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Abstract 44 
In the global attempt to increase the powertrain overall efficiency of hybrid vehicles while reducing the battery 45 
size, engine waste heat recovery (WHR) systems are nowadays promising technologies. This is in particular 46 
interesting for series hybrid electric vehicles (SHEV), as the engine operates at a relative high load and under 47 
steady conditions. Therefore, the resulting high exhaust gas temperature presents the advantage of increased 48 
WHR efficiency. The Brayton cycle offers a relatively reduced weight compared to other WHR systems and 49 
presents a low complexity for integration in vehicles since it relies on an open system architecture with air as 50 
the working fluid, which consequently avoids the need for a condenser compared to the Rankine cycle. This 51 
paper investigates the potential of fuel consumption savings of a SHEV using the Brayton cycle as a WHR 52 
system from the internal combustion engine (ICE) exhaust gases. An exergy analysis is conducted on the 53 
simple Brayton cycle and several Brayton waste heat recovery (BWHR) systems were identified. A SHEV with 54 
ICE-BWHR systems is modeled, where the recovered engine waste heat is converted into electricity using an 55 
electric generator and stored in the vehicle battery. The energy consumption simulations is performed on the 56 
worldwide-harmonized light-vehicles test cycle (WLTC) while considering the additional weight of the BWHR 57 
systems. The intercooled Brayton cycle (IBC) architecture is identified as the most promising for automotive 58 
applications as it offers the most convenient compromise between high efficiency and low integration 59 
complexity. Results show that 5.5% and 7.0% improved fuel economy on plug-in and self-sustaining SHEV 60 
configurations respectively when compared to similar vehicle configurations with ICE auxiliary power units. In 61 
addition to the fuel economy improvements, the IBC-WHR system offers other intrinsic advantages such as 62 
low noise, low vibration, high durability which makes it a potential heat recovery system for integration in SHEV. 63 

Keywords 64 
Waste heat recovery, thermodynamic machines, Brayton cycle, exergy analysis, series hybrid electric 65 
vehicles, global optimization. 66 
 67 

Nomenclature: 68 
E energy 
S vehicle frontal surface area  
Cx aerodynamic drag coefficient 
g gravitational acceleration 
ρ air density 
R battery internal resistance 
M mass 
P power 
Ri internal resistance 
SOC Battery state of charge 
u Control variable 
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V velocity 
I current 
Voc open circuit voltage 
η efficiency 
mf fuel mass 

 69 
Subscripts: 70 
g generator   
m motor   
b battery   
f fuel   
ICE Internal combustion engine   
d demand   

  71 
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1. Introduction 72 

Engine waste heat recovery (WHR) systems are a promising way to increase the power train effiency 73 
and to reduce vehicle fuel consumption in order to comply with GHG and pollutant emissions 74 
regulations. Many of the WHR machines, namely the Brayton machines [1], Rankine machines [2-75 
4], Stirling machines [5, 6], thermoacoustic machines [7, 8] and thermoelectric generators [9-11], 76 
have been extensively explored as WHR systems for automotive applications by most automotive 77 
constructers and OEMs [12]. Some of these WHR systems are compatible with low temperature waste 78 
heat sources, such as engine coolant. Others are more appropriate for medium and high temperature 79 
waste heat sources such engine exhaust gases [13].  80 

The Brayton waste heat recovery (BWHR) system which is a suitable high temperature WHR 81 
technology [14], is the main focus of this study. It is based on an open loop turbomachinery system 82 
operating according to a modified Brayton thermodynamic cycle, where the working fluid (air) is 83 
heated in a heat exchanger as illustrated in Figures 1 and 7 (a). The thermal heat source considered in 84 
this study which is the engine exhaust gases, is partially recovered downstream of the catalytic 85 
converter through a heat exchanger (HEX) that heats working fluid. The choice of exhaust gases as 86 
the hot source offers a high potential of recovered work, since the exhaust gases are at a high 87 
temperature when compared to other engine waste heat thermal sources. The turbine provides the 88 
mechanical work required to drive the air compressor as well as a generator to produce electricity.  89 

This technology which is based on the gas turbine system offers many advantages compared to the 90 
other WHR systems, namely a reduced number of moving parts, vibration-free operation and high 91 
durability [15]. The high-speed turbomachinery, coupled to the electric generator, offers reduced 92 
weight and is congruent with today’s vehicle power train components electrification strategy. In 93 
addition, BWHR machines present low integration complexity because of the use of ambient air as 94 
the working fluid instead of water, ethanol or organic Rankine fluid (ORF) in Rankine systems, or 95 
helium, hydrogen and other gases in Stirling and thermoacoustic machines.     96 

However, BWHR systems present low system efficiency in automotive applications which prevents 97 
their use as WHR systems in conventional vehicles. This main drawback is caused by:  98 

Low turbine inlet temperature (TIT) due to low exhaust gas temperature during significant portions 99 
of engine operation, low net power because of compressor high mechanical work consumption and 100 
low amounts of thermal energy power recovered from the exhaust gases, because of the relatively 101 
high Brayton compressor outlet temperature.  102 

Moreover, the use of the HEX in the BWHR adds a thermal inertia at the upstream of the turbine, 103 
which further worsens the heat recovery during transitory operations and makes the Brayton system 104 
non-compatible for fast response power delivery to follow the variable load applied in conventional 105 
powertrains.    106 

Nonetheless, a review of recent research and development programs revealed interests in simple and 107 
stationary WHR systems for automotive application, where the machine operates steadily at constant 108 
speed and drives an electric generator [16]. For instance, the study of spark ignition engine [17] shows 109 
that the constant load conditions in the hybrid vehicle are a potential advantage for the implementation 110 
of a heat recovery system. A study at Chalmers university [18] confirms that WHR systems are more 111 
favorable in highway driving style where the vehicle runs at constant speed and longer times.  112 

Therefore, based on the aforementioned findings, BWHR systems present a forthcoming potential for 113 
improving fuel economy and emissions of passenger vehicles, with the benefit of reliable low 114 
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complex open loop systems; particularly, in series hybrid electric vehicles (SHEV) which combines 115 
a thermal and an electric powertrain in a series energy-flow arrangement [19]. The thermal powertrain 116 
consists of an ICE-BWHR-system and an electric generator, and is referred to as the Auxiliary Power 117 
Unit (APU). It is mainly used to recharge the battery once depleted. The electric powertrain provides 118 
the necessary traction power to overcome the driving load, and serves to recover the braking energy. 119 
It is important to note that the APU operating speed is cinematically decoupled from the vehicle 120 
velocity; therefore, the APU operation is controlled to meet its best efficiency, especially when highly 121 
loaded, which enables a high exhaust gas temperature beneficial for BWHR. Figure 1 below 122 
illustrates the powertrain configuration of the modeled SHEV and an ICE with a simple BWHR 123 
system.  124 

 
Fig. 1. Configuration of a simple Brayton WHR system on ICE coupled to a series hybrid electric 

vehicle. 

