utilized as an expander to 

control the engine load and reclaim some of the 

throttling loss at part load without the use of a 

conventional throttle plate. By altering the CVT ratio the 

engine’s BMEP was demonstrated to be controllable, 

with the fuel efficiency able to be improved by up to 3%, 

depending on the engine operating points. In addition, 

the supercharger outlet temperature could reach sub-

ambient or sub-zero temperature due to the expansion 

effect of the supercharger functioning as an expander, 

which could cool the after-cooler’s liquid, resulting in 

improved knock resistance and improved engine 

volumetric efficiency in the following possible high load 

drive cycle.  

 

By the adoption of a CVT drive to the supercharger 

mechanism for a twin-charged engine system, the Eaton-

type supercharger’s operating range could be 

significantly extended. At high load/low-engine-speed 

when the extra boost is needed, the supercharger could 

be utilized as a boosting device with the appropriate CVT 

ratio. The characteristics of a CVT drive can enable the 

supercharger to deliver the exact boost without any 

recirculation of the intake mass flow, resulting in reduced 

mechanical loss and the flow loss. Such a scheme might 

also benefit from improved knock resistance as the 

intake charge temperature is reduced. At high-

speed/high-load, when the exhaust energy is sufficient 

for the turbocharger to provide the required boost, the 

supercharger could function as an expander, presenting 

an indirect means to recover some of the exhaust energy. 

At low load, the CVT drive could cause the supercharger 

to act as a de-throttling mechanism to deliver the 

required vacuum whilst reclaiming some of the throttling 

loss and reducing the supercharger outlet temperature. 

The CVT drive supercharger may also have some benefits 
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for the engine’s transient performance, as the CVT drive 

mechanism (at high drive ratio) can offer some potential 

to over-shoot. In addition, compared to the fixed-ratio 

supercharger system (with the necessarily to de-clutch at 

part load), the CVT drive supercharger could function as 

an expander at part load, thus constantly connecting to 

the crankshaft. This function, on one hand, indicates the 

eliminated time for the conventional clutch to phase in, 

and, on the other hand, it provides the benefits from 

improved NVH performance during the transient.  

 

There are some issues that must be addressed, including 

the achievable CVT ratio in reality and the condensation 

effect. The current maximum belt drive CVT can only 

achieve a value of approximately 10, which indicates that 

the very low supercharger speed might not be attainable 

to reach the low BMEP target if the rated torque at the 

corresponding engine speed is maintained. In this case, 

a throttle might be needed to provide an additional 

vacuum. The condensation effect must also be 

considered, as this might affect the performance of the 

expander/combustion. In addition, the associated 

temperature rise due to the condensation effect would 

not have as much cooling effect as that predicted in the 

numerical simulation. 

 

A turbo-cooling system is beneficial for lowering the 

intake pressure and temperature of a turbocharged SI 

engine. This system also provides a lower turbine inlet 

temperature (exhaust temperature). However, such a 

concept suffers from a larger backpressure due to the 

additional power required to drive turbocharger 2 

(shown in figure 5). This situation will result in a larger 

pumping loss and an increased pressure ratio for 

turbocharger 1. As a consequence, from the perspective 

of gas exchange, the turbo-cooling system is apparently 

not a good solution to improve the fuel economy of a 

turbocharged engine. Nevertheless, the advantages of 

the turbo-cooling concept could be realized by exploiting 

a reduced intake pressure and temperature. This 

approach could have some benefits, such as an improved 

combustion phasing at fixed knock index, and a reduced 

requirement of fuel-enrichment.33-34 

 

Major findings: The novel inlet gas exchange processes 

of turbocharged engines focus on two parts: pressurized 

intake charge cooling at high load and throttling loss 

reduction at low load. Some technologies utilize the 

otherwise wasted exhaust energy after the turbine to 

cool the intake charge, such as the traditional 

turboexpansion concept, which will inevitably induce 

higher backpressure, thus resulting in a larger pumping 

loss and a poorer combustion phasing. The net BSFC 

improvement by adopting such a concept should depend 

on the balance of the pumping loss, the combustion 

phasing and the energy recovered. 

 

For the purpose of reducing the throttling loss at part 

load on the intake, the currently possible method is via 

the adoption of a turbine-like expander to reclaim some 

of the throttling loss. Considering the fact that most of 

the current two-stage SI engines have a positive-

displacement supercharger on the intake, implementing 

a CVT drive for the positive-displacement supercharger 

might be a good direction to reduce the throttling loss in 

the near future.  

 

4.2 Combustion efficiency enhancement within the 

chamber 

Stratified charge:  

The development of gasoline direct injection technology 

not only mitigates the requirement to reduce the 

compression ratio for downsized gasoline engines, but 

also facilitates the progress of stratified charge SI engines. 

Under normal stratified operating conditions, fuel 

injection is often delayed until the piston approaches top 

dead centre (TDC).40-42 By enriching the mixture near the 

spark plug with the remaining cylinder well above the 

stoichiometric condition, it is expected to achieve a very 

high overall air/fuel ratio with good stability and fuel 

consumption.43 Chadwell et al.20 stated that the 

stratified charge, which is one of the lean concepts, can 

benefit from better pumping work under the lean limit 

due to de-throttling. Saucer et al.13 demonstrated that 

the stratified charge had a better cycle efficiency due to 

the lower mean temperature because of dilution.  

 

The stratified charge mode is more EGR-tolerant in a 

turbocharged engine, in addition, based on simulations, 

the operating regimes of a naturally aspirated stratified 

engine can be significantly extended by turbocharging 

the engine. Moreover, the stratified charge mode might 

be beneficial to reduce the likelihood of knock for a 

turbocharged engine due to the reduced combustion 
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temperatures.44  

 

However, the issue of compressor surge for the stratified 

charge turbocharged engine might exist because excess 

air, and thus a higher pressure ratio, is required at some 

engine operating points. In addition, stratified charge 

prevents a three-way catalyst to completely convert the 

emissions, which is expected to require a lean NOx trap 

(LNT), resulting in additional cost and packaging 

challenges.45 

 

Exhaust Gas Recirculation (EGR): 

The conventional method to avoid or mitigate knock for 

a downsized turbocharged engine consists of retarding 

the spark timing and/or fuel enrichment, with the 

drawbacks of higher exhaust temperature, inefficient 

catalytic conversion and poor fuel efficiency. For highly 

downsized SI engines, the compression ratio must still be 

reduced, which inevitably results in degraded fuel 

efficiency at part load. A cooled external EGR is widely 

accepted to be a suppressant of knock without 

compromising performance in turbocharged SI 

engines.46 Moreover, it is demonstrated that the 

tolerance to EGR is improved for downsized 

turbocharged engines than for naturally aspirated 

engines, and the NOx level could be further reduced 

through increased EGR ratios.35 Brustle and 

Hemmerlein.47 investigated the effects of a cooled 

external EGR on the performance of a turbocharged SI 

engine under stoichiometric conditions with a pre-

turbine temperature limit of 1000 degC. An increase of 

up to 1 bar BMEP was demonstrated to be attained when 

the EGR rate was controlled to be 12%. They also 

suggested that a small increase of the compression ratio 

could be implemented to improve the fuel economy 

across the entire engine operating map. Alger et al.48 

also suggested that engines with an EGR loop had the 

ability to operate at high compression ratio above 12:1.  

