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Abstract: 
In the global attempt to increase the powertrain overall efficiency of hybrid vehicles while reducing the battery 
size, engine waste heat recovery (WHR) systems are nowadays promising technologies. This is in particular 
interesting for series hybrid electric vehicles (SHEV), as the engine operates at a relative high load and under 
steady conditions. Therefore, the resulting high exhaust gas temperature presents the advantage of increased 
WHR efficiency. Brayton cycle offers a relative reduced weight compared to other WHR systems and present 
low complexity for integration in vehicles since it relies on open system architecture with air as working fluid, 
which consequently avoid the need for a condenser compared to Rankine systems. This paper investigates 
the potential of fuel consumption savings of a SHEV using Brayton cycle as WHR system from the internal 
combustion engine (ICE) exhaust gas. An exergy analysis is conducted on simple Brayton cycle and several 
Brayton waste heat recovery (BWHR) systems were identified. A SHEV with the ICE-BWHR systems are 
modelled, where the engine waste heat recovered is converted into electricity using an electric generator, and 
stored in the vehicle battery. Energy consumption simulations are performed on the worldwide-harmonized 
light vehicles test cycle (WLTC), considering the additional weight of the BWHR systems. The intercooled 
Brayton cycle (IBC) architecture is identified as the most promising for automotive application as it offers the 
most convenient compromise between high efficiency and low integration complexity. Results show 5.5% and 
7.0% improved fuel economy on plug-in and self-sustaining SHEV configurations respectively, as compared 
to similar vehicle configurations with ICE auxiliary power unit. In addition to the fuel economy improvements, 
IBC-WHR system offers other intrinsic advantages such as low noise, low vibration, high durability which 
makes it a potential heat recovery system for integration in SHEV. 

Keywords: 
Waste heat recovery, thermodynamic machines, Brayton cycle, exergy analysis, series hybrid electric 
vehicles, global optimization. 

1. Introduction 

Engine waste heat recovery (WHR) systems are promising way to increase power train effiency and 
to reduce vehicle fuel consumption in order to comply with GHG and pollutant emissions regulations. 
Many WHR machines have been explored as WHR systems for automotive applications by 
automotive constructers and OEM’s [1-12]. Some of these WHR systems are compatible with low 
temperature waste heat sources, such as engine coolant. Others are more appropriate for medium and 
high temperature waste heat sources such engine exhaust gases [13].  

The Brayton waste heat recovery (BWHR) system, a high temperature WHR suited technology [14], 
is the main focus of this study. It is based on a turbomachinery system operating according to a 
modified open loop Brayton thermodynamic cycle, where the air working fluid is heated in a heat 
exchanger as illustrated in Figures 1. The thermal heat source considered in this study, the engine 
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exhaust gases, is partially recovered downstream the catalytic converter through a heat exchanger 
(HEX) that heat the Brayton air working fluid. The choice of exhaust gases as hot source, offers high 
potential of recovered work, since exhaust gases are at high temperature when comparing to other 
engine wasted thermal sources. The turbine provides the mechanical work required to drive the air 
compressor and a generator to produce electricity.  

This technology, based on gas turbine system components, offers many automotive advantages 
compared to the other WHR systems, namely a reduced number of moving parts, vibration-free 
operation and high durability [15]. The high-speed turbomachinery, coupled to the electric generator, 
offers reduced weight, and is congruent with today vehicle power train components electrification 
strategy. Adding to that, BWHR machines present low integration complexity because using of 
ambient air as working fluid instead of water, ethanol or organic Rankine fluid (ORF) in Rankine 
systems, or helium, hydrogen and other gases in Stirling and thermoacoustic machines.     

However, BWHR system presents low system efficiency in automotive applications preventing their 
use as WHR systems in conventional vehicles. This main drawback is caused by:  

• Low turbine inlet temperature (TIT) due to low exhaust gas temperature during significant portion 
of engine operation.   

• Low net power because of compressor high mechanical work consumption. 
• Low amount of thermal power recovered from exhaust gases, because of high Brayton compressor 

outlet temperature.  

Moreover, the HEX adds a thermal inertia on the upstream of the turbine, which further worsens the 
heat recovery during transitory operations, and makes the Brayton system non-compatible for fast 
response power delivery to follow the variable load applied in conventional powertrains.    