On the another hand, several BWHR-system options could be considered for integration in SHEV, 125 
combining a simple Brayton, or an intercooled Brayton and water injection Brayton systems.  126 

The survey of published studies in academic literature treating BWHR-system configurations and 127 
performance analysis confirms that most BWHR-systems are designed based on efficiency and or 128 
power density optimizations [20-23]. Likewise, there are no recent studies on the most BWHR-system 129 
configurations suitable for automotive applications due to the lack of competitive simple BWHR 130 
compared to other WHR systems in conventional powertrains.  131 

Hence, the following main gaps and limitations in the recent literature are underlined:  132 

• There are no studies assessing different BWHR-system performance which are based on a 133 
Brayton thermodynamic cycle for automotive applications on SHEV.  134 

• No specific methodology on selecting the best-suited BWHR-system for any type of 135 
application is adopted. Studies in literature are focused on the performance investigations 136 
without taking into consideration any configuration optimization requirements or 137 
technological constraints.  138 

Therefore, based on the above synthesis of the insights and gaps in the literature for adopting BWHR 139 
systems in automotive applications, this study proposes a comprehensive methodology to identify the 140 
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potential BWHR-system options and select the optimal system configuration for SHEV applications. 141 
A methodology for the identification and assessment of different BWHR-system options applicable 142 
to SHEV is carried out in section 2 based on the exergy analysis and automotive technological 143 
constraints. Observed results are then used for the selection of the BWHR-system configurations. 144 
Thereafter, the weight of the identified BWHR-systems is accounted for and the systems are 145 
integrated in a SHEV model. A comparison between the SHEV models with different ICE-BWHR 146 
APU technologies is presented as follows: (1) a simple Brayton cycle, (2) an intercooled Brayton 147 
cycle, (3) a high pressure intercooled Brayton cycle, (4) a water injection simple Brayton cycle, (5) a 148 
water injection intercooled Brayton cycle and (6) a water injection high pressure Brayton cycle.   149 
Energy consumption simulations of these powertrains are compared on the WLTC, and the Dynamic 150 
Programing (DP) is adopted as the Energy Management Strategy (EMS) in order to provide the global 151 
optimal strategy for putting the APU ‘ON and OFF’ to control the engine operation and achieve 152 
maximum powertrain efficiency.  153 

This study is novel in the following two ways: Firstly, it is the first study to consider an exergo-154 
technological based analysis method for the identification of different BWHR-systems to be deployed 155 
in a SHEV. Secondly, the study provides a comparative consumption assessment, between SHEVs 156 
of similar performance with different ICE-BWHR-APU powertrains. 157 

2. Methodology  158 

This section presents the methodology adopted for the selection and evaluation of the potential of 159 
fuel consumption savings in BWHR systems on SHEV powertrains. This methodology consists of 160 
three-step assessment plan as illustrated in figure 2.  161 

In the first step, a thermal balance is performed on a gasoline ICE. This thermal balance consists of 162 
an energetic analysis in which the engine net mechanical work and thermal heat losses maps are 163 
identified. Next, exergy calculations are performed on the engine thermal heat losses in order to 164 
identify the exergy or potential work which can be recovered from each thermal source. The result 165 
highlights the choice of the waste heat sources for the rest of the study.  166 

In the second step, the basic configuration of the BWHR, the simple Brayton cycle (SBC) is selected. 167 
Exergetic analysis are carried out to identify the exergetic losses and explicitly adapt the basic WHR 168 
system. Based on the resulting exergy destruction in the system, modifications of the basic Brayton 169 
system are presented in figure 6 and by considering several measures such as intercooled compression 170 
and water injection downstream of the compressors in order to reduce the exergy losses. Accordingly, 171 
the list of potential Brayton WHR configurations is identified and thermodynamic calculations are 172 
then carried out on all identified configurations. Component technological constraints and automotive 173 
design constraints are considered.  The optimal overall system efficiencies are computed as a function 174 
of system variable parameters and at each engine operating point. The net electric power recovered 175 
is then calculated.  176 

Finally, in the third step, a SHEV model is developed and the components are sized according to 177 
vehicle specification. Two vehicle configurations, a self-sustaining SHEV and a plug-in SHEV are 178 
considered. Battery capacity and the additional weight of each BWHR-system are considered. DP is 179 
used as energy management strategy and the fuel consumption simulation is performed on the WLTC.   180 
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 181 
Fig. 2. Method of selecting and simulating the vehicle fuel consumption on Gasoline SHEV 182 

powertrain with BWHR systems. 183 

2.1. ICE analysis 184 

This section presents the energetic and exergetic analysis of the ICE selected for the rest of the study. 185 
From the thermal balance analysis, the chemical energy contained in the fuel is distributed mainly in 186 
three parts i.e., net mechanical power recovered on the engine crankshaft, thermal losses to engine 187 
coolant and thermal losses in the exhaust gases. Other losses such as the heat loss by convection and 188 
radiation from the engine bloc, thermal heat rejected through the turbocharger intercooler and others 189 
such as the heat from the engine lubricating oil circuit, are not represented in this study since they 190 
account for low percentage of thermal losses [24].  Note that the data presented below is retrieved 191 
from a 1.2 liters spark ignition gasoline turbocharged internal combustion engine (ICE) with a 192 
maximum efficiency of 36% and where the ICE is allowed to operate between 1500 and 4000 RPM 193 
and from 25% up to 75% of its full load. In this operating zone, it can deliver up to 72kW of 194 
mechanical power. The lower engine speed is limited owing to technical reasons in order to avoid a 195 
higher load at low engine speed. This can result in putting higher stresses, irritating vibrations as well 196 
as acyclic rotation on the crankshaft while the higher loads are fixed to limit thermal stress and fatigue 197 
on the engine components. Note that a maximum thermal efficiency of 36% for the ICE is reached in 198 
the map zone at 2500 RPM and around 65% of the maximum load.  199 

2.1.1.Energy analysis of the ICE 200 
An illustration of the ICE thermal powers rejected from the engine coolant and exhaust gases is 201 
presented in figure 3 (a) and (b) below. Note that thermal heat losses from both sources are 202 
comparable at low and medium engine power operation. However, the thermal power from the 203 
exhaust gases is higher at high power operating points, which correspond to higher rotational speed 204 
and higher loads, for different reasons. Among them: (1) a non-complete expansion process of the 205 
combustion gases in the cylinders at higher operating loads. (2) a reduced time for thermal heat 206 
exchange through the cylinder walls to the engine coolant at higher engine speeds and (3), an amount 207 
of gases that by-pass the turbine through the turbocharger waste gate to avoid its over-speeding at 208 
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high engine loads, without undergoing an expansion in the turbine [25], remaining therefore at higher 209 
temperature.   210 