The knock intensity is limited due to the reduced rate of 

mass burning with the reduced rate of temperature rise 

during the combustion. In the following, different EGR 

concepts from different angles of view will be reviewed. 

 

External EGR vs. Excess air:  

A number of researchers compared the utilization of the 

excess air with the external EGR in a given engine 

operating point (5000RPM and 16.5 bar BMEP). 

Although the combustion stability for both cases were 

deteriorated, the EGR was demonstrated to facilitate a 

more stable burn and showed substantial advantage in 

terms of reducing the level of NOx.49 In a similar study by 

Duchaussoy et al.50, the external EGR was proved to 

provide benefits over excess air dilution in terms of 

performance, heat exchange and specific fuel 

consumption.  

 

Note that EGR coolers can further reduce NOx emissions 

by lowering the combustion temperatures even further. 

There are many considerations when sizing and 

matching an appropriate EGR cooler for a turbocharged 

SI engine application.  For the low-pressure EGR 

configuration specifically, the EGR cooler must have a 

high efficiency to maintain the compressor isentropic 

efficiency and avoid excessive outlet temperature.51 

Implementing an EGR cooler might have some other 

issues such as EGR cooler fouling and added 

backpressure which has a negative effect on fuel 

efficiency.  

 

External EGR vs. Internal EGR: 

When internal and external EGR were compared, Alger 

et al.52 demonstrated that the former benefited at low 

and part loads due to reduced pumping loss and re-heat 

of the intake charge, while a cooled external EGR at high 

load can significantly improve fuel consumption by 

mitigating the requirement of over-fuelling and reducing 

the knock tendency. An internal EGR will be discussed in 

the following, and the external EGR will be reviewed in 

the next section. 

 

Unlike the external EGR, which is fulfilled by a separate 

air path, the internal EGR is usually achieved by 

controlling the valve timings. Recompression and 

rebreathing are the most commonly used valve 

strategies to achieve the internal EGR. Other strategies 

may be used, but the above-described strategies are 

representative. 

 

Recompression, also termed as negative valve overlap 

(NVO), refers to the strategy with exhaust valve closes 

before TDC and the intake valve opens after TDC. The 

crank angle duration between the exhaust valve closing 

(EVC) and the intake valve opening (IVO) is known as the 

negative valve overlap. This method traps some exhaust 
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gas, but might cause a cylinder pressure rise during the 

end of the exhaust stroke, resulting in some negative 

pumping work. The rebreathing approach uses a delayed 

exhaust valve closing or a second separate exhaust valve 

event which results in an increased overlap between the 

exhaust valve and intake valve. During this overlap, 

depending on the pressure difference between the 

intake port and exhaust port, some of the exhaust gases 

will flow back into the cylinder. Some issues may arise by 

adopting such an approach, including the requirement 

for a complicated valve control system under different 

engine operating points and the intervention between 

the exhaust valve and piston around TDC.53 

 

High pressure EGR vs. Low Pressure EGR: 

From the literature.54 the high-pressure (HP) EGR system 

had the advantage of a minimum volume between the 

EGR control valve and the intake valves, which is 

beneficial for controlling the EGR rate during engine load 

transitions. In contrast the low-pressure (LP) EGR 

prevailed over the high-pressure EGR on the exhaust gas 

temperature controllability, and LP EGR is more perfectly 

cylinder-to-cylinder distributed. Takaki et al.55 stated 

that LP EGR was possible to supply sufficient EGR under 

the high-load low-speed engine operating region, where 

the boost pressure is larger than the exhaust (see the 

black outlined region in figure 6). In addition, LP EGR 

could be beneficial for knock suppression due to the 

removal of the NOx if the EGR path is placed downstream 

of the catalyst.   

 

Figure 6 (a). Low pressure loop EGR and a comparison of the differential pressures between the EGR gas extraction 

and the supply ports (EGR valve closed).55 
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Figure 6 (b). High pressure loop EGR and a comparison of differential pressures between the EGR gas extraction and 

the supply ports (EGR valve closed).55 

 

For a high-pressure EGR system, the Dedicated EGR 

concept, which is shown in figure 7, is a new approach 

proposed by Christopher et al.20,56 In the system, only 

one cylinder was used to produce the entire EGR mass 

flow, and the dedicated cylinder was run rich of the 

stoichiometric condition, with an equivalence ratio 

between 1.3 and 1.4 to produce the reformate, such as 

CO and H2. By using the EGR and reformate (CO and H2), 

such a layout was demonstrated to have a positive 

compounding influence on the knock mitigation, 

resulting in an increase in the compression ratio from 

9,3:1 to 11.7:1. Note that the engine featured a constant 

25% EGR rate, which made the control less complex. 

 

 

Figure 7. Schematic of a turbocharged 4-cylinder engine 

in a D-EGR configuration. 

D-EGR: Dedicated Exhaust Gas Recirculation I/C: inter-

cooler. 