Nonetheless, a review of recent research and development programs revealed interests in simple and 
stationary WHR systems for automotive application, where the machine operates steadily at constant 
speed and drives an electric generator [16]. For instance, Erias et al [17], shows by studying a spark 
ignition engine that the constant load conditions in the hybrid vehicle are a potential advantage for 
the implementation of a heat recovery system. A study at Chalmers university [18] confirms that 
WHR systems are more favorable in highway driving style where the vehicle runs at constant speed 
and for a longer time. 

Therefore, based on the aforementioned findings, BWHR systems present a forthcoming potential for 
improving fuel economy and emissions of passenger vehicles, with the benefit of reliable low 
complex open loop systems; particularly, in series hybrid electric vehicles (SHEV). SHEV combines 
a thermal and an electric powertrain in a series energy-flow arrangement [19]. The thermal powertrain 
is constituted of an ICE-BWHR-system and an electric generator, and is referred to as the Auxiliary 
Power Unit (APU). It is mainly used to recharge the battery once depleted. The electric powertrain 
provides the necessary traction power to overcome the driving load, and serves to recover the braking 
energy. It is important to note that the APU operating speed is cinematically decoupled from the 
vehicle velocity; therefore, the APU operation is controlled to meet its best efficiency, mainly when 
highly loaded, which enable high exhaust gas temperature beneficial for BWHR. Figure 1 below 
illustrates the powertrain configuration of the modeled SHEV and an ICE with simple BWHR system.  

On another hand, several BWHR-system options could be considered for integration in SHEV, 
combining a simple Brayton, to intercooled Brayton and water injection Brayton systems. The survey 
of published studies in the academic literature treating BWHR-system configurations and 
performance analysis, confirms that most BWHR-systems are designed based on efficiency and or 
power density optimizations [20-23]. Likewise, there are no recent studies on the most BWHR-system 
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configuration suitable for automotive applications, due to the lack of competitiveness of simple 
BWHR compared to other WHR systems in conventional powertrains.  

 
Fig. 1. Configuration of a simple open loop Brayton WHR system on ICE-SHEV powertrain 

Hence, the following main gaps and limitations in the recent literature are underlined: 

• There are no studies assessing different BWHR-systems performance based on a Brayton 
thermodynamic cycle for automotive applications on SHEV. 

• No specific methodology on selecting the best-suited BWHR-system for any type of 
application is adopted. The studies in the literature focus on the performance investigations 
without taking into consideration any configuration optimization requirements or 
technological constraints. 

Therefore, based on the above synthesis of the insights and gaps in the literature for adopting BWHR 
systems in automotive applications, this study proposes a comprehensive methodology to identify the 
potential BWHR-system options and select the optimal system configuration for SHEV application. 
A methodology for the identification and assessment of the different BWHR-system options 
applicable to SHEV is carried out in section 2, based on exergy analysis and automotive technological 
constraints. Observed results are then used for the selection of the BWHR-system configurations. 
Thereafter, the weight of the identified BWHR-systems in accounted and the systems are integrated 
in an SHEV model. A comparison between SHEV models with different ICE-BWHR APU 
technologies is presented: (1) a simple Brayton cycle, (2) an intercooled Brayton cycle, (3) a high 
pressure intercooled Brayton cycle, (4) a water injection simple Brayton cycle, (5) a water injection 
intercooled Brayton cycle and (6) a water injection high pressure Brayton cycle.  Energy consumption 
simulations of these powertrains are compared on the WLTC, and the Dynamic Programing (DP) is 
adopted as Energy Management Strategy (EMS) in order to provide the global optimal strategy to 
power ON and OFF the APU and control the engine operation on the powertrain maximal efficiency.  

2. Methodology 

This section presents the methodology adopted to select the potential BWHR systems on SHEV 
powertrain. This methodology consists of three steps assessment plan. 
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In the first assessment step, a thermal balance is performed on a gasoline ICE. This thermal balance 
consists of an energetic analysis in which engine net mechanical work and thermal heat losses maps 
are identified. Then, exergy calculations are performed on engine thermal heat losses in order to 
identify the exergy or potential work which can be recovered from each thermal source. The result 
highlights the choice of the waste heat sources for the rest of the study.  

