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Abstract 

Study on the Improvement in Fuel Economy with the Waste 

Heat Recovery System in Heavy-duty Series HEVs 

 
 

Daebong Jung 
Department of Mechanical and Aerospace Engineering 

The Graduate School 
Seoul National University 

 
Recently, the oil price hike and the stringent emission regulations are great 

issues in the automotive industry. Thus, there are efforts to develop high 
efficiency and low emission vehicles. These efforts achieved outstanding 
improvements. However, in conventional powertrain systems such as an internal 
combustion engine and a hybrid powertrain, maximum fuel conversion 
efficiency is limited as 40 %. In other words, 60 % of fuel energy is rejected into 
coolant and exhaust gas. Thus, there is huge challenge to improve fuel 
conversion efficiency more than theoretical limitation without using rejected 
energy. The Waste Heat Recovery System (WHRS) is a kind of technologies 
which use wasted energy to drive vehicles or to generate electric energy. In this 
paper, to improve fuel economy of series hybrid electric vehicle (SHEV), 
Rankine cycle is adapted as WHRS and is applied to the target vehicle. 

First, thermodynamic analysis on various heat sources was conducted. The 
exhaust gas, the coolant and the charged air were taken into account as heat 
sources. By this analysis, exergy and available energy of heat sources according 
to the engine operation were analyzed. Based on this result, the condition of the 
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engine operation for WHRS operation was investigated. Moreover, possibility to 
be used as heat source for the WHRS according to the engine operation is 
analyzed. 

Second, optimizing a design and a control of the WHRS for applying to the 
target system was conducted. The cycle efficiency according to various working 
fluids was investigated to determine optimal working fluid. Then, a turbine was 
designed with consideration of the working condition and the limitation. In 
addition, optimization of geometrical characteristics of turbine and heat 
exchanger was conducted. To optimize the control algorithm, Dynamic 
Programming (DP) which is global optimization method was used and 
Equivalent Consumption Minimization Strategy (ECMS) which is local 
optimization method was implemented for application to real system. In addition, 
simple on/off control strategy, thermostatic control strategy, was implemented 
and applied, too. 

Third, because the exhaust gas state is important to the WHRS, the transient 
behavior of exhaust gas at cold start was estimated by using 1-D engine model 
and engine thermal management model. Based on the results, it was known that 
the WHRS should be operated at 80 seconds after the engine started. 

In this research, the design and the optimization method to apply WHRS to 
vehicle was suggested. This method can be adapted to design and control new 
hybrid power system and achieve the most efficient system. 

 
 
 
Keywords: Waste heat recovery system (WHRS), organic Rankine cycle 

(ORC), optimal control, optimization, heavy-duty series hybrid electric vehicle 
(HSHEV) 

Student Number: 2007-20848
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Chapter 1. Introduction 

1.1 Motivation 

Recently, the oil price hike and the stringent emission regulations are great 
issues in the automotive industry. As shown in Figure 1, it is required to satisfy 
the target value legislated by governments. Especially, in USA, the average fuel 
economy of vehicles has to be improved by 66 % compared to the average fuel 
economy of 2010 until 2025. Thus, it is necessary to investigate and develop 
various technologies such as hybrid electric vehicle to achieve the goal. 

 

Figure 1. Regulation of fuel economy 
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In addition, the emission regulations which are shown in Figure 2 should be 
satisfied with achievement of improvement in fuel economy. EURO 6 emission 
regulation will be applied to PM emission as well as NOx emission in 2014. 
Thus, there were efforts to develop high efficiency and low emission vehicles. 
For instance, Direct Injection system for gasoline and diesel fuel, variable valve 
timing and lift system, exhaust after-treatment system, and hybrid electric 
vehicle have been developed and applied. These technologies have achieved 
outstanding improvements in fuel economy and emissions. However, especially 
in a perspective of fuel economy, previous methods to improve fuel economy 
have limitation.  

 

Figure 2. Regulation of emission 
 

In conventional powertrain systems such as an internal combustion engine 
and a hybrid powertrain, maximum fuel conversion efficiency is limited by 40 % 
as shown in Figure 3 [1]. In other words, 60 % of fuel energy is rejected into 
coolant and exhaust gas. Thus, it is impossible to improve fuel conversion 
efficiency more than limitation without utilizing rejected energy. The energy of 
exhaust gas is high level enough to be used as heat source for other thermal 
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dynamic cycle, such as Rankine cycle. Moreover, the energy of charged air in 
intercooler which should be cooled down and the energy of coolant are sufficient 
as heat sources for the organic Rankine cycle. Rankine cycle is a kind of Waste 
Heat Recovery System (WHRS) technologies which recover wasted energy and 
use it to drive vehicles or to generate electric energy.  

A series hybrid electric vehicle (SHEV) received attention as next 
generation vehicle system. In SHEV, only the traction motors are used to drive 
the vehicle while the engine is used to generate electric energy. It means that the 
engine can be operated regardless of vehicle driving state. Thus, the engine can 
be operated as a steady state at optimal operating point where the efficiency is 
the highest. Because the WHRS is operated with wasted heat from the engine, 
the steady state operation of the engine means the steady state supplement of 
heat source to the WHRS. Thus, SHEV offers very favorable environment to the 
WHRS compared to other powertrain configurations such as parallel HEV and 
conventional powertrain.  

 

Figure 3. Energy flow in vehicles 
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1.2 Literature Review 

In generally, there are three representative technologies to recover waste 
energy from the vehicle. Three technologies use exhaust gas as main heat source 
because it has the highest level energy compared to other waste heat sources 
such as charged air and coolant. In this research, it is assumed that recovered 
energy is applied only to drive vehicle or to generate electric energy. Thus, other 
technologies which use recovered energy to warm the coolant or transmission oil 
up at cold start condition are not considered. 

1.2.1 Thermo-electric generation (TEG) 

The thermo-electric generation (TEG) uses Seebeck effect to generate 
electric energy from heat energy, directly [2]. Typical TEG module is shown in 
Figure 4. 

 

Figure 4. Typical TEG module [3] 
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Ikoma et al. obtained 35.6 W electric energy with 3000 cc gasoline engine 
[4]. In the study, Si-Ge module has been suggested and the experiment has been 
conducted with 72 modules. The length and the width of the system are 440 mm 
and 180 mm, respectively. Bass et al. studied to develop 1 kW thermoelectric 
generation system which was equipped in class eight diesel engine truck [5]. In 
the study, 72 Hi-Z`s 13 Watt bismuth-telluride thermoelectric modules were 
applied. The length is 482.6 mm and the diameter is 228.6 mm. The experiment 
was conducted with 14 L Commins NTC 325 engine. To improve efficiency of 
the system, the geometry of the heat exchanger was optimized. However, it 
showed about 4.5 % conversion efficiency. Thacher et al. studied about 300 W 
TEG system [6]. The conversion efficiency of the system was 2.9 %. 

The researches of TEG focused on the overall system experiment and 
thermoelectric device. Especially, development of new device which shows 
higher fuel conversion efficiency is main stream in TEG researches. In addition, 
optimization of the heat exchanger is another issue to improve efficiency of the 
TEG system. However, TEG system requires higher cost compared to other 
WHRS whereas the conversion efficiency is low. In addition, TEG system 
requires large temperature difference to achieve high efficiency, which can be 
implemented with additional cooling system.  

1.2.2 Turbo-compound 

The turbo-compound technology uses the kinetic energy of the exhaust gas 
to generate electric energy. The architecture of the turbo-compound is shown in 
Figure 5. Turbo-compound system has similar architecture compared to the 
turbocharger. An electric machine is installed between the turbine and the 
compressor to generate electric energy or to supply additional energy to 
compress intake air as like supercharger.  
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Figure 5. Turbo-compound system diagram [7] 

 

Algrain [7] has studied on the control of turbo-compound system with 
diesel engine. Class-8 on-highway truck engine was selected as the target engine, 
and the simulation was conducted on steady state. In the study, at maximum load 
condition, 10 % reduction of fuel consumption has been achieved. When the 
engine load fluctuated between 25 % and 50 % (main operation range), the fuel 
economy was reduced about 5 %. 

Eriksson et al. [8] have suggested various configurations of turbo-
compound system. Turbo-compound system was operated in different modes :  
normal turbocharger mode, e-boosting mode, and exhaust heat recovery mode 
which uses electric machine and provides additional torque to the crank shaft 
according to the engine operation state.  

Ismail et al. [9] have simulated turbo-compound system using AMESim 
software. The engine was implemented based on 1D engine model. In order to 
investigate precise effect of turbo-compound on engine performance, the exhaust 
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line was validated with the experimental data. The back pressure effect was also 
reflected by applying the throttle model. Various effect caused by turbo-
compound was estimated and the optimization of the combustion was conducted 
by adjusting injection timing, EGR valve open rate, etc. In the study, the main 
focus was to stabilize the engine combustion with turbo-compounding system. 

Turbo-compound is cost-effective compared to other systems because it can 
use turbocharger architecture. It means that additional part is only electric 
machine which is installed between the turbine and the compressor. Moreover, it 
shows remarkable improvement in fuel economy. However, it can cause 
instability of the combustion in the engine. In addition, the total amount energy 
which can be recovered from heat sources is smaller than other technologies 
because it just uses the kinetic energy of the exhaust gas. 

1.2.3 Rankine cycle 

Rankine cycle has been used in electric power generation plant and ship 
propulsion system to generate electric energy as a main cycle or bottoming cycle 
for upper cycle such as Brayton cycle. Especially in power plant fields, Rankine 
cycle is combined with Brayton cycle to improve fuel conversion efficiency. In 
automotive industry, a possibility of combined cycle which consists of Diesel 
cycle and Rankine cycle has been investigated and suggested [10]. 

These days, requirement of waste heat recovery in vehicle to improve fuel 
economy, many studies which focus on Rakine cycle have been conducted. 
Although the Rankine cycle requires additional components such as a pump, a 
heat exchanger, an expander, and a condenser, it showed the highest potential to 
improve fuel economy [3, 7].  
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The previous researches of Rankine cycle can be classified into selecting a 
working fluid, analyzing thermodynamic performance, and designing optimal 
components. In part of designing optimal components, a heat exchanger, an 
expander, a pump, and a condenser were taken into account. Among components, 
a heat exchanger and an expander have main effect on performance of Rankine 
cycle. Thus, various heat exchangers and expanders have been studied in 
previous studies. 

Endo et al. [11] and Kadota et al. [12] studied on Rankine cycle which uses 
swash plate type expander. Heat exchanger, expander, condenser, and pump 
were designed and implemented. That system was installed in parallel HEV to 
generate electric energy. At 100 km/h constant speed condition, the thermal 
efficiency was improved by 13.2 %. 

Ringler et al. [13] analyzed performance of the various Rakine cycle 
configurations and working fluids. Ethanol, water, and toluene were adopted as 
working fluids and various combinations of heat sources were investigated. 
Consequently, water and ethanol were selected for single heat source and double 
heat sources system. In double heat sources system, coolant and exhaust gas 
were selected as heat sources. By using the system, they improved engine 
performance about 10 % at steady state condition. 

Chammas et al. [14] investigated on working condition of Rankine cycle 
according to working fluids such as water, R245fa, and isopentane. Cycle 
efficiency of each working fluid was evaluated according to turbine inlet 
temperature and pressure. High pressure steam cycle, low pressure steam cycle, 
and organic Rankine cycle were compared. As the results, it was suggested that 
high pressure steam cycle could improve fuel economy by 13 %.  
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Teng et al. [1, 15] have investigated on organic Rankine cycle for 
application to heavy duty vehicle. They constructed various Rankine loop by 
adopting exhaust gas, charged air, and EGR as heat sources. A supercritical 
reciprocating Rankine engine was used as an expander. Thermodynamic analysis 
was conducted with various working fluids. Especially, they investigated about 
mixture which consists of different organic fluid. As the results, their system 
improved fuel economy about 15 ~ 20 %. 

