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Abstract  18 

Highway transport sector is still expected to be dominated by internal combustion 19 

engines in the future, especially due to limitations in the introduction and applicability 20 

of full electrification for heavy-duty propulsive systems. Nonetheless, this sector is still 21 

under the objectives imposed in the roadmap towards carbon neutrality. For this, engine 22 

efficiency and low-emission combustion modes must be improved, and the introduction 23 

of synthetic fuels, low electrification levels and devices for engine optimization and 24 

energy management have proven to be a great advance towards these objectives. This 25 

work studies the application of an EGR e-pump for energy recovery and combustion 26 

optimization on a powertrain running on Dual-Mode Dual-Fuel combustion mode as a 27 

substitute of a complex dual route EGR system. The results include the evaluation of the 28 

impact of using energy recovery devices on combustion performance and emissions 29 

levels, as well as a numerical evaluation of driving conditions considering a medium-duty 30 

application in the transport sector under different driving scenarios. The results point 31 

out that the inclusion of the EGR e-pump can contribute to mitigate the drawbacks of 32 

removing the complex dual route system in terms of equivalent fuel consumption 33 

without greater impact in terms of emissions. Additionally, its application in mild hybrid 34 

platforms can promote a significant improvement in CO2 emissions, especially for urban 35 

areas (20% compared to a conventional powertrain based on HP EGR).     36 

Keywords 37 

Powertrain electrification; EGR e-pump, advanced air management systems; Dual-38 

Mode Dual-Fuel combustion; Mild hybrid trucks.  39 

  40 



1. Introduction 41 

Carbon neutrality is the ultimate goal to be obtained in the next few years ahead to fulfil 42 

with the green deal agreed by the G7 nations [1]. This imposes several restrictions 43 

concerning the road transportation sector since it represents a share of ≈12% in the total 44 

CO2 produced globally [2]. In Europe, this is even more relevant since the road 45 

transportation share increases up to 18% [3].  While battery electric vehicles are gaining 46 

attention as a possible solution for light-duty transport [4], the decarbonization of 47 

heavy-duty transportation has no clear solution. The usage profile and energetic 48 

demand of heavy-duty applications leads to several barriers regarding the full 49 

electrification of this sector [5]. The significant reduction in the truck payload (≈ 20%), 50 

long charging times and increased total cost of ownership are some of the problems that 51 

hinders the use of BEVs for heavy-duty applications. On the other hand, hydrogen-52 

fuelled engines seem to be an alternative, since it provides zero CO2 emissions in a tank 53 

-to-wheel basis, with reduced barriers for its introduction [6]. Nonetheless, this fuel still 54 

lags with respect to conventional fuels in its distribution infrastructure and requires 55 

dedicated powertrain design [7]. A mid-term solution could be the use of hydrogen-56 

derived fuels with similar characteristics than those of conventional fuels, enabling the 57 

use of the current powertrain and distribution systems [8][9]. Clearly, the benefits would 58 

be reduced since higher energy demand is required to process hydrogen to fuels such 59 

as e-diesel and e-gasoline. Nonetheless, these fuels can be produced outside the country 60 

where they are consumed, benefiting from places where renewable energy is found in 61 

abundance such as Chile, Kingdom of Saudi Arabia, etc. This allows to reduce the Capital 62 

Expenditure  (CAPEX) of the production system while having no operating expenses 63 

(OPEX), which enables to compensate the lower efficiency that these fuels could have 64 

compared to direct electrification [10][11].  65 

Such scenario is favourable to further investigate alternatives to improve the efficiency 66 

of internal combustion engines, which could favour the prompt transport 67 

decarbonization by means of e-fuels [12]. Concerning the recent advances on high 68 

efficiency combustion, low-temperature combustion concepts have demonstrated in 69 

the past the capacity to provide higher efficiency than conventional diesel combustion 70 

while attaining ultra-low soot and nitrogen oxides (NOx) [13][14]. Several of the early 71 

challenges regarding combustion controllability and load extension have been dealt 72 

during the last years, attaining solutions that reached technology readiness levels (TRL) 73 

up to five [15]. One of the most promising solutions is the Dual-Mode Dual-Fuel 74 

combustion concept [16]. This combustion mode relies on the former Reactivity 75 

Controlled Compression Ignition combustion (RCCI) in a great extent (from low to 76 

medium load) [17]. Nonetheless, additional stratification paths are added to the 77 

combustion chamber whenever the operation starts to be limited by pressure gradients. 78 

The most effective strategy is to increase the equivalence ratio stratification by means 79 

of shifting the high-reactivity fuel injection towards the top dead center, allowing to 80 

extend the engine operational range up to full load conditions [18]. This requires an 81 

increase in the oxygen concentration while maintaining the EGR levels, to avoid soot and 82 

NOx formation. Nonetheless, this implies a wide range of mass flows through the turbine 83 

and compressor which are not possible to be achieved by conventional turbochargers, 84 

since they either operates near to the surge or the choke zones. Recently, these 85 

limitations started to be overcome by introducing mild hybrid electrification in the 86 



vehicles [19]. This has enabled the use of electrified air management systems such as e-87 