In the second assessment step, the basic configuration of BWHR, the simple open loop Brayton cycle 
(SBC) is selected. Exergetic analysis are carried out to identify the exergetic losses and to adapt 
explicitly the basic WHR system. Based on the resulting exergy destructions in the system, 
modifications of the basic Brayton system are proposed, by considering several measures such as 
intercooled compression and water injection downstream compressors in order to reduce exergy 
losses. Accordingly, the list of potential Brayton WHR configurations is identified. Then, 
thermodynamic calculations are then carried out on all identified configurations. Components 
technological constraints and automotive design constraints are considered.  The optimal overall 
system efficiencies are computed function on system variable parameters and on each engine 
operating point. The net electric power recovered is then calculated.  

Finally, in the third assessment step, a SHEV model is developed, and components are sized 
according to vehicle specification. Two vehicle configurations, a self-sustaining SHEV and a plug-in 
SHEV are considered. Battery capacity and the additional weight of each BWHR-system are 
considered. DP is used as energy management strategy and fuel consumption simulation are 
performed on WLTC.   

2.1 ICE analysis 

This section presents the energetic and exergetic analysis of the ICE selected for the rest of the study. 
From the thermal balance analysis, the chemical energy contained in the fuel is distributed mainly in 
three parts: net mechanical power recovered on the engine crankshaft, thermal losses to engine 
coolant and thermal losses in the exhaust gases [24].  Note that the data presented below, are retrieved 
from a 1.2 liters gasoline turbocharged internal combustion engine (ICE) where the maximum thermal 
efficiency of 36% is reached in the map zone near 2500 RPM and around 65% of load.  

2.1.1 Energy analysis of the ICE 

The ICE thermal powers rejected from the engine coolant and exhaust gases are presented in figure 
2 (a) and (b) below. Note from the figures that thermal heat losses from both sources are comparable 
at low and medium engine power operation. However, exhaust gases thermal power are higher at high 
power operating points, which correspond to high rotation speed and high load [25].   

2.1.2 Exergy analysis of the ICE waste heat 

Exergetic analysis is carried out on thermal heat sources as expressed in equation (1) in order to trace 
the potential work losses from the engine coolant and the exhaust gases. Energy and exergy model 
equations are available in thermodynamic fundamentals books such as [26-27].  

� = ��1 − �0
�	
�� . � 

(1) 

With � : Exergy recovered (kW)   
 � : Energy available (kW)  
 �0 : Reference temperature (K) supposed to be 293K  
 �	
� : Max hot source temperature  
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Exergy power recovered from the coolant circuit and form the exhaust gases are presented in the 
figures 3(a) and 3(b) below. While energetic analysis show comparable amount of heat lost in these 
sources, exergetic analysis informs us better on the potential of mechanical work that can be 
recovered. For example, in reference to figures 2(a) and 2(b), when engine operates at 2500 RPM, 
120 N.m, a comparable thermal heat power is available in the coolant and the exhaust gases (20 to 26 
kW respectively).  However, around 4kW of maximum mechanical power can be recovered from 
thermodynamic machine operating with engine coolant as hot source temperature, compared to 18kW 
with the same machine operating with exhaust gases as hot source. Also, at maximum operating 
power, 7kW of exergy are available in the coolant circuit where around 50kW are available in the 
exhaust gases. As result, the exhaust gases with higher temperature have higher potential of work and 
therefore, from thermodynamic point of view, a waste heat recovery machine will perform better 
when engine exhaust gases is the hot thermal source. Also, the Brayton machines are more suitable 
for high temperature sources, the exhaust gases are selected as hot source in the following work.  