Yamada et al. [16] researched into open steam Rankine cycle with hydrogen 
internal combustion engine. A characteristic of hydrogen engine was considered 
to be combined with Rankine steam cycle. They analyzed Rankine cycle output 
according to engine operation condition. By combining Rankine cycle with 
hydrogen internal combustion engine, overall thermal efficiency was improved 
by 2.9 ~ 3.7 %. 

In addition, previous studies on the various system configurations, the 
working fluid types, and the expander types have been conducted [17-29] . In 
these studies, 6 types of expander were considered : swash plate, scroll, 
reciprocating Rankine engine, Rotary vane, turbine and gerotor. Swash plate, 
scroll, rotary vane and gerotor were used as hydraulic compressor, generally. 
Thus, the methods to design and to implement those expanders were well-known. 
Reciprocating Rankine engine was also used to assist crank torque because it can 
be operated in similar speed range compared to the internal combustion engine. 
Turbine was also used as expander to generate additional electric energy in 
Rankine cycle. Schematics of Swash plate type, scroll type, rotary vane type and 
gerotor type expanders are shown in Figures 6 ~ 9. 
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Figure 6. A schematic of the swash plate type expander [30] 

 

 

 

Figure 7. A schematic of the scroll type expander [31] 
 



 11

 

Figure 8. A schematic of the rotary vane type expander [32] 
 

 

Figure 9. A schematic of the gerotor type expander [33] 
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Diego et al. [34] have developed Rankine cycle model and applied to 
vehicle simulation. Recovered energy by Rankine cycle during FTP-72 cycle 
was estimated. This paper suggested optimizing a working fluid type, designs of 
heat exchanger and turbine, and an engine cooling system as future work. 

Marvridou et al. [35] studied on the various heat exchanger. They 
developed model to evaluate performance of heat exchanger. In heat exchanger 
model, simulating a boiling process is very important calculation process 
because that process includes two-phase state. In the study, boiling which affects 
heat transfer coefficient was adopted in the model. In addition, pressure drops in 
various heat exchangers were compared. The most effective heat exchanger type 
that was recommended in this paper was plate fin type and metal form type 
because they showed lower pressure drop and higher heat transfer coefficient 
than other types. 

Lopes et al. have compared results of previous researches [36]. In this paper, 
researches concerned with automotive application of Rankine cycle were 
arranged. Table 1 shows the results of previous researches. 

From previous researches, it is obvious that they did not consider practical 
application and control of the overall system. In other words, optimization which 
considers real environment application has not been conducted. However, to 
implement system in real application, it is important to consider the limitation of 
the system. In addition, in order to achieve high fuel economy with a specific 
target system, the optimal control strategy is required. 
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Table 1. Results of previous studied concerned with various Rankine cycle 
applications [36] 

Type 
Pin,exp

[bar]
PR

Tin,exp

[C] 
Wexp 
[kW]

N 
[rpm]

fluid ηcycle year ref. 

Turbine 

7.3 4.1 85 32.7 20,000 R245fa 6.1 2011 [37] 

2.2 1.1 70 - 60,000 HFE-301 7.6 2006 [38] 

2.7 1.1 95 - 60,000 n-Pentane 5 2006 [38] 

3.4 2 70 0.15 35,000 R123 - 2001 [39] 

25 25 220 6.03 4,000 Water 13.3 2005 [14] 

22.5 8 143 6.66 4,000 R245fa 8.7 2005 [14] 

19 8 151 6.63 4,000 i-Pentane 9 2005 [14] 

Swash plate 80 - 500 2.98 1,500 Water 13 2007 [11] 

Rotary vane

- - 90 0.03 2,095 R245fa 3.8 2010 [40] 

6.3 - 170 0.82 - R123 - 2011 [41] 

7 - 170 1.93 6,500 R123 - 2011 [41] 

Gerotor 

4.1 3 84 0.67 3,670 R123 - 2009 [42] 

18.8 8.3 146 2.67 3,670 R123 - 2009 [42] 

7.2 3 130 1.38 3,670 R123 - 2009 [42] 

12.3 4.2 150 5.3 3,670 R123 - 2009 [42] 

11.2 3.4 157 2.63 3,670 R123 - 2009 [42] 

10.9 5.3 160 2.96 3,670 R123 - 2009 [42] 

Scroll 

10 5 142 - 2,296 R123 - 2009 [43] 

9.4 8.6 136 0.35 2,800 R113 7 2009 [31] 

5.5 3.9 174 0.19 1,053 R123 6.8 2008 [44] 

6.1 3.9 173 0.22 1,223 R123 6.6 2008 [44] 

6.4 3.8 169 0.26 1,287 R123 7.2 2008 [44] 

- 4 - 1 3,600 R245fa - 2010 [45] 

13.5 8.8 127 1.46 3,670 R123 - 2009 [42] 
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18.2 5.5 149 2.12 3,670 R123 - 2009 [42] 

11.9 3 120 1.53 3,670 R123 - 2009 [42] 

17.9 3.1 155 2.4 3,670 R123 - 2009 [42] 

12.7 5.6 128 2.58 3,670 R123 - 2009 [42] 

15 6.1 137 2.65 3,670 R123 - 2009 [42] 

20.4 8.2 154 3.95 3,670 R123 - 2009 [42] 

3.3 - 70 0.21 891 R134a 4.7 2009 [46] 

13 - 65 2.05 2,000 R134a 7.5 2009 [46] 

13 11.4 145 11 1,400 Water - 2007 [47] 

32.8 2 120 1.7 4,500 R1234yf 6.4 2011 [48] 

25 10 160 2.88 - R234fa 5.8 2011 [49] 

12 7.2 75 1.75 2,500 R234fa 8.6 2011 [50] 

 

1.3  Objective 

Many researches have been conducted to study waste heat recovery system, 
especially Rankine cycle. However, practical implementation and control 
method for overall system has not been considered. Thus, this study aims to 
overcome those limitations and to suggest a method to develop optimal WHRS 
and how to control the system. 

The objective of this research is described as below: 
 
1. By using simulation, a method to optimize components of Rankine 

cycle was suggested with consideration of practical implementation. In 
order to optimize Rankine cycle, optimal working fluid, working 
condition was defined. In addition, heat exchanger and turbine which 
are core components of Rankine cycle was optimized to achieve high 
efficiency.  
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2. In previous researches, pressure ratio of working fluid was determined 

without consideration of expander operation. However, pressure ratio is 
limited by expander design. In this study, turbine was adopted as 
expander and pressure ratio was limited by sound of speed of working 
fluid in turbine. Thus, if it is not considered, real implementation can be 
impossible and the system efficiency can be misestimated. Thus, design 
of turbine was conducted to ensure real implementation and precise 
estimation. Moreover, in order to achieve high pressure ratio with 
turbine, multi-stage design was applied to the system. 

 
3. The WHRS used exhaust gas as main heat source in previous studies. 

However, there is no consideration of exhaust gas behavior at cold start. 
It is obvious that the temperature of exhaust gas at cold start has lower 
value compared to fully warmed-up state. Thus, WHRS operation at 
cold start state should be different because normal operation is set to 
fully warmed-up state. Therefore, it is necessary to estimate the 
behavior of exhaust gas temperature at cold start state. Thus, 1-D engine 
model and engine thermal management model was applied to simulate 
transient behavior of exhaust gas. As the results, WHRS working 
condition at cold start was able to be defined. 

 
4. There were many researches to investigate improvement in fuel 

economy of conventional vehicle and parallel hybrid vehicle with 
WHRS. However, there was no research about application of WHRS to 
series HEV. In this study, the method to apply WHRS optimally to 
series HEV was suggested in respect of control strategy and system 
design. 
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5. Once the system configuration is determined, the system performance is 
affected by control strategy, mainly. It is important to determine proper 
and optimal control strategy for the overall system. However, there was 
no study about control strategy for WHRS with overall vehicle system. 
Therefore, global optimal control strategy such as dynamic 
programming, local optimal control strategy such as equivalent 
consumption minimization strategy, and simple on/off control strategy 
were applied to the overall system in order to suggest optimal control 
strategy. 
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Chapter 2. Thermodynamic analysis on the heat 

sources 

In this chapter, the analysis on the heat sources is described. Because there 
are many heat sources in the internal combustion engine of the series HEV, it is 
necessary to calculate recoverable energy level of each heat source. Thus, two 
thermodynamic values were calculated (exergy and available energy). By 
conducting a calculation of exergy and available energy, the operation point of 
the engine where the total exergy and available energy of heat sources has the 
highest level could be found out. Based on the results, selecting heat sources and 
determining operation point of engine for WHRS was conducted.  

2.1 Exergy and available energy 

In thermodynamics, it is important to define the maximum useful work of 
system. By calculating maximum useful work, it is possible to predict 
recoverable energy level which can be extracted from wasted heat. The 
maximum useful work of the system is defined as the exergy. It is calculated by 
assuming the outlet state of the system is the same to atmospheric pressure and 
temperature. The available energy is reversible energy which is generated when 
the system interacts with the atmosphere. 

In open system, the differences between inlet and outlet of enthalpy and 
entropy are determined as below equations [51]. 

ieatmie WQhhm &&& −−=− )()(         (2.1) 
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where, Θ&  is the formation entropy which includes entropy generated by 
process in the system and by difference temperature between the system and 

atmosphere. h, T, s, atmQ& and m&  are the enthalpy, temperature, entropy, heat 

transfer rate to the atmosphere and mass flow rate, respectively. Subscript atm 
means atmospheric state. Above equations can be reduced as below equations 

with assumption of ideal case, Θ& =0. 

Θ−−−−= &&&
atmeatmeiatmiie TsThsThmW )]()[(       (2.3) 

)]()[( eatmeiatmiierev sThsThmW −−−= &&
      (2.4) 

 It is available energy of open system between state i and state e. The 
available energy can be maximized when the state e is the same to atmospheric 
state, and that maximized available energy is the exergy. In the open system, the 
specific exergy can be defined as below equation. 

)()( )()( atmatmatmPatmatmatmatm ssTTTCsThsTh −−−=−−−=φ    (2.5) 

where, CP is the constant pressure specific heat capacity. By defining the exergy, 
the available energy can be determined as difference between exergy of inlet and 
outlet as below equation. 

Θ−−= &&&
atmeiie TmW )( φφ         (2.6) 
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The reversible available energy can be determined as below equation. 

)( eiie mW φφ −= &&
        (2.7) 

Between the exergy and available energy, the available energy is more 
proper to calculate the generated energy in the WHRS because the exergy 
assumes that the outlet state is an atmospheric state. In other words, it is 
impossible to implement exergy condition in real application. Thus, the engine 
operation points should be determined based on the available energy. 

In this study, a charged air, an exhaust gas and a coolant were considered as 
heat sources for the WHRS. The temperature, mass flow rate, exergy and 
available energy of charged air are shown in Figures 10 ~ 13. The physical 
properties of exhaust gas, coolant and charged air were based on Cantera which 
was developed by Stanford University. In the case of coolant, properties of pure 
water were assumed. As shown in Figure 10, a temperature of the charged air at 
the high load and high speed region of the engine is higher than other operating 
points. In addition, the exergy and flow rate show similar distribution compared 
to the temperature. Although the temperature and exergy is relative high in 
middle speed and middle load region, the available energy is low in this region, 
because of the low flow rate. In other words, the flow rate affects the available 
energy significantly. It means that available energy level at high load and high 
speed region is greater than that other regions. Thus, the charged air can be used 
as heat source when the engine operates in high load and high speed region. 
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Figure 10. Temperature of the charged air 

 

 
Figure 11. Mass flow rate of charged air 
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Figure 12. Exergy of charged air 
 

 
Figure 13. Available energy of charged air 
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The temperature, mass flow rate, exergy and available energy of the 
exhaust gas are shown in Figures 14 ~ 17. The temperature is high in high load 
and high speed region. It should be noted that the temperature of exhaust gas in 
low load and low speed region is higher than that in middle load and low speed 
region, and low load and high speed region. It can be estimated that is caused by 
activation of turbocharger. The temperature of exhaust gas was measured at the 
downstream of the turbine. It means that the temperature of exhaust gas is 
decreased when the turbocharger is activated because expansion work which 
causes decrease of temperature occurs in the turbine. Thus, a reason why the 
temperature of the exhaust gas is high in low load and low speed region is that 
the turbine is not working in that region. This deduction is reasonable because 
the intake air pressure shows the same value compared to the atmosphere 
pressure.  