Pumps for EGR and e-turbochargers [20][21]. Both devices allow to decouple the 88 

dependence of the air management system on the exhaust energy. Recent studies 89 

carried out by Smith [22] in a 4-cylinder heavy-duty engine representative of call 8 trucks 90 

have highlighted the potential of the EGR e-pump in providing the required EGR 91 

concentrations for NOx control while enabling the simplification of the air management 92 

system from variable geometry turbines (VGT) to fixed geometry turbines (FGT). García 93 

et al. [21] also performed a numerical investigation aiming at identifying the benefits 94 

and challenges of using electrified air management systems such as EGR e-pump and e-95 

turbocharger in a mild hybrid vehicle. The simulation results allowed to conclude that 96 

the combination of the system allows both fuel consumption savings and simplification 97 

of the geometry towards a fixed geometry turbine. Additionally, it was suggested that 98 

the use of e-pump allows to reduce the transient response of EGR while enabling energy 99 

recuperation in specific cases. 100 

Despite the potential of this system, there are only few works available in the literature. 101 

In addition, they are fully based on numerical assessments and focused exclusively on 102 

consumption and emission investigations. Nonetheless, it is believed that experimental 103 

investigations need to be carried to investigate not only performance and emissions 104 

parameters but also the complex interplay that the EGR e-pump may introduce in the 105 

system regarding combustion, fuel injection and air management. Additionally, the 106 

extension of this investigation towards a full map calibration is mandatory to draw the 107 

complete scenario of this system as a potential solution for electrified powertrains. In 108 

this sense, this investigation aims at evaluating the application of an e-pump EGR system 109 

in combination with an advanced low temperature combustion concept as a pathway to 110 

deliver a clean and efficient powertrain solution to comply with the regulations that are 111 

to come. Experimental assessments are performed in a multi-cylinder engine platform, 112 

previously modified to run under DMDF combustion. A prototype e-pump EGR system 113 

was included to the engine fed by a 48 V power source system, allowing to monitor and 114 

quantify the energy conversion and management of the different power sources. This 115 

means that the possible energy recovery and its conversion to electrical energy can be 116 

assessed as well as the energy needed to deliver the required EGR amount can be also 117 

quantified. The investigations were performed first at representative conditions by 118 

applying parametric studies to assess the impact of the e-pump EGR system on the 119 

energy management and the combustion process. Next, considering the conclusions 120 

from the first investigation, a full map calibration was sought followed by a driving cycle 121 

evaluation. The last was performed considering a mild-hybrid 48 V vehicle platform to 122 

attain a real scenario in terms of the benefits that may be obtained combined mild-123 

hybridization and the EGR e-pump.  124 

 125 

2. Experimental materials and methodology 126 

This section intends to detail the engine and experimental facility employed during this 127 

investigation as well as the EGR e-pump description, heat exchanger configuration and 128 

the testing methodology developed to carry out this work.  129 

2.1. Engine and test cell facility description  130 



Air management performance is highly dependent on the thermodynamic conditions 131 

that are found in the inlet and outlet of compressor and turbine. Low temperature 132 

combustion concepts have particularities such as low exhaust gas temperatures and 133 

high exhaust recirculation levels, which may decrease the energy availability for the 134 

turbine [23]. In this sense, the real representation of this boundary conditions is of 135 

utmost importance. One of the most representative way to account the limitations and 136 

the conditions that may be found in the system is by means of multi-cylinder engine 137 

testing. Therefore, this evaluation was performed using a multi-cylinder engine, 138 

representative of medium-duty applications. This engine was calibrated in the past for 139 

a Dual-Mode Dual-Fuel combustion having different targets such as EUVI NOx [24][25]. 140 

In addition, it has a combustion system optimized for this concept [26]. The main 141 

characteristics of the engine are presented in Table 1.   142 

Table 1. Main engine characteristics. 143 

Engine Characteristics 

Engine Type 4 stroke, 4 valves, direct injection 

Number of cylinders [-] 6 

Displaced volume [cm3] 7700  

Stroke [mm] 135 

Bore [mm] 110 

Piston bowl geometry [-] Bathtub 

Compression ratio [-] 12.75:1 

Rated power [kW] 235 @ 2100 rpm 

Rated torque [Nm] 1200 @ 1050-1600 rpm 

 144 

This engine has been modified to enable its operation in DMDF mode. First, the original 145 

compression engine was reduced from 17.5:1 to 12.75:1 by means of piston machining. 146 

Additionally, six port fuel injectors were added to deliver the low reactivity fuel. More 147 

detail about fuel injection systems that are used in the engine and previous calibrations 148 

can be found in previous works. A fully instrumented test cell facility was used to 149 

perform this investigation. An AVL active dynamometer with an embedded PUMA 150 

system was used to control the load and engine speed for each operating condition. 151 

Specific instrumentation for instantaneous in-cylinder pressure measurement, gas 152 

analysis, etc. were also included. A detailed description on the test cell instrumentation 153 

and devices that were used can be obtained in previous works from the authors [27]. 154 