 
(a) 

 
(b) 

Fig.2. Thermal power rejected in the a) coolant circuit b) exhaust gases 

  
(a) (b) 

Fig.3. Exergy lost in the a) coolant circuit b) exhaust gases 

2.2 Brayton Waste Heat Recovery  

This section presents the modelling of the simple BWHR system recovering heat from engine exhaust 
gases. In the first section of this paragraph, thermodynamic equations are applied to account for 
efficiencies and exergy losses in the system. Based on the resulting exergy destructions in the system, 
modifications of the basic simple BWHR cycle are presented, by considering several measures such 
as intercooling compression, water injection, multi-stage compressions among others, in order to 
reduce exergy losses. Accordingly, the list of potential BWHR-system configurations is identified. 
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The energy and exergy calculations are then carried out in the second assessment step on all identified 
configurations. Components technological constraints and automotive design constraints are 
considered, and the net electrical power recovered from each configuration is then accounted. 

2.2.1 Energy and exergy analysis of the Brayton WHR 

The Brayton system is an external heat addition thermodynamic cycle and presents two loops: (1) 
exhaust gas loop which consists of the engine exhaust line and a HEX and (2) Brayton machine loop, 
which consists of a compressor, a turbine and the HEX. Both loops exchange heat in the common 
HEX. It is important to note that air is considered as the working fluid in both loops for simplification.  

Energy analysis is carried out on the simple Brayton cycle (SBC) in order to account for the system 
overall efficiency as expressed in equation (2) [26-27].  

�������� = �������� −�����������
��� 

= ����
�!"# ∗

�!"#
��� 

= ����%� ∗ �!���	� �������� 

(2) 

With �������� : Turbine work (kJ/kg)   
 ����������� : Compressor work (kJ/kg)   
 ���  : Heat available in the exhaust gases (kW)   
 �!"# : Heat recovered from the exhaust gases in the HEX (kW)   
 ����%� : Thermal thermodynamic cycle efficiency   

 �!���	� �������� : Heat extraction efficiency  

Then, exergy analysis is carried out as expressed in equation (3) in order to trace the work losses in 
the system, to better inform on the possible options to reduce the inefficiencies [26-28].  

��� = [�()]����� + ,����- − ���- . + �/ + ���� (3) 

With ��� : Exergy of the entering flow   
 ���� : Exergy of the leaving flow   
 [�()]����� : Net Work output   
 ����-  : Exergy of the heat rejected   

 ���-  : Exergy of the heat added  

 �/ : Exergy destruction in the system  

Exergy destruction results of the investigated simple BWHR-system are illustrated in figure 4. The 
figure points out the three highest shares of exergy losses, occurring in the hot air released from the 
Brayton turbine outlet (61%), in the exhaust gas at the outlet of the HEX (17%) and in the HEX (9%).  

Exergy destruction in the air released from the turbine outlet can be decreased in two ways: (1) 
recovering heat through a bottom cycle, and (2) increasing the cycle pressure which induces higher 
expansion and therefore lower outlet temperature. The first option relies on the adoption of a 
bottoming WHR cycles, and presents higher complexity since another thermodynamic machine is 
required. This option has been disregarded in this study targeting automotive applications, where the 
complexity and the weight added are primordial aspects. As for the second option, high maximum 
cycle pressure requiring multi compression and expansion stages machine is investigated. 
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Fig. 4. Distribution of exergy destruction in the simple Brayton WHR system with maximum 
TIT=672°C, maximum cycle pressure of 3 Mpa, η_compressor = 78% and η_turbine = 82% 

Exergy lost in the exhaust gases can be reduced by recovering more heat at the HEX outlet. This can 
be achieved by reducing compressed air temperature in three ways: (1) Increasing compressor 
efficiency in order to approach isentropic adiabatic compression. (2) Performing isothermal 
compression. (3) A more realistic technical option, consists of using an intercooler between the 
compression stages [26-28]. This allows to reach the required pressure at lower temperature compared 
to non-intercooled configurations. Note that this option has also the advantage of reducing the total 
compression work enabling higher efficiency and an increase in the net specific work. Another way 
to reduce the HEX inlet temperature is through water injection downstream the second compressor. 
This option is investigated in this study and the air-water mixture temperature can be accounted by 
calculating the enthalpy according to the adiabatic mixing formula presented in the literature [26, 27]. 