The exergy of exhaust gas shows similar distribution compared to that of 
the temperature. However, the available energy has high values in high load and 
high speed region because the flow rate has significant effect on the available 
energy as described above. Because the flow rate in high load and high speed 
region is much greater than in low load and low speed region, the available 
energy has high level in the region. 

The temperature, mass flow rate, exergy and available energy of the coolant 
are shown in Figures 18 ~ 21. The temperature becomes high as engine operated 
in high load and high speed region. The distribution of exergy shows similar 
trend compared to that of temperature. However, it should be noted that the 
absolute difference of temperature is small. It means that the difference of 
temperature and the exergy on overall operation range is not great compared to 
other heat sources. Moreover, the mass flow rate is linear function of the engine 
speed because the coolant pump is connected with crank shaft mechanically. 
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Thus, the flow rate is increased as the engine speed is increased. Because the 
distributions of the exergy and the mass flow rate show similar trend, the 
distribution of available energy is similar to that of the exergy and the mass flow 
rate. However, it should be noted that the absolute values of the temperature and 
exergy on overall operation range are almost the same. Thus, the difference of 
the available energy value is caused by the mass flow rate which has various 
values according to the operation point. 

The maximum values of available energy of charged air, exhaust gas and 
coolant are 33 kW, 74 kW and 29 kW, respectively. The available energy of the 
coolant is smaller than that of the charged air and exhaust gas because the inlet 
and the outlet temperature of them have small differences. In case of charged air, 

it is assumed that the 100 ℃ charged air is cooled down to 30 ℃. In the same 
sense, it is assumed that the exhaust gas is cooled down from 550 ℃ to 30 ℃. 
However, the coolant is just cooled down from 90 ℃ to 85 ℃. Thus, the 
coolant has relative low available energy. 

From the results, the engine operation point where is able to maximize the 
recovered energy can be estimated. That operation point is maximum power 
region (2300 rpm and 100 % load). In this operation point, 132 kW wasted 
energy can be recovered to drive vehicle or to generate electric energy. However, 
it is just theoretical value. The maximum energy that can be recovered by the 
WHRS is predicted by 40 kW with 30 % cycle efficiency of the WHRS. 
However, in respect of overall system, this operation cannot be optimal 
operating point, because this result focuses on maximum recovered energy. 
Selecting optimal operating point with consideration of overall system will be 
described in next chapter. However, it is meaningful result because the 
maximum energy which can be recovered by WHRS is estimated. 
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Figure 14. Temperature of exhaust gas 

 

 
Figure 15. Mass flow rate of exhaust gas 
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Figure 16. Exergy of exhaust gas 

 

 
Figure 17. Available energy of exhaust gas 
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Figure 18. Temperature of coolant outlet from the engine 

 

 
Figure 19. Mass flow rate of coolant outlet from the engine 
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Figure 20. Exergy of coolant outlet from the engine 

 

 
Figure 21. Available energy of coolant outlet from the engine 
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2.2 Engine and WHRS operation in SHEV 

The configuration of the target vehicle is series HEV. It means that the 
engine operation is decoupled with driveshaft. Thus, the engine can be operated 
along with optimal operating line (OOL) which consists of the best bsfc points at 
specific output power values. The OOL of the target engine is shown in Figure 
22. In the figure, a red line is maximum torque and black dot line is OOL. The 
OOL shows similar operating points compared to maximum torque. From the 
OOL and results of exergy and available energy, WHRS can uses charged air, 
coolant, and exhaust gas simultaneously as heat sources when the engine 
operates over 1500 rpm. However, the temperatures of coolant and charged air 
are low to heat water up to superheated state. In this case, the charged air and the 
coolant can be used as pre-heater which heat the liquid state working fluid. If the 
working fluid of which boiling temperature is low is selected, the coolant and 
charged air can heat it up to superheated state. When the engine operates under 
1500 rpm, the temperatures of coolant and charged air are low to heat the 
working fluid up to superheated state even the low boiling point working fluid is 
used. Thus, in this case, they are used as just pre-heater. Consequently, the 
working fluid properties and the engine operation points should be considered 
carefully to design Rankine cycle. 
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Figure 22. Optimal operating line of the target engine 
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Chapter 3. Development and validation of models 

3.1 System configuration 

The configuration of the target system is similar to that of the conventional 
SHEV. A difference in the configuration is that the target system has WHRS to 
use rejected thermal energy such as exhaust gas, coolant, charged air and so on. 
The target system uses the generation system to supply electric energy with the 
battery according to the vehicle state. In target system, WHRS generates electric 
energy from rejected heat. The configurations of the target system are shown in 
Figure 23. 

 

 

 

Figure 23. A configuration of the target system 
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The specifications of the target vehicle are listed in Table 2. The 
components of the conventional HEV system were applied to the target system 
because sizes and capacities of the engine, the motor, the generator and the 
battery have been optimized to achieve the best fuel economy by using an 
optimal control theory. 

 

Table 2. The specifications of the target vehicle 

Hybrid Type Series 

Engine 
SI In-line 6 cylinders CNG 8070 cc (Lean-burn) 

(883 Nm / 1380 rpm) (176 kW / 2300 rpm) 

Generator PM type 180 kW 

Motor ID type 120 kW x 2 

Battery LiB 670 V (36 Ah) 

Vehicle Mass (GVW) 15,500 kg 

WHRS Rankine Cycle (25 kW) 
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3.2 Powertrain model 

The powertrain model consists of the engine, the motor, the battery and the 
waste heat recovery model. Because the target vehicle is SHEV, the transmission 
model is not required. It is assumed that a final reduction gear has constant 
efficiency.  

3.2.1 Engine model 

In general vehicle simulation, a simple 0-D engine model is adopted 
because the objective of the simulation is to calculate fuel consumption during a 
specific driving cycle. However, in this study, the rejected heat in the exhaust 
gas, the coolant and the charged air can be used as heat sources. Thus, a cold 
start condition should be considered because heat sources show different states 
at cold start condition compared to fully warmed-up state. For example, in cold 
start condition, exhaust gas and coolant temperatures are lower than those in 
warmed-up condition. However, charged air temperature shows similar at the 
same operation condition regardless of cold start and warmed-up conditions. 
Thus, the WHRS should be controlled with consideration of cold state. This is 
because that the 1-D simulation is needed in this research. By using 1-D engine 
simulation, it is possible to estimate the states of the exhaust gas, coolant and 
charged air even in cold start condition. Therefore, 1-D engine was developed 
based on the experimental results. However, it is hard to apply 1-D engine model 
to vehicle model because calculation time steps are greatly different compared to 
that of vehicle simulation. The calculation time step of 1-D engine model is 10-5 
second order, while that of vehicle model is 10-3 ~ 100 second order. Thus, in this 
study, 0-D engine model was developed and modified based on the result of the 
1-D engine model to estimate the cold start condition. 
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3.2.1.1 1-D engine model 
1-D engine model consists of intake system, combustion system, exhaust 

system and mechanical power system. It was developed based on a commercial 
simulation program AMESim® which is used in various applications [52]. 
Overall 1-D engine model is shown in Figure 24. 

The target engine uses compressed natural gas (CNG) as fuel. A mixer 
system is adopted for an injection system in the target engine to promote mixing 
of air and fuel since the fuel is injected in gas state. A schematic of a mixer 
system is shown in Figure 25. A gas is injected to the mixer, then, it is mixed 
with fresh air. Fresh air path is surrounded with gas path holes to make 
homogeneous mixture. For implementation of mixer system, a gas mass flow 
rate from fuel source model was adjusted to set equivalent ratio. 

The intake system model consists of intake pipes, a compressor, an 
intercooler, a mixer, a manifold, and ports model. In each model, pressure drop 
was calculated from friction factor of pipe and geometrical shape. The 
compressor and turbine of turbocharger were implemented based on the map 
data. The map consists of the pressure ratio between upstream and downstream, 
efficiency and mass flow rate. It is important to correlate a turbine rotational 
speed and mass flow rate according to the temperature and pressure of working 
fluids because the base map data was measured in standard state. Thus, the 
correlation equations were adopted as bellows. 

st

real
corr TT /

ω
ω =       (3.2.1.1) 



 34

real
st

st
corr m

PP
TT

m &&
/
/
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where, subscripts of corr, real and st mean the corrected value, real value and 
standard, respectively. 

Combustion model, 1-D CFM, is based on the 3D CFD ECFM (Extended 
Coherent Flame Model) model [52]. This model can estimate combustion 
phenomena more precisely compared with simple combustion model such as 
Wiebe model, because equations that reflect physical phenomena are used. The 
CFM model is specialized to the flamelet regime. This method can describe 
premixed combustion process which is the main oxidation mechanism in SI 
engines with good agreement. As described in Figure 26, combustion chamber is 
divided into two zones : fresh and burned gases zones. They are divided by a 
propagated flame front from the burned gases towards the fresh mixture. Fuel 
oxidation which is combustion occurs in a very thin layer (the flame front). 
Because 1-D CFM is based on 3-D CFM, in order to modify 1-D CFM, some 
assumptions are considered. 

 All gases are considered as perfect gas. 

 In each zone, all physical state and condition are homogeneous. 

 In combustion chamber, it is assumed that the pressure is constant. 

The heat release rate is calculated as below equation. 

fuelLHV
dt
dQ ω&⋅=       (3.2.1.3) 
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where, LHV is the lower heating value of the fuel and ώf is the rate of fuel 
consumption during combustion process. The rate of fuel consumption depends 
on the flame surface and the fresh gases properties as below equation. 

fl
f

fgfgfuel SUYρω =&       (3.2.1.4) 

where, ρfg, Yfg
f , Ul and Sf are the fresh gases density, fuel mass faction in the 

fresh gases, laminar flame speed which is correlated with the experimental 
results and the flame surface, respectively. The laminar flame speed is computed 
based on Metghalchi and Keck`s correlation [53]. The flame surface is 
calculated using a mean surface, Sm and the flame front wrinkling, Ξ. 

mf SS Ξ=        (3.2.1.5) 

Because the target engine has the plane head and piston surface, a mean flame 
surface is calculated assuming a spherical flame propagates and is changed into 
cylinder shape when the flame reaches the piston and the head wall. This 
propagation process is shown in Figure 27. 

This combustion model is expected to be very representative of the real 
processes. Thus, combustion parameters which affect combustion performance 
such as wrinkling constant, flame wrinkling, and flame initial volume are not 
required to be adjusted. Only the turbulence model which is calculated from 
initial tumble number should be adjusted. The initial tumble number at IVC was 
modified to match the experimental results, because simple Damköhler`s 
formulation [54] was used for the flame wrinkling in this study. Parameter set 
which was used in the model is listed in Table 3. 
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Figure 24. 1-D engine model implemented in AMESim 
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Figure 25. A schematic of gas injection system, Mixer 
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Figure 26. A schematic of coherent flame model [52] 
 

 

 

 

 

Figure 27. Ignition and propagation of flame front in the model [52] 
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Table 3. Parameters for the 1-D engine model 

Parameter Value 

Cturb 1 

Cdiss 150 

Flame initial volume (m3) 10-6 

Flame wrinkling 10 

Tumble value ηvol x 0.6 

Cut-off length (cm) 0.5 

 

The results of the 1-D engine model were compared with the experimental 
results as listed in Tables 4 ~ 9. The engine operated on the OOL because the 
best fuel economy can be achieved on OOL. In fact, it is hard to operate the 
engine on the OOL in the conventional vehicle and parallel type HEVs because 
the engine is coupled with the driveshaft. However, in the series type HEVs, the 
engine is decoupled with the driveshaft, which enables the engine to be operated 
regardless to the vehicle speed and load. Thus, in this study, a validation was 
conducted about 6 points on the OOL. In order to determine FEMP according to 
engine operation speed, below equation was adopted [10]. 