Table 2 summarizes the different sensors used and their associate accuracy. The 155 

addition of the EGR e-pump system required some modifications with respect to the 156 

base experimental setup. First, a heat exchanger was added prior to the e-pump EGR 157 

system to avoid excessive temperatures at the pump inlet. Additionally, specific control 158 

systems were added to the LabVIEW routine aiming at regulating the pump speed 159 

according to the operating condition required. Figure 1 illustrates the experimental 160 

facility used in this investigation. 161 

 162 

 163 



 164 

Table 2. Accuracy of the instrumentation used in this work. 165 

Variable measured Device Manufacturer / model Accuracy 

In-cylinder pressure 
Piezoelectric 
transducer 

Kistler / 6125C ±1.25 bar 

Intake/exhaust pressure 
Piezoresistive 
transducers 

Kistler / 4045A ±25 mbar 

Temperature in settling 
chambers and manifolds 

Thermocouple TC direct / type K ±2.5 °C 

Crank angle, engine speed Encoder AVL / 364 ±0.02 CAD 

NOx, CO, HC, O2, CO2 Gas analyser HORIBA / MEXA 7100 DEGR 4% 

FSN Smoke meter AVL / 415 ±0.025 FSN 

Gasoline/diesel fuel mass flow Fuel balances AVL / 733S ±0.2% 

Air mass flow Air flow meter Elster / RVG G100 ±0.1% 

 166 

 167 

Figure 1. Schematic of the equipment used in the experimental facility. 168 

2.2. EGR systems considerations 169 

This section describes the different EGR system configurations that have been evaluated 170 

in the current engine with DMDF combustion up to arrive to the EGR e-pump solution.  171 

2.2.1. Dual route EGR system 172 

Dual route EGR systems are composed by a low pressure EGR and high pressure EGR 173 

route. The high pressure EGR is derived before the turbine inlet while the low-pressure 174 

system is taken after the turbine, passing through a set of heat exchanger and dryer to 175 

avoid water to enter in contact with the compressor blades. This system provides 176 

benefits regarding the maximum quantity of EGR that can be done, the temperatures 177 

achieved at the cylinder inlet and the pumping losses required to drive the EGR [28]. 178 



Due to these advantages, this system has been investigated for low temperature 179 

combustion concepts where high EGR concentrations are required. Figure 2 illustrates 180 

the EGR system layout that was used in the early investigations of the DMDF combustion 181 

concept, which allowed to obtain engine-out tailpipe EUVI NOx emissions with ultra-low 182 

soot emissions and similar efficiency as the one from the original diesel calibration. 183 

Despite the benefits, dual-route EGR systems present some practical challenges. One of 184 

the most important one to be considered is the packaging issue due to the space 185 

required to accommodate all the pipes, dryer, and heat exchanger for the system. Apart 186 

from that, dual-route EGR systems also lead to higher costs, being not the preferred 187 

option for wide-scale applications. 188 

 189 

Figure 2. Diagram of the setup used with the dual-route EGR architecture. 190 

2.2.2. High pressure EGR 191 

High pressure EGR is the simplest way to increase the dilution levels in the combustion 192 

chamber. The exhaust gas is derived before the turbine and directed towards the intake 193 

manifold, where its flow rate is regulated by means of an electric valve. The maximum 194 

EGR output is highly dependent on the pressure difference between the exhaust and 195 

intake pressure [29]. Due to its simplicity, this EGR system equips most of the current 196 

engines, including the commercial version of the engine used in this investigation.  197 

Figure 3 depicts the EGR scheme that was used in this investigation.  198 

 199 



Figure 3. Diagram of the setup used with the HP EGR architecture. 200 

2.2.3. e-Pump EGR system 201 

Considering the points referred in the introduction section, it is clear that the e-pump 202 

based EGR system can deliver benefits in conventional applications such as the decrease 203 

of transient times and the possibility of recovering energy from the exhaust gases in 204 

specific operating conditions. In spite of the limited capacity of the system, numerical 205 

investigations have demonstrated up to 2% of improvement in the fuel consumption 206 

using this system [21]. For this investigation, a prototype e-pump EGR system was used 207 

[30], with the specifications presented in Table 3.  208 

Table 3. Technical specifications of the EGR e-pump. 209 

Specification Value 

Displacement volume [c.c./rev] 400 

Nominal power [kW]  6 

Power supply [VDC] 48 

Maximum speed [rpm] 10000 

Power Recovery Yes 

 210 

 211 

Figure 4. Diagram of the setup used with the HP EGR and e-pump architecture. 212 

2.3. Assessment methodology 213 

The use of the EGR e-pump was assessed by means of both experiments and numerical 214 

simulations to understand its impact on driving cycles. In this sense, this section intends 215 

to describe the experimental and numerical methodology employed in this 216 

investigation. 217 

2.3.1. Experimental evaluation 218 

The experimental investigations were performed in two steps. First, a parametric sweep 219 

of e-pump velocity was done in specific operating conditions. This analysis allows to 220 

understand the complex interplay among the boundary conditions in the e-pump inlet, 221 

the original air management system and the intake manifold conditions that will govern 222 



the combustion development. The points to be assessed where chosen considering the 223 

particularities of the DMDF combustion concept. As shown in Figure 5, this concept 224 

relies on different strategies. From low to medium load, high premixing degrees are 225 

employed with low to high grade of equivalence ratio stratification. These zones also 226 

require EGR levels up to 50%. By contrast, from high to full load, a dual-fuel diffusive 227 

combustion is used, being characterized by high reactivity fuel injections near to the top 228 

dead center and EGR levels around 20%. In this sense, different engine speeds at 50% of 229 

engine load (the most demanding engine load in terms of EGR requirement) were 230 

evaluated. For each operating condition, and EGR e-pump speed sweep was performed. 231 