 

Pre-catalyst EGR vs. post-catalyst EGR: 

Because almost every modern emission-controlled 

gasoline engine has a close-coupled catalyst, it is 

possible to utilize the additional pressure drop across the 

catalyst to help drive the LP EGR, which is especially 

valuable at low engine speed/load.57 In the same 

literature, the authors stated that the pre-catalyst source 

EGR could also facilitate the engine breathing (less 

pumping loss) as a result of the improvement of the 

pressure drop across the turbine, which is beneficial for 

the reduction of the size of the EGR valve. In addition, 

the pre-catalyst EGR has some other advantages over the 

post-catalyst EGR including enhanced peak engine 

output, improved EGR cooling effect and the ability to re-

burn the hydrocarbons and H2. From the perspective of 

the pre-catalyst source EGR on the combustion efficiency 

and burn rate, it was demonstrated that as little as 0.2% 

H2 yielded significant increases in the combustion speed, 

improvement in the combustion stability and reduction 

in the HC emissions in a stoichiometric SI engine running 

external EGR.50 Kwon and Min.58 also showed that the CO 

content in EGR can enhance the combustion rate, but it 

is strongly dependent on the CO to H2 ratio and the 

combustion temperature. BorgWarner57 summarized 

that the pre-catalyst LP EGR has 1.5 to 3.5% BSFC benefit 

over the post-catalyst EGR due to the improved 

combustion efficiency, improved PMEP and the ability to 

re-burn the exhaust. In addition, the turbine inlet 

temperature was reduced compared to the post-catalyst 

configuration. Negative effects of pre-catalyst EGR 

generally include the oxidization for the compressor and 

a lower knock resistance attributed to the NOx content 

in the EGR.59  

 

Cylinder deactivation (variable displacement):  

Cylinder deactivation, usually referred to as a method to 

achieve variable displacement, is not a novel concept, 

but rather has existed for decades. Cylinder deactivation 

allows the engine to be further ‘downsized’ at the light-

load operation and offers maximum performance under 

the full-load condition.  

 

In typical light-load circumstances, only a small 

proportion of the available torque at the corresponding 

engine speed is utilized.  In this context, a throttle valve 

must be partially closed, which prevents the engine from 

breathing freely. Some of the power is therefore not 

used to propel the vehicle forward, but to overcome the 

drag to draw air through the small opening and the 

accompanying vacuum resistance at the throttle valve. In 

addition, the combustion efficiency at part-load 

operation is not as efficient, considering the fact that the 

combustion chamber pressure is relatively low when the 

spark plug is about to fire, resulting in a low IMEP.  

 

The cylinder deactivation concept generally keeps the 

intake and exhaust valve closed through all cycles for a 
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particular set of cylinders in an engine.  The fuel delivery 

for each deactivated cylinder is also cut-off by 

electronically disabling the appropriate fuel injection 

nozzles. By doing so, the throttle valve is forced to be 

opened more fully resulting in better pumping work, 

accompanied with an improved combustion chamber 

pressure, thus resulting in a higher combustion efficiency. 

The reduced power train friction through the absence of 

the actuating forces on the deactivated valves was also 

demonstrated to contribute to improvement of the fuel 

consumption.60   

 

This concept has only been applied to relatively large 

displacement engines, but recent research shows that it 

can also be applied to small displacement turbocharged 

SI engines. For example, Volkswagen implemented the 

cylinder deactivation concept on its four-cylinder 1.2 

Litre engines. Its system, named Active Cylinder 

Technology (ACT), was demonstrated to reduce the fuel 

consumption in the EU driving cycle by approximately 

0.4 Litre per 60 miles.61 The two issues of unbalanced 

cooling and vibration must be overcome for production 

cylinder deactivation concept engines.  

 

Homogeneous Charge Compression Ignition (HCCI): 

Rather than using an electric discharge to ignite the 

charge for SI engines, HCCI increases the charge’s density 

and temperature via compression until the entire 

mixture reacts spontaneously. The approach is best 

regarded as a combustion mode of internal combustion 

engines distinct from the conventional spark ignition and 

compression ignition operating modes and it potentially 

offers the advantages of the two conventional 

combustion modes with high-efficiency and ultra-low 

NOx (due to lower temperature) and soot emissions 

(attributed to pre-mixed charge).62 By use of a very dilute 

mixture, the HCCI engine could operate un-throttled at 

part load, thus reducing pumping loss. In addition, the 

HCCI cycle is more approximate to the ideal Otto cycle 

(shorter combustion duration), resulting in better 

thermodynamic efficiency at fixed geometric 

compression ratio. Furthermore, the lean mixtures can 

contribute to the higher ratio of specific heats, thus 

improving the thermal efficiency of the engine. Although 

stable HCCI operation and its substantial benefits have 

been demonstrated, several technical barriers must be 

overcome before HCCI can be widely applied to 

production SI engines. 

 

However, due to the nature of the HCCI combustion, 

robust HCCI operation can only be realized in a limited 

operating range, with the lowest bound restricted by 

misfiring at low load and the highest bound by a high rate 

of pressure rise at high load. Thus, most SI engines using 

HCCI have dual-mode combustion systems in which the 

SI combustion is used for the operating conditions where 

HCCI operation is not possible, which includes low-loads, 

high-loads and cold start. To operate such an engine, a 

transition between SI and HCCI and SI modes in different 

engine operating points should be seamless in operation, 

whilst keeping all associated engine, combustion and 

emission parameters in an acceptable range. 

Milovanovic et al.63 performed an experimental 

investigation using trapped exhaust gas for the transition 

from SI to HCCI to SI combustion mode on a single 

cylinder research engine equipped with a fully variable 

valve train (FVVT) system. The experimental results 

suggested that a SI to HCCI mode transition could be 

performed in one engine cycle without affecting 

driveability, combustion and emissions. However, a 

considerable change in engine torque and emissions 

were observed during the HCCI to SI mode transition due 

to the weak combustion or misfire resulting from 

unsynchronised valve profile change, throttle response 

and unadjusted fuelling rate. This observation is 

consistent with the research by Wu et al.64 However, 

Zhang et al.65 suggested that the transition from HCCI to 

SI was easier than the reverse transition via a quick and 

dynamic control of the residual gas fraction. 

 

Turbocharging is demonstrated to have the ability to 

extend the high-load and high-speed operating limit by 

raising the air mass flow through the engine to dilute the 

mixture, resulting in better knock resistance.66-67 

However, due to the limit of the gas exchange process 

(compressor surge), the higher load and speed region 

might still be unattainable. In this case, a twin-charged 

configuration might be needed to provide enough fresh 

air for the HCCI SI engine. Moreover, the low exhaust gas 

enthalpy available to the turbine results in a high exhaust 

backpressure, leading to increased negative pumping 

work that affects the fuel economy.66 Another problem 

with HCCI is that turbocharging can increase the rate of 

the peak pressure rise to unacceptable levels sometimes, 
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so high EGR fractions or reduced compression ratio may 

be required to keep the rate of peak pressure rise low. 67-

68  

 

Major findings: For turbocharged SI engines in the 

combustion chamber, the corresponding gas exchange 

process is mainly for the purpose of the combustion 

efficiency (or combustion phasing) improvement and the 

reduction of the pumping loss. In thermodynamics, any 

approaches, such as EGR and stratified charge, which 

facilitate a larger geometric compression ratio are 

beneficial for the combustion efficiency. In addition, if 

the requirement of three-way-catalyst (TWC) is not 

considered (air/fuel ratio is not fixed) and different 

combustion operation mode can be switched seamlessly 

by a proper control, lean combustion approaches, 

including HCCI and the stratified charge concept, might 

be a good direction. Such concepts not only increase the 

combustion efficiency but also benefit from the 

reduction of the pumping loss, resulting in improved 

thermal efficiency. At low load, the associated pumping 

loss must be a high priority. In this case, the cylinder 

deactivation concept can be adopted to further 

‘downsize’ the engine. 