0	1 ��� +	1 2����3 ∗ 4�� = 	1 ��� ∗ 4��� +	1 2���� ∗ 42���� 
(4) 

With 4��� : Air enthalpy at a given temperature and pressure ( kJ/kg)  
 42���� : water enthalpy at a given temperature and pressure ( kJ/kg)  
 4��  : Air-water mixture enthalpy (kJ/kg)   
 	1 ��� : Air mass flow rate (kg/s)   
 	1 2���� : Water mass flow rate (kg/s)  

As for the HEX exergy destruction, it can be reduced by reducing the HEX pinches between hot and 
cold fluids. However larger exchange surfaces would be required. Also, the exergy destruction shares 
of the compressor and turbine can be further reduced by improving their efficiency.  

Based on these findings, the list of the different BWHR-system options considered in this study is 
presented below, based on the combination of the suggested techniques for exergy losses reduction 
and the two main thermodynamic configurations, the IBC and the HPIBC are shown in figure A.1. 
Note that the list is not exhaustive and other systems issued from this explicit method can be proposed 
in other later studies.  

1. Simple Brayton Cycle (SBC)  
2. Intercooled Brayton Cycle (IBC)  
3. High Pressure Intercooled Brayton Cycle (HPIBC) 
4. Water Injection Simple Brayton Cycle (WI-SBC) 
5. Water Injection Intercooled Brayton Cycle (WI-IBC) 
6. Water Injection High Pressure Intercooled Brayton Cycle (WI-HPIBC) 

EG at HEX 

outlet

17%

HEX

9%

Compressor

7%

Turbine

6%

Turbine Outlet

61%
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2.2.2 Energy and Exergy analysis of identified potential BWHR systems 

The identified BWHR-system options are assessed here in order to prioritize these options based on 
their respective efficiency. Thermodynamic calculations are performed first with the Refprop 
software, knowing the map of ICE exhaust gas temperature downstream catalytic converter and using 
the set of physical parameters such as the heat exchanger pinch, the intercooler outlet temperature, 
the water injection temperature, the maximum cycle pressure, the components efficiencies, among 
others; as summarized in table 1. These parameters correspond to the state-of-the-art specifications 
and limitations of BWHR component technologies and to automotive design constraints.  

The energy and exergy calculations are made as function of the compression ratio (πi) parametric 
design criteria, with i referring to the number of compressor stages. Therefore, the second calculation 
step uses a dichotomy optimization method, to determine the optimal efficiency solution for the 
optimal (πi). The maximum electric power recovered is then accounted for, knowing the exhaust gases 
mass flow rate maps and by fixing the electric generator efficiency.  

Table 1. Simulation parameters based on state-of-the-art component specifications and automotive 
design constraints. 

Parameter Unit Value Parameter Unit Value 
Compressor technology - Radial Turbine technology - Radial 
Max number of compression stages - 2 Max number of expansion stages - 2 
LP Compressor max pressure ratio - 2.5 Turbines isentropic efficiency % 82 
HP Compressor max pressure ratio - 2.5 Turbine max expansion ratio - 3 

Compressors efficiency % 78 Electric Generator efficiency % 90 
Compressor inlet pressure drop % 0.5 HEX pinch °C 75 
Maximum cycle pressure MPa 0.8 HEX pressure drop cold side mbars 100 
Intercooler pressure drop mbars 50 HEX pressure drop hot side mbars 50 
Intercooler outlet temperature °C 50 Water temperature  °C 25°C 
Water pump efficiency % 60 Water injection pressure MPa 1 

 

2.3 Vehicle model and powertrain management strategy 

In order to evaluate the benefits of the different BWHR systems in terms of fuel savings, a medium-
class series hybrid electric vehicle (SHEV), consisting of an ICE-BWHR-APU and an electric traction 
system (as illustrated in figure 1) is modelled and presented in this section. SHEV powertrain 
configuration presents the advantage of tackling the poor-efficiency main deficiency of BWHR 
systems in automotive applications as discussed in the literature. On one hand, the ICE-BWHR 
operates in an SHEV quasi-steadily in a high efficiency zone, where the engine is highly loaded, with 
high exhaust gas temperature, and on the other hand, the quasi-stable operation of the power train 
offers lower complexity control BWHR system. Note that the vehicle is propelled by an electric 
motor, powered by a battery and/or the APU, and properly sized to ensure the vehicle performance. 