The limits of the sweep were experimentally determined by the points where the 232 

combustion stabilities were too high, or the e-pump started to be limited by maximum 233 

speed.  234 

 235 

Figure 5. Conceptual injection strategy of the dual-mode dual-fuel combustion concept. 236 

Next, a full map calibration is proposed, considering only the optimized operating 237 

conditions using the new system. The calibration methodology was based on that 238 

presented in previous papers such as García et al. [31] and Benajes et al. [32]. 239 

Nonetheless, slight modifications were done to account for the energy spent or 240 

generated by the e-pump. This was accomplished by means of including the power signal 241 

from the e-pump to the main LabView controller interface. This signal was used to 242 

calculate a final brake specific fuel consumption according to the equation Eq. 1, which 243 

allows to include all the energy paths of the system. 244 

𝐵𝑆𝐹𝐶𝑒𝑞 =

�̇�𝐿𝑅𝐹 ·
𝐿𝐻𝑉𝐿𝑅𝐹

𝐿𝐻𝑉𝐿𝑅𝐹,𝑟𝑒𝑓 
+ �̇�𝐻𝑅𝐹 ·

𝐿𝐻𝑉𝐻𝑅𝐹

𝐿𝐻𝑉𝐻𝑅𝐹,𝑟𝑒𝑓

�̇�𝑒𝑛𝑔𝑖𝑛𝑒 − �̇�𝑝𝑢𝑚𝑝

 Eq. 1 

In this formula, it is considered that the power consumed or regenerated by the pump 245 

is greater than zero when EGR is being forced by the pump and it is consuming electric 246 

energy, and lower than zero for those conditions where the pump is regenerating energy 247 

and producing electric energy that is stored in the battery. 248 

It is important to remark that the increase of the EGR levels that flows through the HP 249 

EGR system leads to higher demands on the heat exchanger of the original EGR system. 250 

In this sense, the cooling system needs to be redesigned to enable reasonable 251 

temperatures at the intake manifold. To do this, a specific study was performed to 252 



design a cooling system for the HP-only architecture by means of an experimental 253 

characterization of the original heat exchanger and numerical simulations of the system. 254 

This has allowed to define the number of heat exchangers by considering their ability on 255 

remove heat from the exhaust gases. The result of this investigation is presented in 256 

Figure 6. As it is can be evidenced, the addition of an extra heat exchanger with the same 257 

characteristics of the original one allows to remove a significant additional quantity of 258 

heat from the EGR. Nonetheless, further increase of heat exchangers does not provide 259 

any appreciable benefit on EGR cooling. In this sense, the new heat exchanger proposal 260 

has considered the use of two heat exchangers in series (the original plus an extra one). 261 

This system was used for both the HP EGR system and EGR e-pump system.  262 

 263 

Figure 6. Performance of different number of heat exchangers in the EGR circuit. 264 

2.3.2. Numerical analysis 265 

A numerical analysis is also proposed to assess the influence of the e-pump EGR system 266 

on different driving scenarios. To do this, a mild hybrid platform was designed 267 

considering the methodology proposed by García et al.[33] A Volvo FE 350 truck was 268 

used, since it is originally equipped with the engine used in these investigations [34]. 269 

Battery size and electrical motors were defined by means of an optimization process. 270 

Details about the design process can be verified in García et al [33][35]. Figure 7 271 

illustrates the final truck architecture containing the modifications for accommodating 272 

the DMDF combustion and the mild hybridization. Two fuel tanks are included in the 273 

system as well as a small battery pack and a belt assisted starter (BAS). The main 274 

characteristics of the truck platform are presented in Table 4. 275 



 276 

Figure 7. Schematic of the vehicle modifications assumed for the mild hybrid architecture. 277 

 278 

Table 4. Main characteristics of the vehicle model and electric components. 279 

Characteristic Value 

Base vehicle Mass [kg] 7035 

Max Payload [kg] 8982.5 

Frontal Area [m2] 6.89 

Tires Size [mm/%/inch] 295/80/22.5 

Gear Box type [-] 12 gears manual 

Differential ratio [-] 3.08 

ICE rated power [hp] 350@2200rpm 

ICE rated Torque [Nm] 1400 

Battery size [kWh] 2 

Electric motor size [kW] 22.4 

 280 

A 0-D numerical model was built in GT-Drive to enable the simulation of different driving 281 

cycles and payloads with and without EGR e-pump and the comparison to the 282 

conventional truck architectures such as the conventional diesel combustion and the 283 

DMDF. The final model is represented in Figure 8. As it can be seen, it consists of 284 

different objects that represent the components of the truck.  The ICE object allows the 285 

use of the experimental fuel consumption and emission maps as inputs to the 286 

simulation. This approach has demonstrated the capability of reproducing transient 287 

results with good accuracy [36][37]. In addition to the ICE object, other components 288 

such as the battery model, BAS, transmission, and vehicle geometry are defined in the 289 

remaining objects. An explicit solution scheme is used to integrate the differential 290 

equations with respect to time whereas different integrators are used to obtain the 291 

cumulative results regarding fuel consumption and emissions [38]. The simulation was 292 

performed considering four different driving cycles (flat, local, urban and WHVC) and 293 

three different truck payloads (0%, 50% and 100%). The selected driving cycles are 294 

representative of both in-service conformity and normative driving cycles, while the 295 

payload of 50% is the payload used for homologation purposes [39].  296 

 297 



 