 

4.3 Valve event associated development 

Variable Valve Timing (VVT):  

There are a number of studies in the literature on VVT to 

improve the gas exchange process on turbocharged 

gasoline engines. It is widely accepted and examined 

that the inlet valve timing is the most important 

parameter to optimize volumetric efficiency, whereas 

the exhaust valve timing determines the RGF and NOx.69 

The reviews below will be organized by the most 

common VVT operation strategies, with a focus on the 

gas exchange. 

 

1: Basic rules of exhaust valve timing variation with 

engine speed 

As the engine speed increases, both valve durations and 

valve overlaps should be increased to offset the 

decreasing amount of time taken by the intake and 

exhaust strokes, thereby minimizing pumping losses and 

maximizing volumetric efficiency.70 For a fixed duration 

VVT mechanism, the normal approaches to alter the 

overlaps could be by the adoption of early exhaust valve 

opening (EEVO) and late exhaust valve closing (LEVC) if 

the intake valve timing is fixed.  

 

Asmus et al.71 noted that early opening of the exhaust 

valve leads to reduction in the effective expansion ratio 

and expansion work, but this reduction is compensated 

by the reduced exhaust stroke pumping work and better 

scavenging. Part of the expansion work was also 

recovered from the turbine in a turbocharged engine. 

However, according to Siewert.72 EEVO resulted in an 

increase of un-burned or incomplete hydrocarbon due to 

the interruption of the completion of the cylinder 

hydrocarbon reaction. Nevertheless, the NOx level could 

be reduced due to the reduction of the combustion 

temperature. 

 

Based on the literature.69, the LEVC (or the overlap 

between the intake and the exhaust valve) should be 

kept small at low engine speed to prevent back-flow, 

whereas it should be enlarged at high engine speed to 

take more advantage of flow inertia. Asmus et al.71 

demonstrated that with the higher boost pressure or 

higher speed for which the engine performance is 

optimized, a later LEVC time should be implemented to 

avoid any compression of the cylinder contents. He also 

stated that the level of the residual gas was not sensitive 

to the exhaust valve closing time, but the LEVC should be 

limited for PFI engines due to larger blow-through.  

 

2: Miller Cycle  

Application of the Miller cycle, which could be realized 

by either early or late intake valve closing (EIVC or LIVC), 

has the potential to reduce the effective compression 

ratio, thus mitigating knock at high load. In addition, it 

has been suggested in literature73 that the application of 

LIVC and EIVC could modulate the engine load without 

throttling on SI engines, and such an effect is expected 

to be more advantageous for naturally aspirated engines 

than for downsized engines.  

 

Miller74 proposed the use of EIVC to reduce the effective 

compression ratio to decrease the gas temperature and 

enhance the knock resistance of a supercharged gas 

engine. Other authors also stated that the lowered gas 

temperatures using the Miller cycle also resulted in 

reduced NOx emission.75-76 Bozza et al.77 tested the EIVC 

concept in a small-sized turbocharged SI engine at 3000 

RPM and 3 bar BMEP, which is of interest of the 
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European homologation urban driving cycle. The test 

results showed that significant BSFC reduction could be 

achieved with the pre-lift configuration allowing for the 

increase in the effective compression ratio and multi-lift, 

enhancing the combustion speed due to the higher 

turbulence intensity promoted by the second lift.  

 

Asmus et al.71 examined the idea of the LIVC and stated 

that there was a strong connection between the LIVC 

and the volumetric efficiency, depending on the mean 

piston speed. Taylor et al.73 tested the LIVC concept on  a 

Mahle 1.4 litre downsized engine (only turbocharged 

with the supercharger removed) and concluded that 

with their CamInCam system, at part load, the LIVC could 

achieve better pumping work due to de-throttling, thus 

resulting in better fuel economy; however, the use of a 

variable compression ratio (VCR) device was preferred to 

attain more benefits. The study by Martins et al.78 

provided additional proof of the advantage of combining 

the Miller cycle and the VCR by demonstrating that 

engines equipped with the Miller cycle had better fuel 

efficiency over the conventional Otto cycle, while 

significant efficiency improvements were found with the 

assistance of VCR devices. At high load, LIVC was also 

beneficial due to the enhanced knock resistance, but the 

improvement was limited by the heat transfer when the 

charge went back to the intake system. Akihisa and 

Sawada79 also proved that the decoupling of the 

compression and expansion stroke yielded up to 20% 

fuel efficiency improvement by exceeding the expansion 

ratio to be 20:1.   

 

Li et al.80 compared the performance of EIVC and LIVC 

operation for a highly boosted, high compression ratio, 

direct-injection gasoline engine. An improved anti-knock 

performance was found to be achieved when 

implementing either EIVC or LIVC strategies at high load 

(1000 RPM, 13.2 bar BMEP). LIVC seems to be 

advantageous over EIVC in high-load BSFC due to the 

better knock resistance and greater pumping work. 

However, at low load (2000 RPM, 4 bar BMEP), the fuel 

economy was better for EIVC, primarily owing to the 

reduced pumping loss.  The improved fuel-air mixing and 

enhanced in-cylinder turbulence strength were also 

noted in EIVC operation, which was consistent with the 

earlier studies of Bozza et al.77 

 

For a downsized engine, KJ-ZEM introduced by Mazda 

Motors Corporation is a good example. This engine was 

shown to be able to achieve 10-15% fuel efficiency 

improvement while still attaining a very high geometric 

compression ratio (10:1).81-82 For the mass production 

engine, the valvetronic concept first introduced by BMW 

on the 316ti compact in 2001 is a variable valve lift 

system, which, in combination with variable valve timing, 

allows for infinite adjustment of the intake timing and 

duration.83 This system claimed to negate the need for a 

throttle body in regular use and utilized the valve lift and 

timing to control the engine load. Such system, via de-

throttling, was demonstrated to be able to save at least 

10 percent fuel throughout the entire engine operating 

range, with a corresponding reduction in exhaust 

emissions. 