2.1.2 Exergy analysis of the ICE 211 

An exergetic analysis is carried out on the thermal heat sources as expressed in equation (1) in order 212 
to trace the potential work losses from the engine coolant and the exhaust gases. Energy and exergy 213 
model equations are available in thermodynamic fundamental books such as [26-27].  214 

𝐸𝐸 = ��1 −
𝑇𝑇0
𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚

� .𝑄𝑄 
(1) 

With 𝐸𝐸 : Exergy recovered (kW)   
 𝑄𝑄 : Energy available (kW)  
 𝑇𝑇0 : Reference temperature (K) supposed to be 293K  
 𝑇𝑇𝑚𝑚𝑚𝑚𝑚𝑚 : Max hot source temperature  

The exergy power recovered from the coolant circuit and form the exhaust gases are presented in 215 
Figures 4(a) and 4(b) below while the energetic analysis show comparable amounts of heat loss in 216 
these sources. Exergetic analysis informs us better on the potential of the mechanical work that can 217 
be recovered. For example, in reference to figures 3(a) and 3(b), when the engine operates at 2500 218 
RPM, 120 N.m, a comparable thermal heat power is available in the coolant and the exhaust gases 219 
(20 to 26 kW respectively).  However, around 4kW of maximum mechanical power can be recovered 220 
from a thermodynamic machine operating with the engine coolant as a hot source temperature, 221 
compared to 18kW to the same machine operating with exhaust gases as the hot source. Also, at 222 
maximum operating power, 7kW of exergy is available in the coolant circuit where around 50kW is 223 
available in the exhaust gases. As a result, the exhaust gases with higher a temperature have higher 224 
potential of work and therefore, from thermodynamic point of view, a waste heat recovery machine 225 
will perform better when engine exhaust gases are the hot thermal source. Therefore, since the 226 
Brayton machines are more suitable for high temperature sources, the exhaust gases have been 227 
selected as the hot source in this work.  228 

 
(a) 
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(b) 

Fig.3. Thermal power rejected in the a) coolant circuit b) exhaust gases 

 
(a) 

 
(b) 

Fig.4. Exergy lost in the a) coolant circuit b) exhaust gases 
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2.2. Brayton Waste Heat Recovery Systems 229 

This section presents the modeling of the simple BWHR system recovering heat from engine exhaust 230 
gases in which thermodynamic equations are applied to account for efficiencies and exergy losses in 231 
the system. Based on the resulting exergy destruction in the system, modifications of the basic simple 232 
BWHR cycle are presented, by considering several measures such as intercooling compression, water 233 
injection, multi-stage compression among others, in order to reduce exergy losses. Accordingly, the 234 
list of potential BWHR-system configurations are identified. The energy and exergy calculations are 235 
then carried out in the second assessment step on all identified configurations. The component 236 
technological constraints and automotive design constraints are considered, and the net electrical 237 
power recovered from each configuration is then accounted for. 238 

2.2.1.Energetic and exergetic analysis  239 

The Brayton system is an external heat addition thermodynamic cycle and presents two loops: (1) 240 
exhaust gas loop which consists of the engine exhaust line and a HEX and (2) Brayton machine loop, 241 
which consists of a compressor, a turbine and the HEX. Both loops exchange heat in the common 242 
HEX and it is important to note that air is considered as the working fluid in both loops for 243 
simplification.  244 

An energy analysis is carried out on the simple Brayton cycle (SBC) in order to account for the system 245 
overall efficiency as expressed in equation (2) [26-27].  246 

𝜂𝜂𝐵𝐵𝐵𝐵𝑚𝑚𝐵𝐵𝐵𝐵𝐵𝐵𝐵𝐵 =
𝑊𝑊𝐵𝐵𝑡𝑡𝐵𝐵𝑡𝑡𝑡𝑡𝐵𝐵𝑡𝑡 −𝑊𝑊𝑐𝑐𝐵𝐵𝑚𝑚𝑐𝑐𝐵𝐵𝑡𝑡𝑐𝑐𝑐𝑐𝐵𝐵𝐵𝐵

𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚
=
𝑊𝑊𝐵𝐵𝑡𝑡𝐵𝐵

𝑄𝑄𝐻𝐻𝐻𝐻𝐻𝐻
∗
𝑄𝑄𝐻𝐻𝐻𝐻𝐻𝐻
𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚

= 𝜂𝜂𝑐𝑐𝐵𝐵𝑐𝑐𝑐𝑐𝑡𝑡 ∗ 𝜂𝜂𝐻𝐻𝑡𝑡𝑚𝑚𝐵𝐵 𝑡𝑡𝑚𝑚𝐵𝐵𝐵𝐵𝑚𝑚𝑐𝑐𝐵𝐵𝑡𝑡𝐵𝐵𝐵𝐵 
(2) 

With 𝑊𝑊𝐵𝐵𝑡𝑡𝐵𝐵𝑡𝑡𝑡𝑡𝐵𝐵𝑡𝑡 : Turbine work (kJ/kg)   
 𝑊𝑊𝑐𝑐𝐵𝐵𝑚𝑚𝑐𝑐𝐵𝐵𝑡𝑡𝑐𝑐𝑐𝑐𝐵𝐵𝐵𝐵 : Compressor work (kJ/kg)   
 𝑄𝑄𝑚𝑚𝑚𝑚𝑚𝑚 : Heat available in the exhaust gases (kW)   
 𝑄𝑄𝐻𝐻𝐻𝐻𝐻𝐻 : Heat recovered from the exhaust gases in the HEX (kW)   
 𝜂𝜂𝑐𝑐𝐵𝐵𝑐𝑐𝑐𝑐𝑡𝑡 : Thermal thermodynamic cycle efficiency   
 𝜂𝜂𝐻𝐻𝑡𝑡𝑚𝑚𝐵𝐵 𝑡𝑡𝑚𝑚𝐵𝐵𝐵𝐵𝑚𝑚𝑐𝑐𝐵𝐵𝑡𝑡𝐵𝐵𝐵𝐵 : Heat extraction efficiency  

Then, exergy analysis is carried out as expressed in equation (3) in order to trace the work losses in 247 
the system as well as their types and quantities in order to better inform on the possible options to 248 
reduce the inefficiencies [26-28].  249 