(a) 

 

(b) 

Figure 8. Schematic of the vehicle architecture implemented in GT-Drive (a) and the different driving scenarios 298 
considered for the study (b). 299 

3. Results and discussion 300 

The results section is divided into different parts. First, the simplification of the original 301 

DMDF EGR system by removing the low pressure EGR circuit and the assessment of its 302 

impact on performance and emissions is presented. Next, the effect of introducing the 303 

EGR e-pump system is discussed from a combustion, performance, and emissions basis. 304 

Finally, a full map calibration considering the EGR e-pump as the preferred alternative 305 

to drive EGR is proposed, followed by the assessment of the calibration maps in a mild 306 

hybrid electric vehicle (MHEV) and its comparison to the conventional DMDF and diesel 307 

combustion concepts in a conventional powertrain architecture.  308 

3.1. Simplifying the EGR circuit: removing the low pressure EGR 309 

Prior to any evaluation with the EGR e-pump system, preliminary investigations were 310 

done removing the low pressure EGR system to understand the impact of using this 311 

simplified approach and to set a benchmark to be used as comparison for the electrified 312 

architecture. As previously commented, this approach would benefit the application of 313 

the engine architecture in terms of packaging and production costs.  In this sense, a full 314 

map calibration was performed using the HP EGR system. The results for performance 315 

and emissions were then compared with those from the LP + HP pressure EGR system 316 

reported in previous results. 317 

Figure 9 presents the brake specific fuel consumption (BSFC) results obtained with the 318 

new EGR configuration compared to the original LP + HP EGR circuit. As it is shown, the 319 

removal of the low pressure EGR circuit leads to penalizations in fuel consumption in 320 

most of the cases, with absolute fuel consumption increases of up to 25 g/kWh. These 321 

results are a consequence of the higher pumping losses that are obtained with the new 322 



EGR configuration, since the exhaust gas are derived prior to the turbine, requiring it to 323 

work in closed VGT positions and low efficiency points. This is mainly perceived from low 324 

to medium load conditions. As the load is increased, the differences are also lower since 325 

the exhaust gases energy availability allows to have better operating conditions inside 326 

of the turbine.  327 

 328 

Figure 9. Differences in BSFC between the dual-route EGR architecture and the single-path EGR architecture. 329 

It should be also remarked that the calibration strategies from both architectures is not 330 

the same. While the LP+HP EGR system aims at obtaining EUVI NOx values with ultra-331 

low soot, the new HP system cannot comply with this strategy. Therefore, the calibration 332 

with HP EGR was a compromise between fuel consumption optimization and low NOx 333 

and soot emissions. However, as it is depicted in Figure 10 (a), the region where EUVI 334 

legislation is fulfilled is much lower than that from the LP+HP EGR calibration considering 335 

NOx emissions. While the original calibration was able to fulfill the EUVI targets in terms 336 

of NOx up to 80% of engine load, the HP EGR calibration has only a narrow zone located 337 

in the middle speed middle load conditions. This is a consequence of higher inlet 338 

temperatures that are obtained with the new EGR system since the heat flow through 339 

the EGR heat exchanger increases, even with the additional heat exchanger system. 340 

Moreover, the low pressure EGR system cooling effect is not present anymore. Both 341 

reasons contribute to higher inlet temperatures and consequent higher NOx formation. 342 

By contrast, the ultra-low soot emission zone (soot<10 mg/kWh) seems to not be 343 

significantly affected by the EGR system modification (Figure 10 (b)). 344 

From this analysis, it can be concluded that the removal of LP EGR system does not bring 345 

any benefit in terms of neither emissions nor fuel consumption. In this scenario, the use 346 

of strategies that may improve the EGR system operation such as the e-pump EGR 347 

system are of interest. To explore this, the next sections deal with the introduction of 348 

this system in the combustion concept and its evaluation using different methodologies.  349 



  
(a) (b) 

Figure 10. Differences in BSNOx (a) and BSSoot (b) between the dual-route EGR architecture and the single-path EGR 350 
architecture. 351 

 352 

3.2. EGR pump as alternative to improve engine performance. 353 

As previously demonstrated, removing the LP EGR route leads to several drawbacks 354 

concerning fuel consumption and NOx and soot emissions. Therefore, and alternative 355 

must be realized to attain a mid-term solution regarding packaging, while still offering 356 

the required boundary conditions to obtain a proper DMDF combustion. This may be 357 

attained by including the EGR e-pump system, also enabling a second route of efficiency 358 

gain by means of the energy recovery. To investigate the opportunities of improving the 359 

concept with this EGR system, a sweep-based investigation was performed, evaluating 360 

different pump speeds at 50% of engine load and several engine speeds (from 950 rpm 361 

to 2200 rpm), some of the most demanding conditions in terms of EGR and air 362 

management settings. It is important to remark that the sweeps aimed at delivering the 363 

same engine power output and EGR levels, which is obtained by tuning the VGT position.  364 