2)
1000

(05.0)
1000

(15.097.0 NNFMEP ++=    (3.2.1.6) 

where, N is the engine operation speed in rpm. 
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Table 4. Comparison between experiment and simulation (1200 rpm – 100 % 
load, fuel injection 5.24 g/s) 

  Unit Exp. Sim. Error (abs.) Error (%) 

Int. air flow g/s 120.75 124.30 -3.55 -2.94 

Exh. gas temperature K 820.7 845.9 -25.2 -3.1 

Int. air pressure Bar (abs) 1.68 1.67 0.01 0.73 

Exh. gas pressure Bar (abs) 1.05 1.03 0.01 1.08 

IMEP bar 13.76 12.96 0.80 5.80 

FMEP bar 1.22 1.22 0.00 0.00 

BMEP bar 12.54 11.74 0.80 6.36 

 

 

Table 5. Comparison between experiment and simulation (1400 rpm – 100 % 
load, fuel injection 6.89 g/s) 

Unit Exp. Sim. Error (abs.) Error (%) 

Int. air flow g/s 164.86 170.02 -5.16 -3.13 

Exh. gas temperature K 830.3 809.8 20.4 2.5 

Int. air pressure bar (abs) 2.00 1.99 0.00 0.07 

Exh. gas pressure bar (abs) 1.06 1.05 0.01 1.28 

IMEP bar 14.97 15.13 -0.17 -1.11 

FMEP bar 1.28 1.28 0.00 0.00 

BMEP bar 13.69 13.86 -0.17 -1.22 
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Table 6. Comparison between experiment and simulation (1600 rpm – 100% 
load, fuel injection 7.62 g/s) 

  Unit Exp. Sim. Error (abs.) Error (%) 

Int. air flow g/s 184.17 181.61 2.56  1.39  

Exh. gas temperature K 845.4  842.8  2.5  0.3  

Int. air pressure bar (abs) 1.99  1.94  0.06  2.92  

Exh. gas pressure bar (abs) 1.07  1.06  0.02  1.60  

IMEP bar 14.75  14.41  0.34  2.31  

FMEP bar 1.34  1.34  0.00  0.00  

BMEP bar 13.41  13.07  0.34  2.54  

 

 

Table 7. Comparison between experiment and simulation (1800 rpm – 100% 
load, fuel injection 8.89 g/s) 

  Unit Exp. Sim. Error (abs.) Error (%) 

Int. air flow g/s 211.39 216.85 -5.46  -2.58  

Exh. gas temperature K 855.4  859.8  -4.4  -0.5  

Int. air pressure bar (abs) 2.06  2.14  -0.07  -3.50  

Exh. gas pressure bar (abs) 1.09  1.08  0.01  1.03  

IMEP bar 14.81  15.03  -0.22  -1.50  

FMEP bar 1.40  1.40  0.00  0.00  

BMEP bar 13.41  13.63  -0.22  -1.66  
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Table 8. Comparison between experiment and simulation (2000 rpm – 100% 
load, fuel injection 9.55 g/s) 

  Unit Exp. Sim. Error (abs.) Error (%) 

Int. air flow g/s 227.51 228.18 -0.68  -0.30  

Exh. gas temperature K 868.5  876.3  -7.9  -0.9  

Int. air pressure bar (abs) 2.09  2.11  -0.02  -0.76  

Exh. gas pressure bar (abs) 1.10  1.09  0.01  1.08  

IMEP bar 14.11  14.31  -0.20  -1.38  

FMEP bar 1.47  1.47  0.00  0.00  

BMEP bar 12.64  12.84  -0.20  -1.54  

 

 

Table 9. Comparison between experiment and simulation (2300 rpm – 100% 
load, fuel injection 10.18 g/s) 

  Unit Exp. Sim. Error (abs.) Error (%) 

Int. air flow g/s 240.00 244.38 -4.39  -1.83  

Exh. gas temperature K 882.0  888.9  -6.9  -0.8  

Int. air pressure bar (abs) 2.15  2.12  0.03  1.20  

Exh. gas pressure bar (abs) 1.11  1.10  0.01  0.80  

IMEP bar 13.22  12.98  0.24  1.82  

FMEP bar 1.58  1.58  0.00  0.00  

BMEP bar 11.64  11.40  0.24  2.07  
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3.2.1.2 Thermal management model 
The thermal management model is used to estimate the temperature of 

metal part of the engine, coolant and exhaust gas. In addition, this model was 
used to estimate the temperature of exhaust gas at cold state. In warm up process, 
the heat flow from the combustion chamber to the wall is changed because the 
surface temperature is changed. Thus, the temperature of the exhaust gas during 
warming up process shows different value compared to fully warmed-up state. 
Moreover, a temperature drop in catalyst is greater than fully warmed-up state. 
To estimate these phenomena, the thermal management model was implemented   
in AMESim as shown in Figure 28. 

The thermal management model consists of the thermal mass model, the 
coolant model, the lubricant model and the exhaust model. In thermal 
management model, heat transfer between metal parts, coolant, exhaust gas, and 
lubricant occur through conduction, convection, and radiation. Thus, it is very 
important to set up proper parameters which are related with heat transfer 
phenomena. In conduction, thermal conductivity and distance between each 
metal part are main parameters. In convection, heat transfer coefficient which is 
calculated from non-dimensional values such as Re and Pr and heat transfer area 
are main parameters. These values were determined based on architecture of the 
engine cooling circuit, the coolant flow rate, and the physical properties. In this 
study, the architecture of the cooling circuit and geometry specification were 
calibrated from the smaller engine. To obtain reasonable input data, the shape of 
the combustion chamber, total mass and length of the engine were compared and 
corrected. Coolant flow rate was calculated from coolant pump map, and 
input/output temperatures were validated with the experimental result. The 
overall schematic of the ETM model is described in Figure 29. 
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Figure 28. Thermal management model for 6-cylinder CNG engine 
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Figure 29. A schematic of ETM model 
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Thermal mass model consists of piston, head, liner, inner/outer block, port, 
crank shaft, connecting rod, exhaust manifold, and catalyst. Each part is 
connected with other parts though conduction model. Moreover, to investigate 
more detail temperature distribution, head and piston were separated into two 
parts, respectively. The lower part of the head is exposed to combustion heat 
while the upper part is exposed to the coolant. Thus, the temperature of lower 
part is much higher than that of the upper part. In the same sense, the upper part 
of piston which is exposed to combustion heat shows higher temperature than 
that of the lower part. The liner is surrounded with inner block. Thus liner is 
exposed to combustion heat directly like as the upper part of the piston and the 
lower part of the head. The conduction in the same part and between different 
parts is defined as below equations, each other [55]. 

dist
TTAk

q
)( 12 −=       (3.2.1.7) 
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1
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In the case of the same part, the contact thermal resistance, RC, was not 
considered. 

A heat transfer in coolant was calculated with assumption of pipe flow. The 
convection heat transfer in coolant is defined as follow equations [56]. 

33.08.0 PrReconvecCNu =      (3.2.1.9) 

h
convec D

Nuh λ×
=                (3.2.1.10) 
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where, Nu is the Nusselt number, λ is the thermal conductivity of the fluid and 
Dh is the hydraulic diameter. The heat transfer between the wall and the fluid is 
defined as below equation. 

)( sfconvec TTAhq −=                           (3.2.1.11) 

where, A is the heat exchange area, Tf is the fluid temperature, and Ts is the 
surface temperature. In addition, in this study, because a multi-cylinder engine 
was considered, heat transfer by convection to coolant was not the same at each 
cylinder. As shown in Figure 30, coolant enters at 6th cylinder block from coolant 
tank, and it is distributed to each cylinder based on calculation from the friction 
factor. Thus, the flow rate in the block of the 1st cylinder is smaller than other 
cylinder blocks because the length of that path is the longest. Because as the 
length of the coolant path increases, friction value becomes large, it is certain 
that the result is reasonable. 

 

 

Figure 30. A schematic of the cooling circuit 
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The piston jet was implemented in the lubricant model. The heat transfer 
was calculated based on the same process of the coolant. The simulation was 
conducted at 2300 rpm – 100 % load point where is the maximum power. 
Because the heat transfer from the combustion chamber is affected by the 
surface temperature of the piston, the head, and the liner, iterative calculation 
between 1-D engine model and ETM model is needed to obtain accurate heat 
transfer value. Iteration process was conducted and it was confirmed that the 
temperature values were converged after iterations. The ETM model results at 
maximum power point are shown in Figure 31. 

 

 
Figure 31. The distribution of temperature of each part at 2300 rpm – 100 % 

 

As shown in Figure 31, the head shows the highest temperature difference. 
It is reasonable results because other similar engine has about 25 K difference 
temperature value of the head [57] . In this study, it showed about maximum 32 
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K difference. The input coolant temperature was 360.7 K and the output coolant 
temperature was 365.8 K. The experimental result of the output coolant 
temperature was 366.5 K.  

 

3.2.1.3 0-D engine model 
0-D engine model was used with the vehicle model. Because the 

computation load of the 1-D model and the ETM model is too large to be used 
with the vehicle model, simple 0-D model which is based on the map data was 
adopted. The difference compared to the conventional 0-D engine model is that 
the model can calculate the flow rate and the temperature of the exhaust gas for 
the WHRS. To simulate a delay response of the engine, first order delay model 
was applied. 0-D model implemented in Matlab/Simulink is shown in Figure 32. 

 

 

Figure 32. Implemented 0-D engine model in Matlab/Simulink 
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3.2.2 Motor and generator (M/G) models 

In order to reduce computational effort, a simple map-based model was 
implemented for the motor and the generator. The efficiency map which is 
function of speed and torque of M/G includes inverter efficiency. Thus, the 
efficiency of overall energy conversion process from the electrical energy to the 
mechanical energy and opposite process can be taken into account. In addition, 
first order delay was applied to simulate the transient behavior. The inputs of 
M/G model are a required torque from traction motor control unit model and 
hybrid control unit model, a rotational speed and an operating voltage. The 
outputs of the M/G model are a torque and a current. 

Maximum and minimum torque at a present speed is calculated to prevent 
over operation. In series HEV, the traction motor and the generator are used as 
both the motor and the generator. When the regenerative braking is activated, 
traction motor is used as generator. In contrast, the generator is used as motor at 
engine starting state. Thus, M/G model should calculate the motor operation and 
the generator operation. When the required input torque is positive, M/G model 
is operated as a motor. Because the first order delay is applied, a required torque 
is not the same compared to the output torque, instantaneously. The electric 
energy which is needed in M/G model was calculated as below in the motor case. 

motelectric TP ηω /=       (3.2.2.1) 

where, T, ω and ηmot are the real motor torque, rotational speed and efficiency, 
respectively. The current was calculated with above power and input voltage. 
When the required input torque is negative, M/G model is operated as a 
generator. First order delay was considered to calculate a real torque like as 



 51

motor operation. The electric energy generated from M/G model was calculated 
as below in the generator case. 

ωη TP genelectric =        (3.2.2.2) 

Where, ηgen is the efficiency of the generator. It is noted that the efficiency 
of each case is lower than 1. Thus, the electric energy is smaller than the 
mechanical energy in the generator case whereas the electric energy is larger 
than the mechanical energy in the motor case. The efficiency maps of the 
generator and the traction motor are shown in Figures 33 and 34. To achieve 
high efficient generator operation, reduction gear was applied between the 
generator and the engine. The generator shows higher efficiency than the traction 
motor, because the generator is PM type whereas the traction motor is ID type.  