 

3: Residual fraction control (usually achieved by EIVO):  

The replacement of combustible gases with inert 

residual gases reduces the throttling requirements, but 

increases the indicated specific fuel consumption. The 

reduced throttling loss effect usually dominates, thereby 

enabling fuel consumption improvement. Hara et al.84 

stated that the back-flow caused by early intake valve 

opening (EIVO) could be used for internal EGR and might 

be helpful in reducing NOx.  The literature review by 

Hong et al.69 also reported a similar phenomenon, in 

which the EIVO allows the exhaust gas to be in contact 

with the low-temperature intake system, thus reducing 

NOx. EIVO could also be beneficial for pumping work as 

some of the exhaust mass reverses into the intake which 

indicates less burnt gas is expelled during the exhaust 

stroke. However, Asmus et al.71 showed that EIVO was 

only beneficial at full engine load to purge the hot 

residual gas, with a large back-flow detected at part load, 

which led to poor behaviour for combustion.   

 

Note that only controlling the valve timing may not 

always achieve the required engine performance across 

the entire engine speed range. As a result two or more 

sets of cam profiles are often adopted to switch between 

different engine speeds for automotive applications. 

 

Major findings: For a turbocharged SI engine, the gas 

exchange process is strongly related to the valve event. 

A considerable effort of calibration must be conducted 

to optimize the engine performance under different 
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engine operating points. In particular, at high load, 

where engine knock is an issue, the Miller cycle could be 

utilized to reduce the effective compression ratio, 

resulting in decreased gas temperature, thus mitigating 

the knock. At low load, the intake valve throttling (Also 

achieved by EIVC and LIVC, but not usually referred to as 

Miller cycle) might be able to achieve de-throttling 

purpose to minimize throttling losses. 

 

4.4 Exhaust system optimization 

Twin-Scroll Turbine: 

Twin-scroll or twin-entry is achieved by dividing the 

entry of the exhaust mass flow into two scrolls.22 This 

technique can use scavenging techniques, which is 

beneficial for decreasing the exhaust gas temperature 

and the NOx emissions. It is also anticipated that such a 

layout could achieve better turbine efficiency and reduce 

the turbo lag at low engine speeds due to the elimination 

of pulse interference.  

 

Variable Geometry Turbine (VGT): 

Conventional downsized engines with a waste-gated 

turbocharger can only achieve high specific torque 

during medium to high engine speed owing to the fact 

that the turbine design is not optimized for the low 

engine speed.85 In addition, waste-gated turbocharged 

engines also characteristics apparent turbo-lag 

compared with their naturally aspirated counterparts. 

This is attributed to the period of time required for the 

turbocharger to reach high speed whilst providing 

enough boost pressure.86-87   

 

Compared to the fixed geometry turbine (FGT) which 

acts as a fixed restriction in the exhaust system, the VGT 

can vary the effective area in the turbine housing 

according to the engine operating condition. The VGT 

can thus achieve optimum efficiency in a wider range of 

speeds and loads.88 In addition, because of the flexibility 

of controlling the engine load by controlling the throttle 

and the vanes in the VGT, a better strategy can be 

defined to improve both the steady state and transient 

performance.89-90  

 

However, VGT mechanisms have a tendency to stick 

resulting in possible failure.91 Apart from that, cold start 

performance of VGT is generally deemed to be worse 

than that of NA engines considering the higher overall 

efficiency thus lower exhaust temperature after the 

turbine.92 

 

Water Cooled Exhaust Manifold (WCEM) 

As the degree of downsizing is increased the component 

protection over-fuelling region becomes more significant, 

which limits the fuel consumption benefits. Figure 8 

shows the typical downsized gasoline engine component 

protection over-fuelling region.93 The over-fuelling 

region is found to often occur at high loads, which is due 

to the higher peak cylinder temperature and is also 

attributed to the fact that at high loads the spark timing 

usually must be retarded, resulting in increased exhaust 

gas temperature. WCEM technology functions by cooling 

the exhaust gas temperature between the exhaust port 

and the turbine, thereby allowing a leaner air/fuel ratio 

to be achieved. This technology provides the benefits of 

controlling the air/fuel ratio to be stoichiometric, 

resulting in improved three-way-catalyst efficiency and 

allowing for the use of low-cost materials for the turbine 

(VGT could also be used in gasoline engines). However, 

the cost of implementing such a technology into 

production gasoline engines and the requirement of 

increased boost pressure must be addressed.  

 
Figure 8. Typical downsized gasoline engine component 

protection over-fuelling region.93 

 

Divided Exhaust Period (DEP): 

In the following, a review on a novel gas exchange 

process named Divided Exhaust Period (DEP) is 

presented. The process utilizes two exhaust valves in a 

turbocharged engine separately. The blow-down valve is 

connected to the turbine inlet to provide the target 

boost pressure whilst the scavenging valve bypasses the 

turbine mainly for the scavenging behaviour. By 
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combining the exhaust system of a turbocharged engine 

and a naturally aspirated engine, the strength of both 

could be enhanced while the limitations for each could 

be offset.94 The engine with the DEP concept could 

benefit from a reduced ‘averaged’ backpressure 

(improved PMEP), reduced RGF, better combustion 

phasing, improved transient performance and enhanced 

cold start behaviour. The findings and results in the 

associated literature are detailed below. 

 

The DEP concept was first mentioned in a British patent95 

in 1924 and further patent claims have been made since 

then by several companies, including Deutz AG96, 

Fleming Thermodynamics Ltd97, Saab Automobile AB98, 

Borgwarner99 and TU Dresden100 

 

The first paper19 that can be traced on this concept 

involved both experimental and simulation work on a 

passenger car SI engine. The results showed that a 

positive pressure difference over the engine at the gas 

exchange TDC could be realized over the entire speed 

range. This observation, on one hand, significantly 

reduced the pumping loss and, on the other hand, 

reduced residual gas fraction compared to the baseline 

engine. This study also showed that the time to catalyst 

light off could be reduced because the exhaust mass flow 

can bypass the turbine by deactivating the blow-down 

valve. The author suggested that engines equipped with 

port fuel injection would not benefit as much from the 

DEP concept than that with direct fuel injection due to 

the possible blow-through. However, as most of the 

air/fuel ratio sensors are mounted on the exhaust side, 

DI engines require more calibration efforts for a DEP 

turbocharged SI engine. Pulse interference was also 

briefly investigated, and the author noted that the 200 

CAD duration of the exhaust blowdown valve has already 

showed the ability to limit the pulse interaction, which is 

quite difficult to achieve in other turbocharged engines. 