Figure 11 illustrates the effect of the EGR pump speed on the combustion development 365 

by means of the heat release rates for 50% of engine load and 1800 rpm of engine speed, 366 

condition that presents one of the highest EGR levels. As it is shown, the increase of the 367 

e-pump speed leads to a delayed combustion process. This result is a consequence of 368 

the complex interplay between the air management and injection systems and their 369 

impact on the combustion development. This can be evidenced in Figure 12, where the 370 

intake and exhaust manifold pressures as well as the EGR levels and total LRF injected 371 

mass are presented. While the EGR levels are maintained constant, both intake and 372 

exhaust pressures are modified. The variation of the pump speeds requires to modify 373 

the VGT position, leading to lower exhaust pressures and a consequent different 374 

pressure ratio in the turbine. Since the compressor operation is directly impacted by the 375 

turbine settings, differences in the compressor outputs are also expected. 376 



  377 

Figure 11. Effect of the EGR e-pump on in-cylinder thermodynamic evolution. 378 

As it is shown also in Figure 12, despite having similar EGR and power output levels, the 379 

air management cannot deliver the same air mass flow values, which means a 380 

modification of the operating condition towards richer equivalence ratios. Despite this, 381 

the combustion seems to be negatively affected by the increase of the EGR e-pump 382 

speed. This can be explained by the decrease of both inlet pressure and temperature as 383 

the e-pump is accelerated, resulting in worse conditions for the fuel oxidation. 384 

  385 

Figure 12. Effect of the EGR e-pump on different engine boundary conditions. 386 

Other secondary phenomena also occur as the inlet pressure is modified. As it is shown, 387 

compression ratio reduction in the compressor modifies the total fuel mass injected by 388 

the low reactivity fuel injection system. This modification is a consequence of the higher-389 

pressure difference between the injection pressure and the manifold pressure. This 390 



phenomenon is expected to be found in real applications and therefore was not 391 

corrected during the experiments since it did not impact the target variables (EGR levels 392 

and power output). Lastly, the use of the EGR e-pump adds another degree of freedom 393 

to mitigate maximum pressure and maximum pressure gradients within the cylinder, 394 

that are directly related to noise emissions and mechanical durability of the engine. As 395 

shown in Figure 12, it is possible to maintain power output and EGR levels while reducing 396 

noise emissions and lowering the mechanical demand over the engine structural 397 

components. 398 

The use of the EGR e-pump also opens new paths to recover energy from the exhaust 399 

gas. This means that this energy path must be included in the total efficiency of 400 

calculation. Additionally, the variation of the air management configuration is expected 401 

to have a significant influence on the pumping losses of the engine.  The combination of 402 

all the discussed parameters such as combustion phasing, pumping losses, fuel mass, 403 

etc., will culminate in the outcome of energy conversion that is the brake specific fuel 404 

consumption equivalent, presented in Eq. 1. This parameter allows to characterize the 405 

global effect of the EGR e-pump, which is depicted in Figure 13. This figure summarizes 406 

the effect of EGR e-pump speed for 50% of engine load and engine speeds from 950 rpm 407 

to 2200 rpm considering the values from HP EGR calibration as references. Each square 408 

represents the BSFCeq with the EGR e-pump, while the solid horizontal bars refer to the 409 

reference value from the LP+HP EGR original calibration.  410 

As it can be observed, there is a trend inversion regarding the effect of the pump speed 411 

on the BSFCeq values as the engine speed is increased. At low engine speeds (950 rpm), 412 

the EGR e-pump operation results in a better overall energy conversion when it is 413 

operating at low speeds. This means that the pump is operating in a regenerative mode, 414 

extracting energy from the flow. In general, at these conditions, an improvement on 415 

BSFCeq of 2.5 g/kWh can be obtained. It is worth mentioning that as the methodology 416 

seeks to maintain the EGR and emissions level, when the pump is regenerating energy, 417 

it is necessary to further close the VGT and increase the volumetric pump inlet density 418 

by means of higher pressure. To have a wider range of regeneration capacity on the e-419 

pump it would be necessary to assess the turbo-matching and sizing of the VGT to 420 

ensure that there is enough margin to maneuver with the rack position. As the engine 421 

speed is increased, the trend starts to invert towards higher EGR e-pump speeds, 422 

meaning that the most advantageous operation comes from providing energy to the 423 

EGR flow. This enables the decrease of the pumping losses of the engine by means of 424 

opening the VGT rack position. This type of operation can provide benefits of up to 8 425 

g/kWh, much higher than those when the EGR e-pump works at regenerative mode. It 426 

is also worth to mention that, in most of the cases, the introduction of the EGR e-pump 427 

system allows to have better BSFCeq results than those from the HP EGR system. 428 

Additionally, at high engine speeds, the improvements can be higher enough to achieve 429 

almost the same BSFCeq results than those from the dual-route EGR system. In this sense, 430 

it can be concluded that the addition of the EGR e-pump system can enable a more 431 

efficient operation by different paths (regeneration or reduction of pumping losses). 432 

Nonetheless, a wider assessment must be done to identify if the effect is preserved also 433 

on other engine loads. To do this, a full map calibration is proposed in the next 434 

subsection. 435 



 436 

Figure 13. Effect of the EGR e-pump on engine performance depending on the engine working regime. 437 