 
Figure 33. PM type generator efficiency 
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Figure 34. ID type traction motor efficiency 

 

3.2.3 Battery model 

The electrochemical Li-ion battery model which can estimate the internal 
behavior of the battery was used in this paper. Recently, to protect battery from 
damage, there has been effort to analyze internal behavior of Li-ion battery. 
Because it is difficult to estimate the internal behavior of the battery through the 
experiment, simulation was used to estimate that [58-60]. Especially, in the 
HEVs, it is important to control the battery with consideration of internal 
behavior, because over charge and discharge can damage the battery. The 
internal behavior of the battery affects the cell voltage. It means that the cell 
voltage is determined by the lithium ion concentration on the surface of the 
active material in the battery. The lithium ion moves in the battery by diffusion 
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process according to the input current. Therefore, sudden and large change of 
current causes great non-uniform distribution of the concentration in active 
material, which damages the battery. By adopting the electrochemical Li-ion 
battery model, it is possible to estimate internal behavior of battery and to 
protect battery from damage with the control logic [58]. The electrochemical 
battery model [58-60] consists of diffusion and conduction mechanisms in the 
active material and the electrolyte. The basic operation concept is described in 
Figure 35. The potential of the electrolyte and the active material are determined 
by Eqs. (3.2.3.1) and (3.2.3.2), respectively. The transfer of lithium ion in the 
battery is a diffusion process which takes much longer time than conduction of 
charge. Thus, the concentrations of lithium ion in the electrolyte and active 
material are expressed as partial differential equations as Eqs. (3.2.3.3) and 
(3.2.3.4) while the potential is expressed as ordinary difference equations. 
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In Eqs. (3.2.3.1) – (3.2.3.4), ce is the concentration of electrolyte, cs is the 
concentration of an active material, ϕe is the voltage of an electrolyte and ϕs is 
the voltage of an active material. Boundary condition is described in Figure 36 
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and battery parameters are described in Table 10. The Butler-Volmer current 
density, jLi, is defined as Eq. (3.2.3.5). 
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where, η is the over potential of each electrode. It is defined as Eq. (3.2.3.6) 

)( sees cU−−= φφη       (3.2.3.6) 

where, U(cse) is the open circuit voltage which is expressed as empirical 
correlation function of active material surface concentration, cse. The terminal 
voltage is calculated as Eq. (3.2.3.7).  

I
A

R
xLxV f

ss −=−== )0()( φφ      (3.2.3.7) 

where, Rf is the film resistance on an electrode surface of which value is 20 (Ω 

cm2) and I is the input current. 

In this study, the reduced model which is solved with some assumptions 
was adopted. Simple information of concentration on the active material surface 
is sufficient to control the battery safely because it mainly has influences on 
open circuit voltage. Thus, the calculation load to solve all differential equations 
is so excessive. Further, because the battery model should be combined with the 
vehicle model, calculation load of that should be minimized. In the reduced 
model, it is assumed that there is one representative spherical active material in 
each electrode. Moreover, the Butler-Volmer current density is assumed as 
constant regardless of spatial locations. Using these assumptions, constant 
current density can be determined as Eq. (3.2.3.8) 
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From these assumptions, the battery voltage, Eq. (3.2.3.7) can be written 
with averaged values as Eq. (3.2.3.9). 
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)(
2

)0()()( ,, psepneffeepnpe Ak
IL δδδφφφφ ++−=−=−         (3.2.3.10) 

Further, the difference of over potential is determined as Eqs. (3.2.3.11) – 
(3.2.3.14). 
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 where, R is the universal gas constant, F is the faraday`s constant and T is the 
battery temperature. Consequently, the battery voltage can be written as below 
equation. 
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This battery model was validated with the experiment results and the results 
are shown in Figure 37.  
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Figure 35. A schematic of the Li-Ion electrochemical model 
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Figure 36. A boundary condition of electrochemical battery model 
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Table 10. Battery parameters  

Parameter 
Negative 
electrode 

Separator 
Positive 
electrode 

Thickness (cm) δn=50ⅹ10-4 δsep=25.4ⅹ10-4 δp=36.4ⅹ10-4

Particle radius Rs (cm) 1ⅹ10-4 - 1ⅹ10-4 

Active material volume fraction εs 0.580 - 0.500 

Electrolyte phase volume fraction (porosity) εe 0.332 0.5 0.330 

Conductivity of solid active material σ (Ω-1cm-1) 1 - 0.1 

Effective conductivity of solid active material σeff= εsσ - σeff= εsσ 

Transference number 0
+t  0.363 

Electrolyte phase ionic conductivity κ (Ω-1cm-1) )85.0exp(0158.0 4.1
ee cc=κ  
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Effective electrolyte phase ionic conductivity κεκ 5.1)( e
eff =  

Effective electrolyte phase diffusion conductivity FteffRTeff
D /)10(2 −+= κκ  

Electrolyte phase diffusion coefficient De (cm2s-1) 2.6ⅹ10-6 2.6ⅹ10-6 2.6ⅹ10-6 

Effective electrolyte phase diffusion coefficient ee
eff
e DD 5.1)(ε=  

Solid phase diffusion coefficient Ds (cm2s-1) 2.0ⅹ10-12 - 3.7ⅹ10-12 

Maximum solid-phase concentration cs,max (mol cm−3) 16.1ⅹ10-3 - 23.9ⅹ10-3 

Stoichiometry at 0% θ0% 0.26 - 0.903 

Stoichiometry at 100% θ100% 0.676 - 0.442 

Average electrolyte concentration ec (mol cm−3) 1.2ⅹ10-3 



 61

Change transfers coefficients αa, αc 0.5, 0.5 - 0.5, 0.5 

Active surface area per electrode unit volume as (cm−1) ses Ra
n

/3ε=  - ses Ra
p

/3ε=

Electrode plate area A (cm2) 10,452 - 10,452 
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Figure 37. Validation of the averaged electrochemical Li ion battery model 
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3.2.4 Model of waste heat recovery  

3.2.4.1 Heat exchanger model 
In order to simulate phase change of working fluids in heat exchanger 

according to longitudinal direction, a quasi-1D heat exchanger model has been 
developed. This model consists of 0-D nodes which simulate the heat transfer 
process with single and two phase working fluid. As described in Figure 38, the 
0-D nodes were arranged along the length direction. Thus, distributions of 
temperature, gas fraction of working fluid along length direction can be 
estimated. Each 0-D model consists of an exhaust gas side and a working fluid 
side.  

 

 

Figure 38. Schematic of quasi-1D heat exchanger model 
 

The heat transfer coefficient of heat exchanger which has fins on heat 
transfer surface can be calculated as below equation [61]. 

pcGSth ××=       (3.2.4.1) 

where, St is the Stanton number, G is the exchanger flow-stream mass velocity, 
and cp is the specific heat at constant pressure. St was obtained from tables 
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corresponding to the basic geometry of the surface and was supplied in the form 

of St∙Pr 2/3 as a function of Re [61]. Moreover, the values of St∙Pr 2/3 in reference 
were validated with the experimental data. Thus, the heat transfer coefficient 
calculated in this study has reliability. Re and G are determined in the model as 
below equations. 

μ
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       (3.2.4.2) 
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=       (3.2.4.3) 

where rh, Afreeflow and μ are the hydraulic radius, the free flow area and the 
viscosity of fluid, respectively. When the working fluid is in a single phase, the 
heat transfer coefficient is calculated based on above equations. However, the 
boiling state that the working fluid is two-phase state should be calculated 
because calculation method to determine heat transfer coefficient is not the same 
to single phase case. Thus, when the working fluid is two-phase state, a boiling 
correlation is applied. For simplicity, Chen`s correlation [62], which shows a 

difference of ±11.6 % in the two-phase heat transfer coefficient of the circular 
tube compared with the experimental results, was adopted to estimate the two-
phase heat transfer coefficient. The convective and nucleate boiling 
contributions are calculated and combined as below. 

nucleateconvTP hShFh ⋅+⋅=      (3.2.4.4) 

Each term in above equation is determined as below equations. 
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According to an average state of each node, the proper heat transfer coefficient is 
selected and is used to calculate the heat flow. The heat transfer between the 
exhaust gas, the working fluid, and the heat exchanger wall is calculated based 
on below equation. 

)( wallflow TThAq −=              (3.2.4.10) 

The output temperature of each flow in each node is determined as below 
equation. 
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To estimate the surface temperature of the metal, a lumped method is applied, 
and the conduction between each node is considered. The surface temperature is 
defined as below. 

Cm

dtq
T

t

i

wall ⋅

∫
= 0

)(
                                   (3.2.4.12) 

The quasi-1D simulation model was implemented in Matlab/Simulink® and 
is shown in Figure 39. The implemented model consists of exhaust gas side, 
working fluid side and thermal mass. 

 

Figure 39. Heat exchanger model implemented in Matlab/Simulink 
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3.2.4.2 Turbine model 
The turbine model is based on the velocity diagram and the Euler turbine 

equation [63]. In the turbine, only tangential component of the working fluid 
flow is used to produce a work. It means that the change of momentum of the 
tangential component work fluid between the flow inlet and outlet can be 
applied to calculate the force on the turbine rotor. Then, the work of the turbine 
can be calculated from the forces and the torques. The net tangential force and 
torque of the turbine with an input/output radius r1, r2 and a tangential 

component of the absolute velocity Cθ1 and Cθ2 are determined as follow 
equations. 

)( 21 θθ CCmF −= &                (3.2.4.13) 

)( 2211 θθ CrCrmT −= &           (3.2.4.14) 

From above equations, the energy transferred from working fluid to the 
turbine blade can be determined as follow equation. 

)()( 22112211 θθθθω CuCumCrCrmWturbine −=−= &&        (3.2.4.15) 

where, ui is the tangential speed. Then, Euler`s equation can be defined from Eq. 
(3.2.4.16). 

2211 θθ CuCu
m

Wturbine −=
&

          (3.2.4.16) 

In the turbine model, the torque of the turbine is calculated based on Euler`s 
equation. 

In this study, the radial type turbine was adapted because that type is used 
generally rather than the axial type turbine in the mid-size generation system. In 
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addition, multi-stage was considered to enable to achieve the high pressure ratio. 
To implement the turbine model, the velocity diagram of the radial type turbine 
should be taken into account. The velocity diagram shown in Figure 40 is the 
basic concept to describe the turbo-machines. The inlet tangential component 
speed of the working fluid is determined from the absolute inlet speed and inlet 
angle. Euler`s equation can be simplified by assuming that the swirl of the outlet 
fluid is zero and the inlet blade angle is zero. Thus, Euler`s equation of the radial 
type turbine can be defined as Eq. (3.2.4.17). 

2
111 θθ CCuh

m
W

turbine
turbine ==Δ=
&          (3.2.4.17) 

From above equation, the inlet tangential component speed was determined, then, 
turbine torque was calculated. Consequently, the speed of working fluid flow 
was calculated based on difference between inlet and outlet enthalpy of the 
working fluid. However, in expansion process, which the thermal energy is 
converted into the mechanical energy, losses are occurred. Thus, the enthalpy 
drop level of real turbine is smaller than that of ideal turbine. Thus, the 
experimental efficiency which is suggested by Rohlick was applied to calculate 
enthalpy drop. Thus, torque of the turbine is determined as Eq. (3.2.4.18). 

turbineturbine hmrCmrT Δ== ηθ && 111                 (3.2.4.18) 

where, ηturbine is the efficiency of the turbine. Torque is summed up with 
generator torque. Then, the rotational acceleration is calculated with inertia of 
the turbine and the generator. Finally, a rotational speed of the turbine is 
calculated. 
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∫
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= dt
I
TT generatorturbineω

          (3.2.4.19) 

Based on above equations, the turbine model was implemented. In addition, 
to improve efficiency of overall cycle by increasing pressure ratio, multi-stage 
turbine was implemented. The difference between final stage turbine and the 
other stage turbine is that the final stage turbine model uses total-to-static 
efficiency whereas other stage turbine model uses total-to-total efficiency. It is 
because the outlet working fluid of final stage turbine has kinetic energy which 
can be used to generate work while that of other stage is used in next stage 
turbine. The overall turbine model is shown in Figure 41. 