It should be noted that the exhaust valve diameter was 

designed to increase by 4 mm, but the author did not 

mention the benefits that the engine could gain without 

the DEP concept. Some other limitations, such as the 

requirement of utilizing a trapping valve at low engine 

speed, higher turbine inlet temperature and more 

severe choked flow in the exhaust valves were noted, 

and the author mentioned that adopting a fully variable 

valve mechanism, enhancing the material and cooling 

system in the exhaust blow-down system and the 

variation of the exhaust valve sizes might prove valuable 

to address the problems above. Last, a new turbocharger 

matching using a smaller turbocharger might need to be 

adopted because some of the exhaust mass flow 

bypassed the turbine which made it difficult to attain the 

target boost level. 

 

BorgWarner101-102 has explored the DEP concept further 

using both simulation and engine tests for a 

turbocharged SI engine. Their concept, which is named 

the Valve-Event Modulated Boost (VEMB) system, 

applied a cam-phaser controlled concentric camshaft 

system to the exhaust side of a divided exhaust port 4-

valve per cylinder double overhead camshaft (DOHC) 

GDI engine. The turbocharger boost was demonstrated 

to be controllable without the need of a conventional 

wastegate. In addition, a unique external EGR system 

from the scavenging path was used to effectively control 

the turbine inlet temperature. Their model and engine 

test results indicated the ability for the turbocharged 

engine using the VEMB concept to operate at a higher 

BMEP across the engine speed and load with some fuel 

efficiency improvement (up to 12.24%) due to increased 

PMEP and better combustion phasing (up to a 17 degree 

crank-angle).  As in the literature described above, the 

exhaust valve area in the VEMB system was also 

increased, and the port flow characteristics were 

redesigned, resulting in an improvement of 13-15%. The 

possibility of increasing the compression ratio was 

briefly mentioned in the paper, but more investigation is 

required to validate the statement. Hu et al.103 

performed some simulations on the possibility to 

increase the compression ratio for a DEP based engine. 

In their model, the compression ratio was found to be 

increased by at least 0.5. 

 

A more recent research paper by BorgWarner and PSA104 

provided a summary for the DEP research. They noted 

that, based on the improvements the VEMB system has 

already shown on the 4-cylinder turbocharged engine, 

the potential of utilizing such a system on extremely 

downsized engine applications could also be high. A PFI 

turbocharged 2-cylinder engine was selected to validate 

the assumption. By using proper valve events, the VEMB 

was found to also be very promising for PFI engines with 

high specific output. The authors also suggested that 
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engine efficiency at partial load might not be as 

beneficial as that at the mid to high load operating points.  

 

The DEP concept was also investigated on heavy-duty 

diesel engines.15,105-106(although this paper concentrates 

on the SI engine, some conclusions or summaries from 

the described literatures are still useful for the design of 

a DEP concept SI engine). The author concluded that the 

optimum valve timing was determined by the trade-off 

between the produced turbine power and the increased 

PMEP that gives the lowest BSFC. The possibility to 

control the mass flow and therefore the pressure ratio 

over the turbine was also noted. By optimizing the timing 

event, the turbine could be operating in a higher efficient 

area. However, this higher efficiency might only be true 

for 6-cylinder turbocharged engines because this effect 

was not evident in the model Hu et al.107 were studying. 

The valve size was considered to have a large impact on 

the engine efficiency, and the author made the point 

that different optimal relationships  between the intake, 

blow-down and scavenging valve area strongly depend 

on the current EGR system and EGR rate. Last, it was 

stated that at low engine speed, where the valves are 

less choked, it is possible to increase the full load curve 

because the DEP concept uses a smaller turbine than the 

standard.   

 

A novel simulation study of the divided exhaust period 

was conducted at TU Dresden.3 The difference in this 

study is that the two manifolds were connected to 

different turbocharger turbines to provide the possibility 

of a sequential or two-stage-regulated system. At the 

first operating range, which began at the lowest engine 

speed, a maximal portion of the available exhaust mass 

flow was directed either to the primary turbocharger 

(sequential) or the high-pressure turbocharger (two-

stage) until the rated mean pressure was achieved 

through minimizing the scavenging valve duration. After 

the rated mean pressure was attained, a larger portion 

of the exhaust mass flow was then fed into the second 

turbine (sequential) or the low-pressure turbine (two-

stage) to limit the torque increase whilst reducing the 

pumping loss. With the transition of the staged 

turbocharging system into the second operating mode, 

the sequential system would have the mode of parallel 

operation of both turbochargers; while for the two-

stage-regulated system, the high-pressure stage would 

be phased out. The results showed a clear improvement 

in the scavenging behaviour in the lowest speed range, a 

reduction in the brake specific fuel consumption in the 

rated output range, as well as substantially more 

spontaneous torque build-up. The author also noted that 

the sequential turbocharged model showed advantages 

in dynamic operation, while the two-stage system 

exhibits more continuous system behaviour overall.  

 

Hu et al.108 conducted a similar simulation study on a 

regulated-two-stage (R2S) heavily downsized SI engine 

from the perspective of gas exchange (not considering 

combustion phasing). The schematic layout of the 

system is shown in figure 9. By adjusting the three bypass 

valves, the two-stage system was demonstrated to 

behave similar to a standard DEP system, with one valve 

feeding the turbine and one valve evacuating the 

remaining mass flow directly into the exhaust. In 

addition, such system could also achieve the regulated-

two-stage DEP concept with one valve feeding the high-

pressure turbine and the other valve feeding the low-

pressure turbine. At high and medium speeds, such a 

layout could achieve low backpressure during the end 

and the beginning of the exhaust stroke respectively, and 

at low engine speed, low backpressure was fulfilled 

across the entire exhaust stroke range. Reduced pulse 

interferences were observed for the entire range of 

engine speeds, which, together with the reduced 

‘averaged’ backpressure, resulted in an improved 

pumping situation. Although, in their system, the 

combustion phasing was not considered, it was 

anticipated that the R2S DEP system can also benefit 

from better combustion phasing due to the reduced 

intake boost and temperature together with decreased 

RGF. The geometric compression ratio could also be 

increased to further improve the fuel efficiency at part 

load, but more investigation must be conducted.  
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Figure 9. Regulated-two-stage DEP system. 