3.3. Full map calibration using the EGR e-pump system 438 

Considering the previous conclusions, the assessment of the EGR e-pump was extended 439 

to a full map calibration addressing 30 operating conditions (10%, 25% ,50% ,75% ,100% 440 

at 950 rpm, 1200 rpm, 1500 rpm, 1800 rpm, 2000 rpm and 2200 rpm). For each 441 

operating condition, the best equivalent fuel consumption value was aimed while 442 

fulfilling the restrictions in terms of NOx and soot from the previous calibration as always 443 

as possible. Figure 14 presents the BSFCeq map in absolute difference basis compared to 444 

the previous HP EGR calibration. It can be inferred that the use of the EGR e-pump 445 

system allows to improve the fuel consumption in a wide extent of the calibration map. 446 

In addition is interesting to note that the improvement zone is in regions widely used 447 

during conventional driving conditions. Finally, the higher benefits are also found in high 448 

engine speeds corroborating with the results presented in Figure 13.  449 

 450 

Figure 14. Differences in BSFCeq between the HP EGR architecture with and without the EGR e-pump. 451 

Figure 15 depicts important parameters regarding the EGR e-pump speed operation 452 

such as the pump speed and the energy flow in the pump (regeneration in negative and 453 

consumption in positive). From the analysis of Figure 15 (a), it can be inferred that the 454 



e-pump velocity is scaled directly with the engine speed. Additionally, as previously 455 

commented, the powertrain benefits from higher EGR e-pump speeds as the engine 456 

speed increases. However, as shown in the Figure 15 (a), there is a wide range in the 457 

operating map where the pump works close to or in the maximum allowable speed.  This 458 

allows to state that the benefits of using the pump could be extended in case of having 459 

a bigger EGR e-pump system. The analysis of the EGR e-pump power also allows to 460 

identify the possible zones where regeneration is possible. As shown in Figure 15 (b), 461 

the e-pump works regeneration mode is enhanced at low engine speeds and higher 462 

loads where the flow velocities are low, and the pumping work does not play a dominant 463 

role on the efficiency. However, as previously discussed, at high engine speeds, the e-464 

pump is used to decrease the pumping work of the engine, providing flexibility to the 465 

turbine, and assisting to drive the EGR flow towards the intake manifold.  466 

  
(a) (b) 

Figure 15. Operating conditions of the e-pump within the engine map in terms of pump speed (a) and power flow 467 
(b). 468 

The use of the EGR e-pump system also allows to attain benefits on NOx emissions as 469 

presented in Figure 16. The first noticeable change is the increase of the limits where 470 

engine-out tailpipe EUVI compliant NOx emissions are obtained. Nonetheless, benefits 471 

are also evidenced at high to full load conditions. As previously stated, the use of higher 472 

EGR e-pump speeds leads to a decrease of the temperature and pressure at the inlet 473 

valve close, affecting the combustion process evolution. The simultaneous analysis of 474 

NOx and soot emission maps allows to garner relevant information about the benefits 475 

and limitations of the EGR e-pump regarding these pollutants. As it is shown in the soot 476 

maps, the apparent benefits in NOx emissions near to full load operation has as 477 

consequence a further increase on soot emissions compared to the original HP EGR 478 

calibration. This may be justified due to the worst conditions that are attained during 479 

the combustion to oxidize the soot emission that is generated. This mechanism (soot-480 

NOx trade-off) is widely addressed in the literature [40]. In this sense, it can be argued 481 

that the benefits of the EGR e-pump regarding soot and NOx emissions are limited in 482 

these zones.  483 



  
(a) (b) 

Figure 16. Differences in BSNOx (a) and BSSoot (b) between the HP EGR architecture with and without the EGR e-484 
pump including EUVI compliant regions. 485 

3.4. Driving cycle assessment using the EGR e-pump system 486 

Since different trends were observed in which concerns performance and emissions 487 

values, a driving cycle analysis was proposed to identify the overall performance of the 488 

EGR e-pump system on homologation and real driving conditions considering the 489 

methodological approach presented in section 2.3.2. Figure 17 presents the results of 490 

the driving cycle, comparing the results from the EGR e-pump in a mild hybrid vehicle 491 

with thosee from the original calibration with LP EGR and only HP EGR system in a 492 

conventional powertrain. In addition, the P0 mild hybrid vehicle using the HP EGR 493 

calibration maps was also added to the system to provide a reference for the electrified 494 

version of the truck. All the results are referred to the conventional engine operating 495 

with conventional diesel combustion. 496 

As Figure 17 shows, the driving cycle evaluation highlights the penalizations in BSFCeq 497 

that are obtained when the LP EGR system is removed. The highest penalizations occur 498 

in urban driving conditions, where the energy requirements are low, leading to a 499 

frequent operation in low to medium load conditions. These conditions were 500 

demonstrated to be the most penalized when the LP EGR system is removed in the 501 

steady state maps. A further step was done, by including a P0 MHEV architecture 502 

coupled with the HP EGR system. This architecture comprehends one of the lowest 503 

levels of electrification but allows to have electric devices such as the e-pump. As it can 504 

be seen, the electrification of the HP EGR system platform allows BSFCeq improvements 505 

from ≈-9% to ≈ -18%, depending on the driving condition evaluated. The lowest benefits 506 

obtained for the MHEV architecture are found for driving conditions which contains 507 

highway phases. Finally, the EGR e-pump architecture is included in the model and 508 

assessed in the different driving conditions. The results allow to infer that the 509 

combination of MHEV and e-pump allows to reduce the overall vehicle equivalent fuel 510 

consumption in more than 4% for urban applications compared to the MHEV with only 511 