 
Figure 40. Velocity diagram of the radial type turbine 
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Figure 41. The turbine model implemented in Matlab/Simulink 

 

3.2.4.3 Condenser and pump models 
The condenser and the pump were implemented as 0-D simple model. The 

pump model calculated pump work from constant efficiency and enthalpy 
increase. The pump converts saturated liquid into compressed liquid. The pump 
work is calculated as Eq. (3.2.4.20). Each enthalpy is calculated based on the 
pressure, temperature and entropy. 

pump

inpumpoutpump
pump

hhm
W

η
)( ,, −

=
&

         (3.2.4.20) 
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The condenser model calculated cooling heat after turbine process. In 
condenser, superheated or saturated vapor should be converted into saturated 
liquid. Thus, the heat should be removed from the working fluid. It is calculated 
based on the difference of inlet and outlet enthalpy as Eq. (3.2.4.21). 

)( ,, inconoutconcondenser hhmQ −= &          (3.2.4.21) 

 

3.3 Vehicle model 

3.3.1 Vehicle longitudinal dynamic model 

In this study, the target vehicle is operated in a specific test cycle such as 
Heavy-Duty UDDS, Braunschweig and JE05 and only fuel economy was 
estimated. Thus, only longitudinal motion was taken into account to simulate the 
vehicle dynamics. The vehicle model consists of drag force model and brake 
model. When the vehicle is driving, air drag force, rolling resistance force and 
hill climbing force are activated on the vehicle. Each drag force is defined as 
below equations. 

2

2
1 VCAF Dairfair ρ=      (3.3.1) 

θμ cosmgFrolling =       (3.3.2) 

θsinmgFHill =       (3.3.3) 
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Based on Newton`s law, the vehicle dynamics can be defined as Eq. (3.3.4). 

)( Hillrollingairtractionveh FFFFmaF ++−==    (3.3.4) 

From above equation, acceleration of the vehicle is determined, then, the 
vehicle speed can be calculated by integrating the acceleration. 

m
FFFF

a Hillrollingairtraction )( ++−
=     (3.3.5) 

∫= adtV        (3.3.6) 

In accelerating state or constant speed condition, a value of acceleration is 
positive or zero. In decelerating condition, a value of acceleration is negative 
until vehicle speed becomes zero. To simulate deceleration and stopping process 
in the vehicle model, simulating a braking process is necessary. Thus, braking 
model was implemented using hyperbolic tangent function which reduces 
braking force as vehicle speed becomes zero. If it is not considered, vehicle 
speed becomes negative because the barking force is activated as negative force 
when the vehicle speed is almost zero. Thus, the actual braking force is function 
of the vehicle speed as below equation. 

)tanh(, gain
VFF bactualb =      (3.3.7) 

In above equation, a gain was adopted to implement smooth deceleration. A 
hyperbolic tangent function according to the vehicle speed is shown in Figure 42. 
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Figure 42. Hyperbolic tangent function for braking force gain 

 

3.3.2 Regenerative braking algorithm 

In the HEV, a regenerative braking is important to improve the fuel 
economy by recovering the kinetic energy of the vehicle. Thus, by recovering 
kinetic energy through regenerative braking, high fuel economy can be achieved. 
However, to ensure the vehicle stability during the braking process, the 
regenerative braking algorithm should be calculated with consideration of 
vehicle dynamics. In order to keep vehicle stability, the braking force is 
distributed into front and rear side axles. The force acting on a vehicle during 
braking process is shown in Figure 43. 
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Figure 43. Forces acting on a vehicle during braking process [64] 
 

The normal forces activated on front and rear wheels are defined as below 
equation based on the equilibrium of moments [64]. 
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where, j is the deceleration, fr is the tire rolling resistance coefficient, r is tire 
radius, and FW is the aerodynamic resistance, respectively. However, tire rolling 
resistance and aerodynamic resistance are much smaller than inertial force. Thus, 
Eqs. (3.3.8) and (3.3.9) can be reduced as below equations. 

)(
g
jhb

L
mgF gf +=      (3.3.10) 
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g
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mgF gr −=      (3.3.11) 

Because the braking forces are proportional to the normal force, the ratio 
between front and rear braking forces can be determined as Eq. (3.3.12) and the 
relationship between total braking force and the vehicle force can be defined as 
Eq. (3.3.13) 
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mgjFF brbf =+       (3.3.13) 

By using Eq. (3.3.13) to remove j in Eq. (3.3.12), the relationship between 
Fbr and Fbf can be defined as Eq. (3.3.14) 
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Using Eq. (3.3.14), optimal braking line of the target system can be 
obtained as shown in Figure 44. The diagonal lines in the figure mean 
deceleration level. However, the optimal braking line can be implemented when 
the rolling resistance coefficient is constant. In other words, it is impossible to 
achieve optimal braking in the real world as calculation results. Thus, dot line 
which will be applied in the real world was determined. In this study, the 
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distribution of front and rear braking according to the deceleration was 
determined as dot line. 

 

Figure 44. Braking force distribution strategy for the target vehicle 
 

The braking line means summation of regenerative braking and friction 
braking forces. To recover more kinetic energy from the vehicle, the regenerative 
braking is maximized with minimization of the friction braking. However, the 
regenerative braking is limited because of vehicle stability and safety. 

To ensure the vehicle stability, the front braking is activated earlier than 
rear braking when the driver pushes the braking pedal. Thus, only front braking 
was activated when the braking process was started. Moreover, in low speed 
range, it is very hard to control the motor, safely. Therefore, only friction braking 
was activated at low speed. 
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3.4 Validation of vehicle model 

The developed models were validated with the experimental data. In order 
to confirm physical validity of model, energy values which were used in each 
component were calculated and compared. The experiment has been conducted 
in heavy-duty chassis dynamometer and battery energy was measured by 
external device. The torques and speeds of the engine, the traction motor, and the 
generator were measured from ECU (Electric Control Unit). Fuel consumption 
was measured and calculated based on CVS-method (Constant Volume 
Sampling). A test mode which was applied to the experiment was KATECH G 
mode that represents driving features of intra-city bus in Seoul, Korea. 

As shown in Figure 45, the vehicle speed of model traced out the 
experimental result with good agreement. Moreover, the main purpose of this 
validation is to confirm the reliability of physical behavior of mathematical 
model. Thus, a control strategy which determines the operation of the generation 
system and magnitude of regenerative brake reflected that of target vehicle. 
Especially, because the target vehicle adopted simple on/off control strategy that 
determines operation of generation system only according to battery SOC, it is 
possible to reproduced control strategy of target vehicle in the vehicle simulation. 
Thus, an engine on/off time, engine operating duration, and operation region of 
engine, traction motor and generator shows good agreement with the 
experimental result. They are shown in Figures 46 ~ 48. In addition, because 
SOC trajectory of the experiment and simulation shows similar trends as shown 
in Figure 49, it is certain that the control strategy of the target vehicle was 
reproduced in simulation perfectly. 
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Figure 45. Validation result of vehicle speed in KATECH G mode 

 

 

 
Figure 46. Validation results of the engine speed and torque in KATECH G 

mode 
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Figure 47. Validation results of the generator electric power and speed in 
KATECH G mode 

 

 

Figure 48. Validation results of the motor speed and electric power in KATECH 
G mode 
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Figure 49. Validation result of SOC trajectory in KATECH G mode 
 

Energy quantities are calculated and compared. The results of calculation 
are listed in Table 11.  

 
Table 11. Validation results of energy balance of each component 

Experiment Simulation Error (%) 

Distance 
(km) 

7.01 7.02 0.02 

Fuel consumption
(kg) 

2.00 2.20 9.86 

Traction motor 
(kWh) 

13.73 13.76 0.2 

Regeneration 
(kWh) 

2.77 2.47 -10.71 

Battery 
(kWh) 

3.56 3.75 5.41 

Generator 
(kWh) 

10.60 9.21 -13.13 
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 The traction energy consumed by motor shows 0.2 % difference compared to 
the experimental data. It means that the drivetrain model which consists of motor, 
motor reduction gear, and final reduction gear can simulate real vehicle very 
precisely. Although the energy recovered by regenerative braking shows 10.71 % 
difference, the absolute value is negligibly small. Moreover, discharged battery 
energy shows good agreement with the experiment data. The predicted generated 
energy from generation system is almost the same as the experimental data. 
However, fuel consumption calculated from simulation shows difference 
compared with the experimental result even though engine operating time and 
conditions are the same. The reason is that the map data which was applied to 
simulation was measured from dynamometer test while the fuel consumption 
measured during the experiment was predicted from ECU. Since the two maps 
were measured in different environment and equipment, fuel consumption rates 
show errors as shown in Figure 50.  
 

 

Figure 50. Validation results of fuel consumption in KATECH G mode 
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Chapter 4. Optimization 

4.1 Optimization of system design 

4.1.1 Optimization of the working fluid type 

There are various organic fluids which are used as working fluid in Rankine 
cycle. Because each organic fluid has specific physical properties, the cycle 
efficiency is different according to the working fluids. To calculate the cycle 
efficiency, representative working fluids such as R245fa, R1234yf, water, 
toluene and ethanol were adopted. The properties of working fluids at 1 atm and 
393.15 K are listed in Table 12. As shown in Table 12, organic fluids show lower 
sound speed and constant pressure heat capacity than water. In contrast, a 
density of organic fluid is higher than that of water. These different 
characteristics of properties are very important to design a turbine, because those 
properties affect the diameter, the operation speed, and the efficiency of the 
turbine. 

The T-S diagrams of working fluids are shown in Figures 51 ~ 55. R245fa, 
R1234fa, and toluene show the characteristic of the dry fluid. The dry fluid has 
positive gradient on the saturated vapor line, while the wet fluid such as water 
and ethanol has the negative gradient of saturated vapor line in T-S diagram. It 
means that after pressure drop in the turbine, the working fluids stay still 
superheated vapor state in the case of dry fluid. Thus, the blade erosion can be 
avoided. In contrast, because the wet working fluid state is saturated vapor after 
the pressure drop in the turbine, the dryness of working fluid should be taken 
into account to avoid the turbine blade erosion. 
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To calculate Rankine cycle efficiency, the state at condenser was 
determined with consideration of the pressure because the size of condenser 
should be limited. To achieve low pressure in the condenser, the size of the 
condenser should be increased. However, because the system is installed in the 
engine room of the target vehicle, it is assumed that the condenser pressure is 
greater than 0.1 MPa to ensure installation of that in the vehicles. The process of 
Rankine cycle was assumed as an isentropic, and the efficiencies of the pump 
and the turbine were assumed as constant value (0.8). 

The process of Rankine cycle is drawn on T-S diagram in Figure 56. From 
state 1 to state 2, the pump compresses the working fluid up to the target 

pressure. In the heat exchanger (state 2 → state 3), the exhaust gas supplies 
heat to compressed working fluid, then the working fluid is converted from 
compressed liquid into superheated vapor. The superheated working fluid is 

expanded in the turbine (state 3 → state 4) with generation of the useful work. 
Finally, the working fluid is converted into saturated liquid in the condenser 

(state 4 → state 1). Energy flow in each process is defined as below equations. 