𝐸𝐸𝑡𝑡𝐵𝐵 = [𝑊𝑊𝐶𝐶𝐶𝐶]𝑡𝑡𝐵𝐵𝐵𝐵𝑡𝑡𝐵𝐵 + �𝐸𝐸𝐵𝐵𝑡𝑡𝐵𝐵
𝑄𝑄 − 𝐸𝐸𝑡𝑡𝐵𝐵

𝑄𝑄 � + 𝐸𝐸𝑑𝑑 + 𝐸𝐸𝐵𝐵𝑡𝑡𝐵𝐵 
(3) 

With 𝐸𝐸𝑡𝑡𝐵𝐵 : Exergy of the entering flow   
 𝐸𝐸𝐵𝐵𝑡𝑡𝐵𝐵 : Exergy of the leaving flow   
 [𝑊𝑊𝐶𝐶𝐶𝐶]𝑡𝑡𝐵𝐵𝐵𝐵𝑡𝑡𝐵𝐵 : Net Work output   
 𝐸𝐸𝐵𝐵𝑡𝑡𝐵𝐵

𝑄𝑄  : Exergy of the heat rejected   
 𝐸𝐸𝑡𝑡𝐵𝐵

𝑄𝑄  : Exergy of the heat added  
 𝐸𝐸𝑑𝑑 : Exergy destruction in the system  

Exergy destruction results of the investigated simple BWHR-system are illustrated in figure 5. The 250 
Figure points out the three highest shares of exergy losses, occurring in the hot air released from the 251 
Brayton turbine outlet (61%), in the exhaust gas at the outlet of the HEX (17%) and in the HEX (9%).  252 
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 253 
Fig. 5. Distribution of exergy destruction in the simple Brayton WHR system with maximum 254 
TIT=672°C, maximum cycle pressure of 3 Mpa, η_compressor = 78% and η_turbine = 82% 255 

Exergy destruction in the hot air released from the Brayton turbine outlet can be decreased in two 256 
ways: (1) recovering heat through a bottom cycle, and (2) increasing the cycle pressure which induces 257 
a higher expansion that leads to a lower outlet temperature. The first option relies on the adoption of 258 
an external WHR systems or bottoming cycle such as (Rankine or Stirling) among others, and 259 
presents a higher complexity since another new thermodynamic machine is required. Therefore, this 260 
option has been disregarded in this study targeting automotive applications, where the complexity 261 
and the added weight are primordial aspects to consider. As for the second option, the high maximum 262 
cycle pressure requires a multi compression and expansion stages machine which is investigated in 263 
this study.  264 

Exergy lost in the exhaust gases can be reduced by recovering more heat at the HEX outlet. This can 265 
be achieved by reducing compressed air temperature in three ways: (1) Increasing compressor 266 
efficiency in order to approach isentropic adiabatic compression. (2) Performing isothermal 267 
compression where compressor air outlet temperature remains equal to air temperature at compressor 268 
inlet. (3) A more realistic technical option, consists of using an intercooler between the compression 269 
stages [26-28]. This enables it to reach the required compressor outlet pressure at lower temperature 270 
compared to non-intercooled configurations. Note that this option also has also the advantage of 271 
reducing the total compression work enabling in addition to a higher efficiency and an increase in the 272 
net specific work. Another way to reduce the HEX inlet temperature is through water injection in the 273 
compressed air stream at the outlet of the compressor. This option is also investigated in this study 274 
and the air-water mixture temperature can be accounted for by calculating the enthalpy according to 275 
the adiabatic mixing formula [26, 27] presented in equation (4):    276 

(�̇�𝑚𝑚𝑚𝑡𝑡𝐵𝐵 + �̇�𝑚𝑤𝑤𝑚𝑚𝐵𝐵𝑡𝑡𝐵𝐵) ∗ 𝐻𝐻𝑚𝑚𝑡𝑡𝑚𝑚 = �̇�𝑚𝑚𝑚𝑡𝑡𝐵𝐵 ∗ 𝐻𝐻𝑚𝑚𝑡𝑡𝐵𝐵 + �̇�𝑚𝑤𝑤𝑚𝑚𝐵𝐵𝑡𝑡𝐵𝐵 ∗ 𝐻𝐻𝑤𝑤𝑚𝑚𝐵𝐵𝑡𝑡𝐵𝐵 (4) 

With 𝐻𝐻𝑚𝑚𝑡𝑡𝐵𝐵 : Air enthalpy at a given temperature and pressure ( kJ/kg)  
 𝐻𝐻𝑤𝑤𝑚𝑚𝐵𝐵𝑡𝑡𝐵𝐵 : water enthalpy at a given temperature and pressure ( kJ/kg)  
 𝐻𝐻𝑚𝑚𝑡𝑡𝑚𝑚 : Air-water mixture enthalpy (kJ/kg)   
 �̇�𝑚𝑚𝑚𝑡𝑡𝐵𝐵 : Air mass flow rate (kg/s)   
 �̇�𝑚𝑤𝑤𝑚𝑚𝐵𝐵𝑡𝑡𝐵𝐵 : Water mass flow rate (kg/s)  

As for the HEX exergy destruction, it can be reduced by reducing the HEX pinches between the hot 277 
and cold fluids, however larger exchange surfaces would be required. Also, the exergy destruction 278 
shares of the compressor and turbine can be further reduced by improving their efficiencies.  279 

EG at HEX 
outlet
17%

HEX
9%

Compressor
7%

Turbine
6%

Turbine Outlet
61%
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Based on these findings, the list of the different BWHR-system options considered in this study is 280 
presented below, based on the combination of the suggested techniques for exergy losses reduction 281 
as illustrated in figure 6. The considered BWHR-system architectures are illustrated in figure 7. Note 282 
that the list is not exhaustive and other systems emanating from this explicit method can be proposed 283 
in other later studies.  284 

1. Simple Brayton Cycle (SBC)  285 
2. Intercooled Brayton Cycle (IBC)  286 
3. High Pressure Intercooled Brayton Cycle (HPIBC) 287 
4. Water Injection Simple Brayton Cycle (WI-SBC) 288 
5. Water Injection Intercooled Brayton Cycle (WI-IBC) 289 
6. Water Injection High Pressure Intercooled Brayton Cycle (WI-HPIBC) 290 

 
Fig. 6. Exergy assessment methodology for the identification of the BWHR-system options  

 291 

  
(a) SBC (b) IBC 
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(c) HPIBC (d) WI-SBC 

  
(e) WI-IBC (f) WI-HPIBC 

Fig. 7. Configuration of the different BWHR-systems considered in the analysis. 