The vehicle parameters considered in this study are summarized in table 2. Powertrain backward 
model equations are presented in the reference [19]. Note that the additional mass of the BWHR-
system, are accounted and presented in table 3. Turbomachinery weight data are retrieved from 
literature [29]. The HEX weight are calculating using internal code developed on Dymola software 
and validated through experimentation. It is also noteworthy to mention that two different battery 
capacities of 2kWh and 10kWh, emulating self-sustaining hybrid and plug-in hybrid SHEV 
configurations are considered. The plug-in hybrid offers the advantage of long electric drive range 
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without the need of turning ON the APU. Also, the additional battery mass with the increased capacity 
is taken into account and values were retrieved from commercialized battery specifications [19].  

The vehicle controller and the APU controller are the two distinct controllers in the SHEV model as 
illustrated in figure 1. The vehicle controller is responsible for delivering the driver’s performance 
request, by controlling the electric motor power in order to meet the traction and brake energy 
recovery demand. The APU controller monitors the battery state of charge (567) by controlling the 
APU operations in order to maintain the 567 in the desired range. Hence, when the APU is turned 
ON, the APU controller manages the engine speed control and the engine torque control in order to 
operate the APU (ICE and BWHR) at the optimum efficiency. The engine is allowed to operate at 
any points of its performance. Note that in addition to the mechanical power demand, a constant 
vehicle auxiliary electric power demand of 750W is also considered [30].  

Dynamic programming (DP) is considered in this study in order to provide the global optimal strategy 
to control the APU operations [31]. DP decides on the optimal strategy for the scheduled route at each 
instant 8 while minimizing the fuel cost. Consequently, DP computes backward in time from the final 
desired battery state of charge  5679 to the initial state 567� the optimal fuel mass flow rate in the 
discretized state time space. The generic DP function presented in [32] is considered where the battery 
567 is the state variable and the engine speed and torque are the control variables respectively.  

Table 2: Vehicle and components specifications. 
Vehicle specifications Symbol Unit Value 
Vehicle mass (including driver) Mv kg 1210 
Frontal area S m² 2.17 
Drag coefficient Cx - 0.29 
Wheel friction coefficient fr - 0.0106 
Wheel radius Rw m 0.307 
Auxiliaries consumption Paux W 750 
Battery maximum power Pb max kW 50 
Battery capacity Cb kWh 2, 10 
ICE system max power PICE kW 72 kW @ 4000RPM 
ICE maximum efficiency ηICE % 36 
Generator maximum power Pg kW 75 
Generator maximum efficiency ηg % 95 
WHR Generator efficiency ηg-WHR % 95 
Motor maximum power Pm kW 80 
Motor maximum efficiency ηm % 93 
Transmission ratio i - 5.4 
Transmission efficiency �� % 97 
Vehicle total mass Mt kg Mv + Mb 
Fuel heating value Hv MJ/kg 42.5 

 

Table 3: BWHR-system weights 
Component Unit SBC IBC HPIBC WI-SBC WI-IBC WI-HPIBC 

Turbomachine kg 4 5 5.5 4 5 5.5 
Electric generator kg 4 5 5.5 5 5.5 6 
Intercooler kg 0 2 2.5 0 2 2.5 
Heat exchanger kg 17 19 20.5 17 19 20.5 
Water injection system kg 0 0 0 5 5 5 

Total system weight kg 25 31 34 31 36.5 39.5 
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3. Results and discussion 

In this section, the different ICE-BWHR-SHEV systems are compared to the reference ICE-SHEV 
in term of fuel consumption. Note that gasoline is the fuel used. In all powertrains, ICE is allowed to 
operate at any point of its torque-speed map. The potential of fuel savings of the different BWHR 
systems are carried out under two sets of simulations. The first set emulates the behavior of self-
sustaining hybrids with a zero use of electric energy from the battery at the end of the cycle. Hence, 
the initial and final battery SOCs are set at 60%. The second set of simulations emulates the behavior 
of plug-in hybrids and extended-range electric vehicles, with the option of battery charging from the 
grid. Simulations are performed at an initial SOC of 80% and a final SOC by the end of the trip at 
30%. Simulations are performed on one WLTP for self-sustained configuration and on a sequence of 
one to three-repeated WLTC (23 km each), for plug-in configuration, covering driving distances up 
to 69 km.  