Process 1→2 : 12 hhw pump −=     (4.1.1.1) 

Process 2→3 : 23 hhq gerheatexchan −=     (4.1.1.2) 

Process 3→4 : 43 hhwturbine −=     (4.1.1.3) 

Process 4→1 : 43 hhqcondenser −=     (4.1.1.4) 
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Because the isentropic process was assumed, the entropy values of state 1 and 
state 2 are the same. In the same sense, the entropy values of state 3 and state 4 
are the same, too. From this assumption, the dryness of the working fluid is 
determined as Eq. (4.1.1.5). 
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where, s means the entropy and subscript L and G are the liquid state and the gas 
state, respectively. From above equations, Rankine cycle efficiency is 
determined as Eq. (4.1.1.6). 
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where, exhq& and workm& are the inlet exhaust gas energy after the catalyst and the 

mass flow rate of the working fluid.  

A point of 1200 rpm – 100 % load where the bsfc has minimum value is 
selected as the reference engine operation point because the engine is operated at 
the best bsfc point to achieve high level fuel economy. In the case of the 
conventional SHEV, the engine is operated at the best bsfc point mainly when 
the optimal control strategy is applied. Thus, because the WHRS uses surplus 
energy from the engine, this control rule would be applied to the target system.  
The temperature of the exhaust gas at that operation point is 750 K. It is enough 
to superheat the working fluid up to target temperature by controlling mass flow 
rate of the working fluid. Only the exhaust gas was selected as heat source 
because the exergy and the available energy are much greater than that of the 
charged air and the coolant. 
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To investigate Rankine cycle efficiency according to the working fluids, the 
working conditions at inlet and outlet of turbine were varied. In this chapter it is 
assumed that various pressure ratio can be implemented. The optimization of 
working condition was described in the next chapter. The conditions of the 
condensers are listed in Table 13. The inlet temperature of the condenser is the 
same to the temperature of the turbine outlet. The temperature at the turbine 
outlet was determined with consideration of the superheated vapor temperature 
and the condenser pressure.  

It is assumed that the superheat temperature of the working fluid is 20 K 
higher than the boiling temperature. The temperature at the turbine outlet was 
determined based on the temperature of the superheated vapor and the pressure 
in the condenser. The pressure ratios of the working fluids were varied as 1.5, 2, 
3, 4, 5, 10, 15 and 20. However, because the pressure ratio cannot be greater 
than the value at the critical point, maximum pressure ratio is limited. Rankine 
cycle efficiency of the each working fluid according to the pressure ratio is 
described in Figure 57. As the pressure ratio increased, Rankine cycle efficiency 
is increased. However, the increase rate is reduced as the pressure ratio increased. 
The higher pressure ratio requires more complex system such as a high number 
multi-stage turbine. In addition, to endure high pressure, overall parts are 
strengthened. Thus, it will cause the cost increase. Therefore, it is needed to 
select reasonable pressure ratio with consideration of relationship between the 
efficiency and the cost. 

As described in Figure 57, R1234yf shows the best efficiency whereas 
toluene shows the worst efficiency. The refrigerants show higher efficiencies 
than that of other working fluids. It is because that the inlet temperature of the 
heat exchanger is different. The heat exchanger inlet temperature of R245fa and 
R1234yf were 304 K whereas those of toluene, water and ethanol were 383 K, 



 86

372 K, and 351 K, respectively. Because the effectiveness of the heat exchanger 
was fixed as 0.8, the outlet temperature of the exhaust gas at the heat exchanger 
was decreased as the temperature of the compressed working fluid was 
decreased. It means that the energy recovered from the exhaust gas is increased 
as the temperature of the compressed working fluid is decreased. Thus, toluene 
shows the worst efficiency because the inlet temperature at the heat exchanger 
has the highest value. 

Although R1234yf showed the highest efficiency in low pressure ratio 
range, it is not proper working fluid because it is impossible to implement high 
pressure ratio with R1234yf to achieve high efficiency. It means that the output 
power of the turbine with R1234yf is smaller than that of other working fluid. 
Thus, R245fa was selected as working fluid among the dry fluids. Ethanol and 
water showed similar efficiency value at the same pressure ratio. However, 
ethanol is toxic and can cause lubrication problem. Thus, water was selected as 
the working fluid among the wet fluids.
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Table 12. Properties of various working fluids at 1 atm, 393.15 K 

Type State 
Density 
(kg/m3) 

Cp 

(kJ/kg-K) 
Sound speed 

(m/s) 
Therm. Cond.

(mW/m-K) 
Viscosity 
(g/cm-s) 

R245fa Superheated 4.15 1.04 159.41 21.28 137.42 x 10-6

R1234yf Superheated 3.52 1.06 174.24 22.80 163.19 x 10-6

Toluene Superheated 2.93 1.53 188.17 19.75  90.65 x 10-6

Water Superheated 0.56 2.02 485.87 26.49 130.09 x 10-6

Ethanol Superheated 1.43 1.94 276.57 25.71 116.48 x 10-6
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Figure 51. T-S diagram of R245fa 
 

 
Figure 52 . T-S diagram of R1234yf 
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Figure 53. T-S diagram of toluene 

 

 
Figure 54. T-S diagram of water 
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Figure 55. T-S diagram of ethanol 
 

 

Figure 56. A T-S diagram of superheated Rankine cycle 
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Table 13. The assumed working condition at the condenser 

Working fluid type 
Temperature (K)  

at condenser 
Pressure (MPa) 

at condenser 

R245fa 303.2 0.18 

R1234yf 303.2 0.78 

Toluene 383.3 0.10 

Water 373.0 0.10 

Ethanol 351.1 0.10 

 

 

Figure 57. Rankine cycle efficiency according to the working fluids and the 
pressure ratio 
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4.1.2 Suggestion of optimizing the working condition  

There are 3 main factors which have effects on efficiency of Rankine cycle. 
They are the pressure ratio, superheating temperature, and state in the condenser. 
These factors are varied by type of working fluid because of their physical 
properties. Thus, in order to achieve high efficiency, it is required to optimize 
working condition according to working fluids type. 

Among above factors, the pressure ratio has great effect on the efficiency of 
Rankine cycle. As shown in Figure 57, high efficiency can be achieved by 
increasing the pressure ratio. However, high pressure ratio can cause problem 
such as chocking phenomena in the turbine. Thus, it should be limited to avoid 
chocking. In the turbine design process, pressure ratio is determined as possible 
as high to improve the efficiency within the limit. Moreover, multi-stage turbine 
can be designed and implemented to increase pressure ratio without chocking 
phenomena. 

The state in the condenser is important because it affects the size of that and 
recoverable energy level in the heat exchanger. The size of the condenser is 
limited because it is installed to the vehicle. Thus, in this study, minimum 
pressured in the condenser was determined as 0.1 MPa. In the case of organic 
fluid, saturated pressure is higher than 0.1 MPa when saturated temperature is 
303.2 K. Because atmosphere temperature is assumed as 303.2 K, minimum 
fluid temperature in the condenser has the same value compared to atmospheric 
condition. In contrast, conventional working fluid has lower saturated pressure 
than 0.1 MPa when the saturated temperature is 303.2 K. Therefore, the 
saturated pressure was fixed as 0.1 MPa with higher saturated temperature than 
303.2 K. As a result, condenser state should be determined with consideration of 
minimum fluid temperature and saturated pressure because of above reasons. 
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Superheating temperature has different effect on Rankine cycle efficiency 
according to working fluid. Thus, it should be taken into account to achieve high 
efficiency. The efficiencies according to superheating temperature are shown in 
Figures 58 and 59. In the case of water, the efficiency is slightly improved as 
superheating temperature increased at both low and high pressure ratios. 
However, in the case of R245fa, the efficiency is decreased as the superheating 
temperature increases at low pressure ratio whereas the efficiency is increased at 
high pressure ratio with the same condition. Thus, when wet fluid is used as 
working fluid, the temperature should be set as high as possible regardless of the 
pressure ratio. The target superheating temperature of dry fluid should be 
determined based on the pressure ratio because improvement in efficiency by 
superheating temperature shows opposite trends according to pressure ratio. 

 Consequently, the working condition of water and R245fa to maximize the 
efficiency of the system can be summarized as bellows. 

 The pressure ratio has to be maximized for achieving high efficiency. 
However, the maximum pressure ratio should be limited to avoid 
chocking phenomena. Thus, in turbine design process, the pressure 
ratio should consider above guide line.  

 The state of condenser is determined with consideration of saturated 
pressure and temperature. Saturated pressure is limited by size of the 
condenser and saturated temperature is limited by atmospheric 
condition. Especially, temperature affects recoverable energy level in 
the heat exchanger. 

 To maximize the system efficiency, the superheating temperature 
should be determined based on the working fluid properties. In the case 
of wet fluid such as water, superheating temperature should be high to 
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enhance efficiency. In contrast, in the case of dry fluid, superheating 
temperature is determined considering pressure ratio because efficiency 
show different improvement trend according to the pressure ratio. 

 
Figure 58. Rankine efficiency of water according to the temperature at the 

turbine inlet  
 

 
Figure 59. Rankine efficiency of R245fa according to the temperature at the 

turbine inlet 
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4.1.3 Optimization of the geometric specification 

4.1.3.1 Turbine 
The turbine operation is limited when the chocking phenomena occurs. 

Thus, it is important to design the turbine to avoid chocking phenomena. In this 
sturdy, the radial type was adopted and designed to avoid chocking and to 
achieve high efficiency. As described in previous chapter, high pressure ratio 
causes chocking phenomena. Moreover, it is affected by properties of working 
fluids. Therefore, the pressure ratio which is determined to avoid chocking in 
design process is maximum limit in real operation.  

To optimize design of the turbine, a concept of specific speed should be 
taken into account [63, 65]. Specific speed is a non-dimensional number which 
is used to describe the geometry of turbo machine. Although two turbines have 
different size, the geometries show similar shapes with the same specific speed. 
The change of geometry according to specific speed is shown in Figure 60. 

Specific speed is defined as below equation. 
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      (4.1.3.1) 

where, Ns, ω, Qout, and Δh0 are the specific speed, the turbine rotational speed 
(rad/s), the volumetric flow rate, and the enthalpy difference between upstream 
and downstream, respectively. Rohlick [63] had suggested relationship between 
the efficiency of turbine, inlet angle, and specific speed as shown in Figure 60. 
Total-to-total efficiency is used when the output kinetic energy of the working 
fluid is used in next stage turbine. Thus, in the multi-stages turbine, the 
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efficiencies of turbines excepting final stage turbine have value of total-to-total 
efficiency. In contrast, total-to-static efficiency is used when the output kinetic 
energy of the working fluid cannot be used, but wasted to the circumstance. 
Thus, the final stage turbine uses total-to-static efficiency because the output 
working fluid does not work, but goes into condenser. Conventional optimum 
value of specific speed for open loop system such as air turbine is 0.6, whereas 
0.8 is optimum value for close loop system. However, high specific speed means 
high rotational speed of the system. Thus, high speed turbine including high 
speed generator can cause increase of cost. Thus, the relationship between the 
increase of cost and efficiency should be considered, carefully. 

 

 

 
Figure 60. Specific speed vs. Efficiency (Rohlick, 1975) 



 97

From specific speed, the diameter of turbine can be determined. Specific 
speed, inlet angle, mass flow rate are fixed value. Thus, the diameter of turbine 
is calculated as Eq. (4.1.3.2) 
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where, uin is the tangential speed of turbine. As described in previous 
chapter, tangential speed and change of enthalpy are calculated from Eqs. 
(4.1.3.3) and (4.1.3.4). 

2
10 )sin( αCh =Δ       (4.1.3.3) 

αsin1Cuin =       (4.1.3.4) 

where, C1 is the absolute inlet speed of working fluid, which is lower than the 
speed of sound. From above equations, the diameter of turbine can be 
determined as Eq. (4.1.3.5). 
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By using it, the turbine diameter and the inlet angle can be determined. The 
condenser state which was determined in the chapter 4.1.1, was adopted as the 
outlet state of the final turbine. 
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4.1.3.1.1 Design of the single-stage turbine  
First of all, the design of a single stage turbine was conducted. In Table 13, 

the turbine outlet condition was defined. The flow rate of working fluid was 
calculated based on the thermodynamic analysis which was described in 
previous chapter. The design points of the inlet angle and the specific speed were 
varied to investigate the maximum work of the turbine. A total-to-static 
efficiency was applied because the single stage turbine was adopted. The cases 
for the optimal design of the turbine are listed in Table 14. 