Note that both the HPIBC and the WI-HPIBC are identical in terms of their architecture as well as 292 
the IBC and WI-IBC respectively. However, the maximum cycle pressure of the HP-cycles is higher 293 
and therefore requires a two-stages expansion turbine. In adding to that, isothermal compression 294 
systems such as the IcBC (Isothermal compression Brayton Cycle) and HPIcBC (High Pressure 295 
Isothermal compression Brayton Cycle) can further improve the efficiency and power density of the 296 
BWHR-systems. In fact, the isothermal compression maximizes the power density and the heat 297 
recovery process in the HEX. However, these processes are technically difficult to achieve and remain 298 
currently theoretical. They are not considered in this study but can be emphasized in other future 299 
work.  300 

2.2.2 Energy and exergy analysis of the identified potential BWHR systems 301 

The identified BWHR-system options of figure 7 are assessed here in order to prioritize these options 302 
based on their respective efficiencies. The assessment methodology for each option is presented in 303 
figure 8. Thermodynamic calculations are performed first with the Refprop software, knowing the 304 
map of the ICE exhaust gas temperature downstream of the catalytic converter and using the set of 305 
physical parameters such as the heat exchanger pinch, the intercooler outlet temperature, the water 306 
injection temperature, the maximum cycle pressure and the components efficiencies among others 307 
parameters as summarized in table 1. These parameters correspond to the state-of-the-art 308 
specifications and limitations of the BWHR component technologies as well as the automotive design 309 
constraints.  310 
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The energy and exergy calculations are made as a function of the compression ratio (πi) parametric 311 
design criteria, with i referring to the number of compressor stages. Therefore, the second calculation 312 
step uses a dichotomy optimization method, to determine the optimal efficiency solution for the 313 
optimal (πi). The maximum electric power recovered is then accounted for by knowing the exhaust 314 
gases mass flow rate maps and by fixing the electric generator efficiency.  315 

 
Fig. 8. Method to find the optimal BWHR systems efficiency and power recovered 

 316 

Table 1. Simulation parameters based on state-of-the-art component specifications and automotive 317 
design constraints. 318 

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 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 

Figure 9 illustrates the resulting electric power recovered as an optimal solution for the different 319 
assessed BWHR-systems. For the rest of the study, the weight of the different BWHR-systems will 320 
be estimated and the different systems will be integrated in a SHEV vehicle where the fuel 321 
consumption is simulated using the dynamic programing optimal control strategy. Note that the 322 
optimal efficiency maps are presented in figure A.1 in the Appendices.  323 
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(a) SBC 

 
(b) IBC 

 
(c) HPIBC 
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(d) WI-SBC 

 
(e) WI-IBC 

 
(f) WI-HPIBC 

Fig. 9. Electric power recovered from the different investigated BWHR-systems 
 324 
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2.3 Vehicle Model and Powertrain management strategy 325 

In order to evaluate the benefits of the different BWHR systems in terms of fuel savings, a medium-326 
class series hybrid electric vehicle (SHEV), consisting of an ICE-BWHR-APU and an electric traction 327 
system (as illustrated in figure 1) is modeled and presented in this section. SHEV powertrain 328 
configuration presents the advantage of tackling the poor-efficiency of the BWHR systems in 329 
automotive applications as discussed in literature. On one hand, the ICE-BWHR operates quasi-330 
steadily in a high efficiency zone of a SHEV, where the engine is highly loaded, with high exhaust 331 
gas temperature beneficial to the Brayton cycle and on the other hand, the quasi-stable operation of 332 
the power train offers lower complexity control for the WHR system. Note that the vehicle is 333 
propelled by an electric motor, powered by a battery and/or the APU, and properly sized to ensure 334 
the vehicle speeds and accelerations without any deficiency.  335 

The vehicle parameters considered in this study are summarized in table 2 and the powertrain 336 
backward model equations are presented in the reference [19]. Note that the additional mass of the 337 
BWHR-system, are accounted for and presented in table 3. The turbomachinery weight data are 338 
retrieved from literature [29] and from the turbocharger suppliers data. The HEX weight is calculated 339 
using internal code developed on Dymola software and validated through experimentation.     340 

It is also noteworthy to mention that two different battery capacities of 2kWh and 10kWh, emulating 341 
a self-sustaining hybrid and a plug-in hybrid SHEV configuration are considered in the analysis. The 342 
plug-in hybrid offers the advantage of long electric drive range without the need of turning ON the 343 
APU. The additional battery mass with the increased capacity is taken into account and values were 344 
retrieved from commercialized battery specifications [19].  345 

Table 2: Vehicle and components specifications. 346 
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 
Air density ρ kg/m3 1.205 
Wheel radius Rw m 0.307 
Auxiliaries consumption Paux W 750 
Battery maximum power Pb max kW 50 
Battery capacity Cb kWh 2, 10 
Battery mass Mb kg 86, 259 
Battery state of charge SOC - [0.2, 0.4, 0.6, 0.8, 1] 
Battery open circuit voltage Voc V [220, 224, 227, 228, 251] 
Battery internal resistance Ri Ohm [0.315, 0.31, 0.31, 0.335, 0.385] 
ICE system max power PICE kW 72 kW @ 4000RPM 
ICE maximum efficiency(1) 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(2)  ηm % 93 
Transmission ratio i - 5.4 
Transmission efficiency 𝜂𝜂𝐵𝐵 % 97 
Vehicle total mass Mt kg Mv + Mb 
Fuel heating value Hv MJ/kg 42.5 
(1)The model includes a torque-speed efficiency map of the engine 
(2)The model includes a torque-speed efficiency map of the electric motor 

 347 
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Table 3: BWHR-system weights 348 
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 

The vehicle controller and the APU controller are the two distinct controllers in the SHEV model as 349 
illustrated in figure 1. The vehicle controller is responsible for delivering the driver’s performance 350 
request, by controlling the electric motor power in order to meet the traction and brake energy 351 
recovery demand as described in equations (5) and (6).  352 

The APU controller monitors the battery state of charge (𝑆𝑆𝑆𝑆𝑆𝑆) by controlling the APU operations in 353 
order to maintain the 𝑆𝑆𝑆𝑆𝑆𝑆 in the desired range. Hence, when the APU is turned ON, the APU 354 
controller manages the engine speed control variable 𝑢𝑢1(𝑡𝑡) and the engine torque control variable 355 
𝑢𝑢2(𝑡𝑡) as presented in equation (7) in order to operate the APU (ICE and BWHR) at the optimum 356 
efficiency. The engine is allowed to operate at any point of its performance; consequently 𝑢𝑢1(𝑡𝑡) 357 
ranges between 0 and the maximum allowed speed of the engine, while the 𝑢𝑢2(𝑡𝑡) ranges between 0 358 
and the engine maximum torque. Note that in addition to the mechanical power demand, a constant 359 
vehicle auxiliary electric power demand of 750W is also considered [30]. Equations (5) to (15) 360 
present the powertrain backward model [31, 32].   361 