C: compressor; T: turbine; HP: high pressure; LP: low 

pressure. 

 

Turbo-discharging 

At Loughborough University, a novel divided exhaust 

period called turbo-discharging (TD) was first 

investigated by means of both simulations and engine 

tests.109-111 This concept can be applied to both naturally 

aspirated and turbocharged engines. For naturally 

aspirated engines (see figure 10), the blow-down pulse is 

fed into the turbine while the scavenging mass flow is 

directed to the post-turbine or the pre-compressor. 

Different from the conventional turbocharger system, 

the compressor in the TD system is used to depressurize 

the scavenging manifold rather than compressing the 

inlet charge. This process, on one hand, leads to sub-

atmospheric pressure (< 0.5 bar) in the scavenging 

manifold, which is beneficial for the pumping work as 

well as the reduction of trapped residual gas fraction; on 

the other hand, the depressurization of the post turbine 

side leads to an increased pressure ratio across the 

turbine for the same blow-down pulsation. The TD 

concept, when implemented on a turbocharged engine, 

will have a similar layout, which shown in figure 11. Note 

that both the scavenging manifold and the primary 

turbine outlet is connected to a secondary turbine 

before the primary compressor. This configuration has 

proved to have a similar effect of improving the pumping 

work and increasing the pressure ratio across the 

turbines for the same blow-down energy. Simulation 

results showed that up to 5% fuel consumption could be 

reduced and the torque performance could be improved 

by 7% due to reduced pumping loss and better 

combustion phasing.  

 

For clarity, figure 12 presents the idealised part load in-

cylinder pressure-volume diagram, showing the primary 

and secondary gains of a Turbo-Discharging system 

compared to a conventional engine configuration 

(naturally aspirated or turbocharged). The lower exhaust 

pressure is observed to be developed by the 

depressurization of the exhaust contributes to significant 

reductions in the pumping work. Although the 

improvement of the engine’s breathing characteristics is 

counteracted partially by the increased engine throttling 

to maintain a given engine load, which has been shown 

to be a small effect in comparison to the pumping work 

benefit gained by the lower exhaust pressure. Such a 

concept also has some secondary gains which include a 

reduced trapped hot residual resulting in additional 

spark advance in SI engines and a potential to increase 

the compression ratio. 

 

Although the TD system has shown fuel economy 

benefits for the NA and turbocharged configuration in 

simulation, the integration of after-treatment systems 

was not considered. The authors suggested that a 

wastegate feature could allow control of TD system to 

balance the thermal and breathing requirements of the 

engines at high loads, and there is no apparent 

difference between the TD concept engine and the NA 

or turbocharged engine at part load for thermal 

management, as there is no blowdown event to activate 

the TD system. In addition, some issues might exist for 

the matching of the EGR system to the TD concept 

engine as the peak exhaust pulsing pressure is 

comparable to the conventional engine solution, but the 

average pressure is lower. 
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Figure 10. Schematic of an example exhaust 

arrangement of a turbo-discharged naturally aspirated 

engine. 

T: turbine; C: compressor. 

 

Figure 11. Schematic of an example exhaust 

arrangement of a turbo-discharged turbocharger engine. 

CAC: charge air cooler; T: turbine; C: compressor 

 

Figure 12. Idealised part load in-cylinder pressure-

volume diagram showing the primary and secondary 

gains ((1) and (2) respectively) of a Turbo-Discharging 

system.109 

 

Mirror gas turbine: 

The mirror gas turbine is a novel concept focusing on 

how to improve the gas turbine’s thermal efficiency by 

the regeneration of the otherwise wasted energy after 

the turbine. The basic schematic is shown in figure 13. 

The ambient air is drawn into the first compressor, where 

it is pressurized. The compressed air runs through a 

combustion chamber where fuel is burned heating the 

air. The heated, pressurized mass flow then gives up its 

energy expanding through the first turbine to produce 

the work output (if the gas flows into the ambient, then 

the cycle is called the Brayton cycle). The hot gas after 

the gas turbine expands through a second turbine rather 

than flowing into the ambient and cools down by a heat 

exchanger. A second compressor that is coaxial with the 

second turbine compresses the mass flow to the 

ambient to complete a circulation. This process can be 

imaged as a reflection by a mirror virtually placed 

between normal Brayton cycle and inverted Brayton 

cycle, thus termed a mirror gas turbine. Note that one or 

more compressors could be linked to the second 

turbocharger to achieve more exhaust energy recovery, 

and it can be said that with infinite compressors, the 

recovered exhaust energy can be maximized.  

 

Although this concept has been, to the author’s 

knowledge, only proposed for gas turbine plants, a 

similar configuration could also be applied to 

turbocharged SI internal combustion engines. For 

turbocharged SI engines, the exhaust energy after the 

turbocharger turbine is still high, which can then be fed 

into the inverted Brayton cycle to reclaim some of the 

otherwise wasted exhaust energy (see figure 14).  

 

Figure 15 shows a temperature and entropy diagram of 

a turbocharged SI engine with three stages of inverted 

Brayton cycle compression. The intake charge enters the 

cycle at state 1 through the turbocharger compressor 

where it is pressurized and then leaves at state 2. The air 

then goes through the compression process to state 3, 

the heat addition process to state 4 and an expansion 

process to state 5. The air subsequently expands through 
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a turbocharger turbine before leaving at state 6. As the 

exhaust gas still carries a large amount of thermal energy, 

the gas can be further expanded within the next turbine 

to state 7, where the pressure of the gas could be below 

atmosphere. The depressurized gas then passes through 

an intercooler to remove the remainder of the heat to 

state 8 before the gas is compressed back up to 

atmospheric pressure by one or more compressors. As 

suggested by the TS diagram, adding additional 

compressors will improve the exhaust energy recovery, 

thus increasing the thermal efficiency. Chen and 

Copeland.112 recently suggested that up to 6% fuel 

efficiency improvement could be achieved depending on 

the engine operating points, by the adoption of Mirror 

gas turbine concept. 

 

 

Figure 13. Mirror gas turbine  

C: compressor; T: Turbine. 

 

Figure 14. Proposed turbocharged SI engine adopting 

mirror gas turbine concept 

C: compressor; T: Turbine 

 

Figure 15. Temperature and Entropy diagram of a 

turbocharged SI engine with three stages of inverted 

Brayton cycle compression112 

 

Major finds: The gas exchange process focused on the 

exhaust is mainly for the purpose of reclaiming the 

maximally possible exhaust energy whilst attempting to 

improve the corresponding backpressure. Twin-scroll 

turbine, VGT and WCEM are the approaches in the 

production to improve the engine’s breathing 

characteristics. For approaches only at the research 

stage, both the mirror gas turbine concept that could 

further recover the blow-down energy and the 

DEP/turbo-discharging layout focusing on the reduction 

of the engine backpressure have some potential to 

improve the engine’s thermal efficiency, but with the 

penalty of additional cost, package and control 

complexity.  