Figure 5 highlights the fuel saving potential of the different BWHR systems for both self-sustained 
and plug-in SHEVs. Many conclusions are drawn out from this figure: 

1. The SBC on SHEV offers 3.2 % to 3.9% of fuel consumption saving on plug-in and self-
sustaining configurations respectively compared to the ICE-SHEV basic powertrain.  

2. A two stages compression with intercooler, increase the overall efficiency of BWHR. In fact, the 
IBC allows reducing fuel consumption about 5.3% on plug-in SHEV and up to 6.4% on self-
sustaining. As described before, on one hand, the total compression work is reduced, increasing 
thereafter the net-work recovered, and on the other hand, the air working fluid downstream the 
second compression stage, enters the HEX at lower temperature which allow recovering more 
amount of heat from exhaust gases. 

3. HPIBC offers higher fuel economy compared to IBC. In fact, the fuel consumption saving seems 
to be reduced to 5.6% on plug-in and up 6.8% on self-sustaining. However, this small gain 
compared to IBC comes over a complex machine which requires higher compression ratio and an 
additional turbine stage to achieve the higher expansion required.  

4. Water injection upstream the HEX cold side inlet is shown to decrease the fuel consumption by 
0.9 points on plug-in configuration and between 0.9 and 1.2 points on self-sustaining. However 
this benefits comes over more system complexity and additional cost. Adding to that, the water 
must be added manually or recovered from exhaust gases, that contain non negligible amount, 
using an additional system [33]. This adds higher vehicle integration challenges and complexity. 

Finally, based on these results, the IBC seems to be a promising WHR system for automotive 
application as it offers the most convenient compromise between high efficiency and low integration 
complexity. Figures 6 (a) and (b) present the powertrain operation for ICE-SHEV and ICE-IBC-
SHEV for both self-sustained and plug-in SHEVs. Note that the APU operation time on WLTC is 
about 26.5% on self-sustained configuration with ICE-IBC-WHR compared to 34.4% with ICE-
SHEV and about 18.7% on plug-in configuration with ICE-IBC-SHEV compared to 22.1% with ICE-
SHEV due to higher electric power generated with BWHR. 
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Fig. 5. Fuel consumption (L/100km) for both plug-in and self-sustaining SHEVs 

 

 

 

 
(a) 

 

 

 
(b) 

Fig. 6. Power train operation and SOCs for (a) self-sustaining and (b) plug-in SHEVs 

4. Conclusion  

Brayton WHR systems were investigated in this study as potential waste heat recovery systems for 
automotive applications on Series Hybrid Electric Vehicle. Different system configurations were 
selected through as exergo-technological explicit selection method considering energy and exergy 
analysis, as well as components and automotive technological constraints. Simple Brayton Cycle, 
Intercooled Brayton Cycle and High-pressure Intercooled Brayton Cycle were identified. Water 
injection downstream the Brayton compressor on the three selected systems was also considered.  
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A series hybrid electric vehicle was modelled, and the different ICE-BWHR-APU systems are 
simulated and compared in term of fuel consumption using the DP optimal control as APU 
management strategy. The additional weight of the different BWHR systems was also considered in 
the evaluation of fuel consumption. The Intercooled Brayton Cycle (IBC) is identified as the most 
promising for automotive application as it offers the most convenient compromise between high 
efficiency and low integration complexity. It offers 5.5% to 7% fuel consumption savings compared 
to similar ICE configuration on plug-in and self-sustained SHEV configurations respectively as 
compared to similar vehicle configurations with ICE auxiliary power unit.     

In addition to the fuel savings, the IBC-system offers other intrinsic automotive advantages such as 
reduced mass compared to other WHR systems, suitable vehicle integration, low noise, low vibration, 
high durability as well as the use of air as working fluid reducing therefore the system integration 
complexity. This makes it a potential WHR system option for integration in series hybrid electric 
powertrains in the future. 

Appendix A 

  
(a) IBC 

 
(b) HPIBC 

Fig. A.1. Thermodynamic configuration of the different investigated BWHR-systems 
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