𝑃𝑃𝑐𝑐𝐵𝐵𝑚𝑚𝑑𝑑(𝑡𝑡) = �
1
2
𝜌𝜌𝑆𝑆𝑆𝑆𝑚𝑚𝑣𝑣(𝑡𝑡)2 + 𝑀𝑀𝐵𝐵𝑔𝑔𝑓𝑓𝐵𝐵�𝑣𝑣(𝑡𝑡)� + 𝑀𝑀𝐵𝐵

𝑑𝑑𝑣𝑣(𝑡𝑡)
𝑑𝑑𝑡𝑡

� × 𝑣𝑣(𝑡𝑡) (5) 

𝑃𝑃𝑚𝑚(𝑡𝑡) =

⎩
⎪
⎨

⎪
⎧ 𝑃𝑃𝑐𝑐𝐵𝐵𝑚𝑚𝑑𝑑(𝑡𝑡)

𝜂𝜂𝐵𝐵 × 𝜂𝜂𝑚𝑚
 ,                   

𝑑𝑑𝑣𝑣
𝑑𝑑𝑡𝑡

≥ 0
 

𝑃𝑃𝑐𝑐𝐵𝐵𝑚𝑚𝑑𝑑(𝑡𝑡) × 𝜂𝜂𝐵𝐵 × 𝜂𝜂𝑚𝑚,
𝑑𝑑𝑣𝑣
𝑑𝑑𝑡𝑡

< 0
 (6) 

𝑃𝑃𝐼𝐼𝐶𝐶𝐻𝐻(𝑡𝑡) = 𝑢𝑢1(𝑡𝑡) × 𝑢𝑢2(𝑡𝑡) (7) 

𝑃𝑃𝑔𝑔(𝑡𝑡) = 𝑃𝑃𝐼𝐼𝐶𝐶𝐻𝐻 × 𝜂𝜂𝑔𝑔 (8) 

𝑃𝑃𝑔𝑔−𝑊𝑊𝐻𝐻𝑊𝑊(𝑡𝑡) = 𝑃𝑃𝐵𝐵𝑊𝑊𝐻𝐻𝑊𝑊 × 𝜂𝜂𝑔𝑔−𝑊𝑊𝐻𝐻𝑊𝑊 (9) 

𝑃𝑃𝑔𝑔−𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑐𝑐(𝑡𝑡) = 𝑃𝑃𝑔𝑔(𝑡𝑡) + 𝑃𝑃𝑔𝑔−𝑊𝑊𝐻𝐻𝑊𝑊(𝑡𝑡) (10) 

𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑐𝑐(𝑡𝑡) = 𝑃𝑃𝑚𝑚(𝑡𝑡) + 𝑃𝑃𝑚𝑚𝑡𝑡𝑚𝑚(𝑡𝑡) (11) 

𝑃𝑃𝑡𝑡(𝑡𝑡) = 𝑃𝑃𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑐𝑐(𝑡𝑡) −  𝑃𝑃𝑔𝑔−𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑐𝑐(𝑡𝑡) (12) 

𝐼𝐼𝑡𝑡(𝑡𝑡) =
𝑉𝑉𝐵𝐵𝑐𝑐�𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡)� − �𝑉𝑉𝐵𝐵𝑐𝑐2 �𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡)� − 4𝑃𝑃𝑡𝑡(𝑡𝑡)𝑅𝑅𝑡𝑡�𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡)�

2𝑅𝑅𝑡𝑡�𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡)�
 (13) 

𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡) = 𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡(𝑡𝑡) +
1
𝑆𝑆𝑡𝑡
� 𝐼𝐼𝑡𝑡(𝑡𝑡)𝑑𝑑𝑡𝑡
𝐵𝐵

𝐵𝐵0
 (14) 

�̇�𝑚𝑓𝑓(𝑡𝑡) = �
𝑃𝑃𝐼𝐼𝐶𝐶𝐻𝐻(𝑡𝑡) + 𝑃𝑃𝐵𝐵𝑊𝑊𝐻𝐻𝑊𝑊(𝑡𝑡)

𝜂𝜂𝐼𝐼𝐶𝐶𝐻𝐻 × 𝐻𝐻𝑣𝑣
 ,         𝐴𝐴𝑃𝑃𝐴𝐴:𝑆𝑆𝑂𝑂

 
                  0 , 𝐴𝐴𝑃𝑃𝐴𝐴:𝑆𝑆𝑂𝑂𝑂𝑂

 (15) 



19 
 

Dynamic programming (DP) is considered in this study in order to provide the global optimal strategy 362 
to control the APU operations. The DP decides on the optimal strategy  𝐴𝐴𝐵𝐵𝑐𝑐𝐵𝐵 =363 
{𝑢𝑢1(1), … , 𝑢𝑢1(𝑂𝑂);𝑢𝑢2(1), … , 𝑢𝑢2(𝑂𝑂)}𝐵𝐵𝑐𝑐𝐵𝐵 for the scheduled route at each instant 𝑡𝑡 while minimizing the 364 
fuel cost function 𝐽𝐽 as presented in equation (16). Consequently, the DP regressively computes the 365 
optimal fuel mass flow rate �̇�𝑚𝑓𝑓�𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡),𝑢𝑢(𝑡𝑡)� from the final desired battery state of charge  𝑆𝑆𝑆𝑆𝑆𝑆𝑓𝑓 to 366 
the initial state 𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡 in the discretized state time space as per equations (17) to (19). The generic DP 367 
function presented in [33] is considered where the battery 𝑆𝑆𝑆𝑆𝑆𝑆 is the state variable 𝑥𝑥(𝑡𝑡) and the 368 
engine speed and torque are the control variable 𝑢𝑢1(𝑡𝑡) and 𝑢𝑢2(𝑡𝑡) respectively.  369 

Note that the resulting optimal APU on/off strategy 𝐴𝐴𝐵𝐵𝑐𝑐𝐵𝐵 must not cause the components to violate 370 
their relevant physical boundary constraints in terms of speed, power or SOC, in order to ensure their 371 
proper functioning within the normal range of operation. These constraints are included in the DP 372 
model and summarized in equations (17) to (24). It is also noteworthy to mention that using DP as 373 
APU energy management strategy excludes the fuel consumption impact of the rule-based energy 374 
management strategy, currently used on hybrid electric vehicles. Consequently, the obtained fuel 375 
consumption results with the DP are only dependent on the ICE energy converter efficiency and on 376 
its WHR system efficiency.  377 