 

In the following table, the improvements of some 

important parameters in a turbocharged engine system 

have been summarized for each technology reviewed 

above. It can be seen that almost all the technologies 

have a positive effect on the enhancement of 

compression ratio.  However, there is no technology 

which can simultaneously improve all the important 

parameters of a turbocharged engine. It is therefore 

anticipated that by combining different technologies 

reviewed above, higher fuel efficiency could be achieved 

through a better gas exchange process.  
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 De-throttling 

Intake 
temperature 
at high load 

Back-
pressure 

Turbine inlet 
temperature Turbocharger 

performance 
Compression 
Ratio 

Inlet Manifold 
Design 

√ √    √ 

WEDACS √ √    √ 

Turbo-expansion √ √    √ 

Stratified Charge √   √  √ 

EGR √  √ √  √ 

Cylinder 
deactivation 

√   
 

 √ 

HCCI √   √   

VVT √  √  √ √ 

Twin-scroll 
Turbine 

  √ 
 

√ √ 

VGT   √  √ √ 

WCEM    √ √ √ 

DEP   √  √ √ 

Turbo-discharging   √   √ 

Mirror Gas Turbine  √    √ 

Table 3. Improvement of some important parameters for each technology 

 

5 Conclusions 

The gas exchange process (breathing characteristics) is 

crucial for the optimization of turbocharged SI engines, 

the behaviour of which is strongly related to the 

pumping work and also has a significant effect on the 

corresponding combustion efficiency. 

  

A number of novel technologies have been utilized to 

further improve the performance of turbocharged 

engines from the primary gain of the improved gas 

exchange process and/or the secondary gain, which 

includes enhanced combustion efficiency, increased 

compression ratio and reduced RGF. They have been 

categorized into four sub-sections including charge air 

pressurization/de-pressurization improvement, 

combustion efficiency enhancement within the chamber, 

valve event associated development and exhaust system 

optimization.  

   

Novel charge air pressurization/de-pressurization 

improvement of turbocharged engines focus on two 

directions: pressurized intake charge cooling at high 

engine load and throttling loss reduction at low load. The 

intake charge cooling could be realized by the utilization 

of the otherwise wasted exhaust energy at high load, 

while the de-throttling purpose could be achieved by 

allowing the intake charge to expand through a turbine-

like expander to reclaim some of the throttling loss. 

 

The combustion efficiency improvement concentrates 

on the pumping loss reduction and the improvement of 

the combustion efficiency. If lean combustion is allowed, 

then the HCCI and stratified charge concept might be a 

good solution to improve the pumping work and the 

corresponding combustion efficiency. However, the 

limited operating width and the requirement of the 

seamless operation switch should be considered in 

advance. At stoichiometric condition, cylinder 

deactivation to further ‘downsize’ the SI engine or EGR 

to recirculate a portion of the exhaust gas back to the 

engine cylinders could have some benefits on 

turbocharged engine performance at low load and high 

load respectively. 
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Valve event associated development emphasize the 

mitigation of knock at high load and the realisation of de-

throttling at part load. VVT is a proven technology 

currently applied to turbocharged gasoline engines, 

featuring improved breathing characteristics across all 

the engine operating points.   

 

Technologies optimized for the exhaust system are 

mainly for the purpose of reducing the exhaust 

backpressure/temperature and utilizing the maximum 

possible exhaust energy. A twin-scroll turbine could 

lighten or even eliminate the negative effect of pulse 

interference. WCEM is the technology to reduce the pre-

turbine temperature, with which VGT could be 

implemented in production gasoline engines. For 

approaches only at the research stage, both the mirror 

gas turbine concept, which further recovers the blow-

down energy, and the DEP/turbo-discharging layout 

focusing on the reduction of the engine backpressure 

have potential to improve the engine’s thermal 

efficiency with the penalties of additional cost, package 

and control complexity. 

 

  

Definitions/Abbreviations 
CI Compression Ignition 
SI Spark Ignition 
NA Naturally Aspirated 
DF Downsizing Factor 
GDI Gasoline Direct Injection 
NVH Noise Vibration Harshness 
BMEP Brake Mean Effective Pressure 
NEDC New European Drive Cycle 
JLR Jaguar Land Rover 
TSI Twincharger Fuel Stratified 

Injection 
BDC Bottom Dead Centre 
IMEP Indicate Mean Effective Pressure 
FMEP Friction Mean Effective Pressure 
PMEP Pumping Mean Effective Pressure 
RGF Residual Gas Fraction 
RPM Revolution Per Minute 
PFI Port Fuel Injection 
HC Hydrocarbon Compounds 
DI Direct Injection 
CAD Crank Angle Degree 
VIM Variable Intake Manifold 
VTEC Variable valve Timing and lift 

Electronic Control system 

 

WEDACS Waste Energy Driven Air 
Conditioning System 

VGT Variable Geometry Turbocharger 
TCS Turbo Cooling System 
CAC Charge Air Cooler 
TVS Twin Vortices Series 
BSFC Brake Specific Fuel Consumption 
TDC Top Dead Centre 
LNT Lean NOx Trap 
EGR Exhaust Gas Recirculation 
NVO Negative Valve Overlap 
EVC Exhaust Valve Closing 
IVO Intake Valve Opening 
HP High Pressure 
LP Low Pressure 
D-EGR Dedicated Exhaust Gas 

Recirculation 
ACT Active Cylinder Technology 
HCCI Homogeneous Charge 

Compression Ignition 
FVVT Fully Variable Valve Train 
TWC Three Way Catalyst 
VVT Variable Valve Timing 
EEVO Early Exhaust Valve Opening 
LEVC Late Exhaust Valve Closing 
EIVC Early Intake Valve Closing 
LIVC Late Intake Valve Closing 
VCR Variable Compression Ratio 
EIVO Early Intake Valve Opening 
FGT Fixed Geometry Turbine 
WCEM Water Cooled Exhaust Manifold 
DEP Divided Exhaust Period 
VEMB Valve Event Modulated Boost 
DOHC Double OverHead Camshaft 
R2S Regulated two Stage 
TD Turbo Discharging 
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