HP EGR. This is a direct consequence of the increase of the benefits attained in the 512 

steady state maps with the e-pump at low to medium engine load conditions. As the 513 

truck payload is increased, lower are the benefits for the MHEV architecture, 514 

independently of using or not the EGR e-pump, since most of the points are displaced 515 

towards high load operation. In this sense, it can be concluded that the proposed MHEV 516 



with EGR e-pump architecture is more suitable for urban applications rather than 517 

highway, enabling significant energy savings for this driving condition. 518 

 519 

Figure 17. Difference in BSFC of different engine architectures compared to CDC under different driving conditions 520 
and payload. 521 

The impact of the EGR e-pump on NOx and soot emissions was also assessed considering 522 

its coupling with the MHEV architecture. Despite of the general reduction of, at least, 523 

77% in NOx emissions due to the low temperature combustion concept, it can be 524 

evidenced that the use of the e-pump provides an overall improvement, independently 525 

on the operating condition assessed. Nonetheless, as it is shown in Figure 19, the NOx 526 

reduction comes at the cost of increasing the soot emissions. This is enhanced as the 527 

payload increases, since the operating conditions are shifted towards high load 528 

conditions, where the soot production is significantly higher compared to the HP EGR 529 

calibration and the LP+HP EGR. 530 

 531 

Figure 18. Difference in BSNOx of different engine architectures compared to CDC under different driving conditions 532 
and payload. 533 



 534 

Figure 19. Difference in BSSoot of different engine architectures compared to CDC under different driving conditions 535 
and payload. 536 

Finally, the impact of the EGR e-pump on the tank to wheel CO2 emissions was assessed. 537 

As presented in Figure 20, the combination of mild hybridization and the EGR e-pump 538 

can provide CO2 savings of up to 12.3%, considering applications in urban zones and with 539 

0% of payload. Despite the decreasing trend of the TTW CO2 savings with respect to the 540 

truck payload, the benefits can range from 12.3% up to 8. 5% for 0% to 50% of payload, 541 

which is representative of the truck payloads in urban applications. In this sense, it can 542 

be concluded that the use of the EGR e-pump system is an effective solution for 543 

advanced combustion concepts offering a pathway of saving fuel consumption and CO2 544 

emissions.   545 

 546 

Figure 20. Difference in CO2 emissions of different engine architectures compared to CDC under different driving 547 
conditions and payload. 548 

4. Conclusions  549 

This work has performed a detailed investigation regarding the application of the EGR 550 

e-pump system combined with an advanced low temperature combustion concept as a 551 

media to improve the energy conversion and management of the system. The main 552 

findings of this investigation allowed to conclude that the electrification of the air 553 

management system by means of the addition of the EGR e-pump provided an extra 554 

degree of freedom to the system. Additionally, the combination with MHEV 555 



architectures enhanced the benefits in terms of CO2 emissions. The main conclusions 556 

can be summarized as: 557 

 The EGR e-pump impacts the overall system performance, modifying not only 558 

the air management settings by also has secondary impacts on the fuel injection 559 

system. Moreover, two main pathways of efficiency improvement were verified: 560 

i) the EGR e-pump can allow lower pumping losses and ii) the pump can extract 561 

energy from the exhaust gases and convert it into electrical energy to feed the 562 

battery.  563 

 The zones where each efficiency improvement is attained is highly dependent on 564 

the engine speed. Low engine speeds allow operation in regeneration mode 565 

while higher engine speed benefits the system by means of pumping losses 566 

reduction.  567 

 Despite the modifications verified in the air management system, the emission 568 

values were not heavily impact by the introduction of the EGR e-pump. Engine 569 

loads from low to medium load remained under the same constraints, while the 570 

high to full load operation was governed by the soot-NOx trade-off. 571 

 The combination of the EGR e-pump system with MHEV has allowed to obtain 572 

efficiency increments and TTW CO2 reductions higher than 20% compared with 573 

the conventional architecture running with HP only EGR system in urban 574 

applications. These benefits are a direct consequence of avoiding the low load 575 

zones and the improvements of fuel consumption in this region.  576 

Considering the results obtained in this investigation, it is evident that the EGR e-pump 577 

system is an effective way to reduce the fuel consumption and CO2 emissions. The 578 

highest benefits are attained at urban driving conditions. This is an important conclusion 579 

since it is aligned with eco-innovation technologies that aims to reduce the impact of 580 

transportation inside of the cities, i.e., in urban circuits. Therefore, it can be suggested 581 

that the combination of EGR e-pump in DMDF combustion with mild hybridization and 582 

eco-driving techniques may offer an effective way to achieve future CO2 targets. 583 

It can be concluded that the use of electrified air management systems and its 584 

combination with advanced combustion concepts are a feasible pathway to fulfill with 585 

the future regulations concerning criteria pollutants and CO2. The use of this systems 586 

with MHEV can be a cheaper and direct solution to decarbonize the transportation 587 

sector and must be accounted in the mix of solution that is proposed for a carbon neutral 588 

transportation scenario since it can also run synthetic fuels.  589 
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