𝐽𝐽 = 𝑚𝑚𝑚𝑚𝑚𝑚 ���̇�𝑚𝑓𝑓�𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡),𝑢𝑢1(𝑡𝑡),𝑢𝑢2(𝑡𝑡)� × 𝑑𝑑𝑡𝑡𝑐𝑐

𝑁𝑁

𝐵𝐵=1

� (16) 

with discrete step time: 𝑑𝑑𝑡𝑡𝑐𝑐 = 1 (17) 
 

number of time instances: 𝑂𝑂 = 𝐵𝐵
𝑑𝑑𝐵𝐵𝑠𝑠
 (with n the time length of the driving cycle) (18) 

 state variable equation: 𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡 + 1) = 𝑓𝑓�𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡),𝑢𝑢(𝑡𝑡)� + 𝑆𝑆𝑆𝑆𝑆𝑆(1) (19) 
 initial SOC: 𝑆𝑆𝑆𝑆𝑆𝑆(1) = 𝑆𝑆𝑆𝑆𝑆𝑆𝑡𝑡 (20) 
 final SOC: 𝑆𝑆𝑆𝑆𝑆𝑆(𝑂𝑂) = 𝑆𝑆𝑆𝑆𝑆𝑆𝑓𝑓 (21) 
 SOC constraint: 𝑆𝑆𝑆𝑆𝑆𝑆(𝑡𝑡) ∈ [0.2, 0.9] (22) 
 battery power constraint:   𝑃𝑃𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 ≤ 𝑃𝑃𝑡𝑡(𝑡𝑡) ≤ 𝑃𝑃𝑡𝑡𝑚𝑚𝑚𝑚𝑚𝑚 (23) 
 motor torque constraint: 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚�𝜔𝜔𝑚𝑚(𝑡𝑡)� ≤ 𝑃𝑃𝑚𝑚(𝑡𝑡) ≤ 𝑃𝑃𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚�𝜔𝜔𝑚𝑚(𝑡𝑡)� (24) 
 motor speed constraint 0 ≤ 𝜔𝜔𝑚𝑚(𝑡𝑡) ≤ 𝜔𝜔𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡) (25) 
 generator power constraint: 𝑃𝑃𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚�𝜔𝜔𝑚𝑚(𝑡𝑡)� ≤ 𝑃𝑃𝑔𝑔(𝑡𝑡) ≤ 𝑃𝑃𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚�𝜔𝜔𝑚𝑚(𝑡𝑡)� (26) 
 generator speed constraint: 0 ≤ 𝜔𝜔𝑔𝑔(𝑡𝑡) ≤ 𝜔𝜔𝑔𝑔𝑚𝑚𝑚𝑚𝑚𝑚(𝑡𝑡) (27) 

 378 

3. Results and discussion 379 

In this section, the different ICE-BWHR-SHEV systems are compared to the reference ICE-SHEV 380 
in terms of fuel consumption. In all of the powertrains, the gasoline ICE is allowed to operate at any 381 
point of its torque-speed map between 1500 and 4000 RPM, and between 25% to 75% load for the 382 
reasons discussed earlier.  383 

The potential of fuel savings analysis of the different BWHR systems are carried out under two sets 384 
of simulation. The first set emulates the behavior of self-sustaining hybrids with a zero use of electric 385 
energy from the battery at the end of the cycle. Hence, the initial and final battery SOCs are set at 386 
60%. The second set of simulation emulates the behavior of plug-in hybrids and extended-range 387 
electric vehicles, with the option of battery charging from the grid. The simulations are performed at 388 
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an initial SOC of 80% and a 30% final SOC by the end of the trip. The simulations are also performed 389 
on one WLTC for the self-sustaining configuration and on a sequence of one to three-repeated WLTC 390 
(23 km each), for the plug-in configuration, covering a driving distances of up to 69 km.  391 

Figure 10 highlights the fuel saving potential of the different BWHR systems for both self-sustaining 392 
and plug-in SHEVs and many conclusions are drawn out from this figure: 393 

1. The SBC system on SHEV offers a 3.2 % to 3.9% of fuel consumption saving on plug-in and self-394 
sustaining configurations respectively. The potential of this system on conventional powertrains 395 
were studied in the literature [22] and as mentioned before, SHEV powertrains where the engine 396 
operates at higher load and high exhaust gas temperatures, offer higher potential for the SBC 397 
WHR.  398 

2. Adding a second stage compressor with an intercooler, increases the overall efficiency of BWHR 399 
and as shown in figure A1 of the Appendix and proved in figure 10, the IBC allows a reduced 400 
fuel consumption of about 5.3% on plug-in SHEVs and up to 6.4% on self-sustaining powertrains. 401 
As already described before, the total compression work is reduced, which leads to an increase in 402 
the recovered net-work while on the other hand, the air working fluid downstream of the second 403 
compression stage enters the HEX at a lower temperature which allows the recovery of more 404 
amounts of heat from the exhaust gases. 405 

3. The HPIBC offers higher fuel economy compared to the IBC and the fuel saving seems to be 406 
reduced to 5.6% on plug-in and up to 6.8% on self-sustaining. However, this small gain compared 407 
to the IBC comes over a complex machine which requires a higher compression ratio and an 408 
additional turbine stage to achieve the required higher expansion.  409 

4. Water injection upstream of the HEX cold side shows a decrease in the fuel consumption by 0.9 410 
points on plug-in configuration and between 0.9 and 1.2 points on self-sustaining. However these 411 
benefits comes with more system complexity and additional cost. In addition to that, the water 412 
must be added manually or recovered from the exhaust gases which contain non negligible 413 
amounts of water using an additional system [34] or through another way, such as an air 414 
conditioning system. All these systems add higher integration challenges in automotive 415 
applications.   416 

 
Fig. 10. Fuel consumption (L/100km) for both plug-in and self-sustaining SHEVs 
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Figures 11(a) and 11(b) illustrate the battery electric consumption per driven kilometer as a function 417 
of the observed fuel consumption for both plug-in and self-sustaining SHEV for the different 418 
powertrains. Two conclusions can be drawn from these figures: 419 

1. A trade-off between the fuel consumption and the electric consumption is made where the large 420 
battery capacity of the plug-in SHEV with its higher APU efficiency, induces lower fuel 421 
consumption and more reliance on electric energy. The governing equation of this energy trade-422 
off is expressed in equation (28), with 𝑑𝑑 as the driving cycle length,  𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡𝑚𝑚 as the battery 423 
electric energy consumption to overcome the vehicle traction load, 𝐸𝐸𝑡𝑡𝑡𝑡𝐵𝐵 the vehicle load energy 424 
recovered through regenerative braking, 𝐸𝐸𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐 the energy of the fuel consumed and 𝐸𝐸𝑔𝑔𝐵𝐵𝑡𝑡𝑑𝑑 the 425 
consumed electric energy from the grid to recharge the battery from 30% to 80% SOC. 426 

2. A Higher fuel consumption is observed in the ICE-APU SHEV model compared to the ICE-427 
BWHR-APU. Assuming the same driving cycle length 𝑑𝑑, and for a given battery capacity, 428 
𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡𝑚𝑚 , 𝐸𝐸𝑡𝑡𝑡𝑡𝐵𝐵 and 𝐸𝐸𝑔𝑔𝐵𝐵𝑡𝑡𝑑𝑑 are the same for both models; consequently, improving the APU 429 
efficiency induces a decrease in fuel consumption. Accordingly, the ICE-BWHR-APUs perform 430 
more efficiently than the ICE-APU, and show longer electric drive range (with the APU off), 431 
which leads to a higher powertrain efficiency as illustrated in figure 12. The powertrain efficiency 432 
is computed according to equation (29).   433 

𝐸𝐸𝑡𝑡𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡𝑡𝑡𝑚𝑚𝑡𝑡𝑚𝑚
𝑑𝑑

=
1
𝑑𝑑
�𝐸𝐸𝑡𝑡𝑡𝑡𝐵𝐵 × 𝜂𝜂𝑚𝑚 + 𝐸𝐸𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐 × 𝜂𝜂𝐴𝐴𝐴𝐴𝐴𝐴 + 𝐸𝐸𝑔𝑔𝐵𝐵𝑡𝑡𝑑𝑑 × 𝜂𝜂𝑐𝑐ℎ𝑚𝑚𝐵𝐵𝑔𝑔𝑡𝑡𝐵𝐵𝑔𝑔� 

 

(28) 

 

𝜂𝜂𝑐𝑐𝐵𝐵𝑤𝑤𝑡𝑡𝐵𝐵𝐵𝐵𝐵𝐵𝑚𝑚𝑡𝑡𝐵𝐵 =
𝐸𝐸𝐵𝐵𝐵𝐵𝑚𝑚𝑐𝑐𝐵𝐵𝑡𝑡𝐵𝐵𝐵𝐵 𝑐𝑐𝐵𝐵𝑚𝑚𝑑𝑑 + 𝐸𝐸𝐴𝐴𝑡𝑡𝑚𝑚𝑡𝑡𝑐𝑐𝑡𝑡𝑚𝑚𝐵𝐵𝑡𝑡𝑡𝑡𝑐𝑐

𝐸𝐸𝑡𝑡𝑡𝑡𝐵𝐵 + 𝐸𝐸𝑓𝑓𝑡𝑡𝑡𝑡𝑐𝑐 + 𝐸𝐸𝑔𝑔𝐵𝐵𝑡𝑡𝑑𝑑
 

 

(29) 
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(b) 

Fig. 11. Battery and fuel energy trade-off for (a) the plug-in configuration and (b) the self-
sustaining configuration for the different APU  

 434 

 
Fig. 12. Powertrain efficiency for both plug-in and self-sustaining SHEVs 

Finally, based on these results, the IBC seems to be a promising WHR system for automotive 435 
applications as it offers the most convenient compromise between high efficiency and low integration 436 
complexity. Figures 13 (a) and (b) present the powertrain operation for the ICE-SHEV and the ICE-437 
IBC-SHEV for both self-sustaining and plug-in SHEVs. Note that the APU operating time on WLTC 438 
is about 26.5% on self-sustaining configuration with ICE-IBC-WHR compared to 34.4% with ICE-439 
SHEV and about 18.7% on plug-in configuration with ICE-IBC-SHEV compared to 22.1% with ICE-440 
SHEV due to higher electric power generated with the BWHR. This comes at the expense of an 441 
increased electric drive share since ICE-IBC-SHEV relies more on electric driving and therefore, 442 
would displace the emissions to the power plants if these plug-in SHEVs are recharged with highly 443 
carbonized electricity, and their overall contribution to the mitigation of global warming and 444 
improving air quality in cities is reduced.  445 
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(a) 

 

 

 
(b) 

Fig. 13. SHEV Power train operation and SOCs under both configurations (a) self-sustaining and 
(b) plug-in hybrid 

4. Conclusion and perspectives  446 

Brayton systems were investigated in this study as potential waste heat recovery systems for 447 
automotive applications on a Series Hybrid Electric Vehicle. Different system configurations were 448 
selected through as exergo-technological explicit selection method while considering energy and 449 
exergy analysis, as well as component and automotive technological constraints. The simple Brayton 450 
Cycle, the intercooled Brayton Cycle and the High-pressure Intercooled Brayton Cycle were 451 
identified. Water injection downstream of the Brayton compressor on the three selected systems was 452 
also considered.  453 

A series hybrid electric vehicle was modeled and the different ICE-BWHR-APU systems were 454 
simulated and compared in terms of fuel consumption using the DP optimal control as the APU 455 
management strategy. The additional weight of the different BWHR systems was also considered in 456 
the evaluation of fuel consumption. The Intercooled Brayton Cycle (IBC) is identified as the most 457 
promising for automotive applications as it offers the most convenient compromise between high 458 
efficiency and low integration complexity. It offers 5.5% to 7.0% fuel consumption savings compared 459 
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to similar ICE configurations on plug-in and self-sustaining SHEV configurations respectively when 460 
compared to similar vehicle configurations with ICE auxiliary power units.     461 

In addition to the fuel savings, it was demonstrated in the literature that the IBC-system offers other 462 
intrinsic automotive advantages such as reduced mass compared to other WHR systems, suitable 463 
vehicle integration, low noise, low vibration, high durability as well as the use of air as a working 464 
fluid thereby, reducing the system integration complexity. Therefore, given the energy and exergy 465 
advantages presented in this study as well as other advantages presented in the literature, this makes 466 
the IBC-system a potential WHR system option for integration in series hybrid electric powertrains 467 
in the future. 468 

The BWHR system selected in this study will be further elaborated in order to evaluate the fuel 469 
consumption saving for the BWHR on different vehicle applications ranging from small to large and 470 
SUV vehicles. The simulations will include Real Driving Cycles (RDE) while the analysis will also 471 
consider the impact on emissions of pollutants such as NOx. Moreover, the methodology described 472 
in this work, will be further investigated on other WHR systems, such as the Rankine, Stirling, 473 
Ericsson cycles as well as the thermoacoustic and thermoelectric generators in order to identify the 474 
most suited WHR system configurations for automotive applications.  475 

  476 
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(b) IBC 



28 
 

 
(c) HPIBC 

 
(d) WI-SBC 

 
(e) WI-IBC 
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(f) WI-HPIBC 

Fig A.1 Overall efficiency of the different BWHR-systems 
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