 

Table 14. Optimization cases of the turbine geometry (diameter) 

Turbine inlet angle 68, 74, 80 

Pressure (MPa) 
R245fa 0.2 ~ 3.5 

Water 0.2 ~ 10 

Ns 

68 0.16 ~ 0.88 

74 0.18 ~ 0.60 

80 0.18 ~ 0.30 

 

When the outlet temperature of the turbine is 318.1 K, the efficiency, the 
inlet temperature, the maximum pressure ratio, the work and the speed of the 
turbine according to the inlet angle and specific speed are shown in Figures 61 ~ 
66. 
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Figure 61. An efficiency of the turbine according to the inlet angle and a specific 

speed (R245fa, outlet temperature 318.1 K) 

 
Figure 62. An inlet temperature of the turbine according to the inlet angle and a 

specific speed (R245fa, outlet temperature 318.1 K) 
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Figure 63. A maximum pressure ratio of the turbine according to the inlet angle 

and a specific speed (R245fa, outlet temperature 318.1 K) 

 
Figure 64. A work of the turbine according to the inlet angle and a specific speed 

(R245fa, outlet temperature 318.1 K) 
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Figure 65. A speed of the turbine according to the inlet angle and a specific 

speed (R245fa, outlet temperature 318.1 K) 

 
Figure 66. A diameter of the turbine according to the inlet angle and a specific 

speed (R245fa, outlet temperature 318.1 K) 
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In previous chapter, the efficiency is increased as the pressure ratio 
increased. Therefore, the design results are seemed to be wrong because the 
relationship between the pressure ratio and the efficiency shows opposite trends. 
However, in design process, the efficiency was determined before determining 
the pressure ratio. The efficiency was determined by the target specific speed. 
Then, the difference on enthalpy of the working fluid at the inlet and outlet was 
multiplied by the efficiency. After that, the pressure at the turbine inlet was 
determined to avoid chocking. In other words, if the efficiency is low, net 
enthalpy which is converted into kinetic energy of the working fluid is decreased 
with the same inlet enthalpy. Thus, in low efficiency region, a pressure ratio is 
increased because inlet enthalpy should be large enough to increase the speed of 
working fluids up to sound of speed. When the outlet temperature of the turbine 
is 352.4 K, the results of the design are shown in Figures 67 ~ 69. 

 
Figure 67. An inlet temperature of the turbine according to the inlet angle and a 

specific speed (R245fa, outlet temperature 352.4 K) 
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Figure 68. A maximum pressure ratio of the turbine according to the inlet angle 

and a specific speed (R245fa, outlet temperature 352.4 K) 

 
Figure 69. A work of the turbine according to the inlet angle and a specific speed 

(R245fa, outlet temperature 352.4 K) 
 



 104

The work generated by the turbine at low outlet temperature condition was 
greater than at high outlet temperature condition. Thus, from these results, the 
optimal design and working condition can be determined as Table 15 when the 
single turbine was applied. 

Table 15. Optimal design of the single turbine (R245fa) 

Turbine diameter (m) 0.092 

Turbine target speed (rpm) 28482 

Turbine inlet angle (°) 80 

Pressure ratio (-) 3.4 

Turbine inlet temperature (K) 351 

 

By using the same process, the turbine was designed optimally when water 
was used as the working fluid. It was conducted with two turbine outlet 
conditions. In the first case, the dryness and the temperature at the outlet of the 
turbine were determined as 85 % and as 372.8 K, respectively. In the second 
case, they were determined as 100 % and 372.8 K, respectively. The results of 
the first case and the second case are described in Figures 70 ~ 74 and Figures 
75 ~ 77, respectively. 

Rankine system produced smaller work with water than with R245fa. 
Moreover, the operation speed with water was much higher than that with 
R245fa because water density is small which causes increase in volume flow 
rate. As described in previous chapter, water shows characteristic which the 
turbine work is increased as superheating temperature increased at the same 
specific speed. The turbine operation speed should be limited to prevent increase 
of cost. Thus, the maximum operation speed was determined as 200,000 rpm. 
Moreover, for manufacturing, it is suggested that the diameter of the turbine 
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should be larger than 0.4 m. The optimal design of the single stage turbine which 
satisfies constraints is determined as Table 16. 

 

 

 
Figure 70. An inlet temperature of the turbine according to the inlet angle and a 

specific speed (water, outlet dryness 85 %) 
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Figure 71. A maximum pressure ratio of the turbine according to the inlet angle 

and a specific speed (water, outlet dryness 85 %) 
 

 
Figure 72. A work of the turbine according to the inlet angle and a specific speed 

(water, outlet dryness 85 %) 
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Figure 73. A speed of the turbine according to the inlet angle and a specific 

speed (water, outlet dryness 85 %) 
 

 
Figure 74. A diameter of the turbine according to the inlet angle and a specific 

speed (water, outlet dryness 85 %) 
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Figure 75. An inlet temperature of the turbine according to the inlet angle and a 

specific speed (water, outlet dryness 100 %) 
 

 
Figure 76. A maximum pressure ratio of the turbine according to the inlet angle 

and a specific speed (water, outlet dryness 100 %) 
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Figure 77. A work of the turbine according to the inlet angle and a specific speed 

(water, outlet dryness 100 %) 
 

 

Table 16. Optimal design of the single turbine (water) 

Turbine diameter (m) 0.0636 

Turbine target speed (rpm) 139,607 

Turbine inlet angle (°) 80 

Pressure ratio (-) 3.9 

Turbine inlet temperature (K) 514 
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4.1.3.1.2 Design of the multi-stage turbine 
However, it is difficult to produce more work with the single-stage turbine 

because pressure ratio is limited. In addition, to improve cycle efficiency of 
Rankine cycle, pressure ratio should be increased. Thus, multi-stage turbine to 
achieve high pressure ratio was adopted. The design process is similar to that of 
the single stage turbine. Design was conducted from last stage to first stage. 
However, because many stages can cause the increase of the cost, the maximum 
number of stage was limited as 3. The design was conducted with the same 
condenser conditions which were used in the design process of the single stage 
turbine. 

In the case of R245fa, 3-stage turbine was designed and applied to the 
system. Each stage turbine speed should be the same because they are connected 
through one shaft. It means that each stage turbine cannot be optimized 
separately because of the operating speed. Thus, to optimize turbine with 
satisfaction of the same speed condition, a combination which can generate 
maximum work was selected. The maximum speed of turbine was assumed as 
near 50,000 rpm. Tables 17 and 18 show the results of the multi stage turbine 
when the turbine output temperatures are 318.1 K and 352.4 K, respectively.  
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Table 17. The results of the multi-stage turbine design (R245fa, outlet temperature 318.1 K) 

Angle Speed Work Pressure Temp. Diameter 

° rpm kW MPa K m 

3rd 2nd 1st total 1st 2nd 3rd Total 1st 2nd 3nd 1st 1st 2nd 3nd 

80 

80 
74 29707 1.52 2.92 4.00 8.43 3.64 1.56 0.59 430 0.053 0.074 0.087

68 29649 1.30 2.92 4.00 8.21 3.64 1.56 0.59 430 0.050 0.074 0.087

74 
74 29646 1.32 2.63 4.00 7.95 3.64 1.75 0.59 430 0.050 0.071 0.087

68 29648 1.13 2.63 4.00 7.76 3.64 1.75 0.59 430 0.046 0.071 0.087

68 
74 29648 1.21 2.34 4.00 7.55 3.64 1.87 0.59 430 0.048 0.067 0.087

68 29650 1.04 2.34 4.00 7.38 3.64 1.87 0.59 430 0.044 0.067 0.087

74 

80 
74 42042 1.79 3.13 3.88 8.79 3.02 1.42 0.55 418 0.041 0.054 0.060

68 42038 1.61 3.13 3.88 8.62 3.17 1.42 0.55 421 0.039 0.054 0.060

74 

80 42036 1.92 2.90 3.88 8.69 2.93 1.45 0.55 416 0.042 0.052 0.060

74 42037 1.75 2.90 3.88 8.53 3.07 1.45 0.55 419 0.041 0.052 0.060

68 42042 1.58 2.90 3.88 8.36 3.22 1.45 0.55 422 0.038 0.052 0.060

68 

80 42029 1.88 2.68 3.88 8.44 2.97 1.49 0.55 417 0.042 0.050 0.060

74 42073 1.72 2.67 3.87 8.26 3.12 1.49 0.55 420 0.040 0.050 0.060

68 42144 1.56 2.66 3.86 8.08 3.32 1.49 0.55 424 0.038 0.050 0.060

68 80 80 42613 1.93 3.10 3.62 8.65 2.93 1.45 0.57 416 0.042 0.053 0.057
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74 42663 1.76 3.09 3.62 8.47 3.07 1.45 0.57 419 0.040 0.053 0.057

68 42720 1.59 3.08 3.61 8.27 3.22 1.45 0.57 422 0.038 0.053 0.057

74 

80 42629 1.89 2.87 3.62 8.38 2.97 1.49 0.57 417 0.041 0.051 0.057

74 42680 1.73 2.86 3.61 8.20 3.12 1.49 0.57 420 0.040 0.051 0.057

68 42739 1.56 2.85 3.60 8.01 3.27 1.49 0.57 423 0.038 0.051 0.057

68 

80 42628 1.85 2.66 3.62 8.13 3.02 1.52 0.57 418 0.041 0.049 0.057

74 42636 1.70 2.66 3.62 7.98 3.17 1.52 0.57 421 0.039 0.049 0.057

68 42765 1.54 2.64 3.60 7.78 3.37 1.52 0.57 425 0.037 0.049 0.057
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Table 18. The results of the multi-stage turbine design (R245fa, outlet temperature 352.4 K) 

Angle speed Work Pressure Temp. Diameter 

° rpm kW MPa K m 

3rd 2nd 1st total 1st 2nd 3rd Total 1st 2nd 3nd 1st 1st 2nd 3nd 

80 

80 

80 33505 1.27 3.29 4.00 8.56 2.95 1.88 0.60 440 0.047 0.075 0.083

74 33506 1.07 3.29 4.00 8.36 2.95 1.88 0.60 440 0.043 0.075 0.083

68 33505 0.92 3.29 4.00 8.21 2.95 1.88 0.60 440 0.040 0.075 0.083

74 

80 33505 0.87 2.97 4.00 7.84 2.95 2.19 0.60 440 0.039 0.072 0.083

74 33506 0.78 2.97 4.00 7.74 2.95 2.19 0.60 440 0.037 0.072 0.083

68 33503 0.68 2.97 4.00 7.65 2.95 2.19 0.60 440 0.034 0.072 0.083

68 
74 33503 0.51 2.67 4.00 7.18 2.95 2.47 0.60 440 0.030 0.068 0.083

68 33503 0.46 2.67 4.00 7.13 2.95 2.47 0.60 440 0.028 0.068 0.083

74 

80 

80 50300 2.01 3.41 3.77 9.20 2.95 1.51 0.54 440 0.039 0.051 0.054

74 50303 1.78 3.41 3.77 8.97 2.95 1.51 0.54 440 0.037 0.051 0.054

68 50302 1.57 3.41 3.77 8.75 2.95 1.51 0.54 440 0.035 0.051 0.054

74 

80 50300 1.85 3.23 3.77 8.85 2.95 1.60 0.54 440 0.038 0.050 0.054

74 50302 1.65 3.23 3.77 8.65 2.95 1.60 0.54 440 0.035 0.050 0.054

68 50301 1.46 3.23 3.77 8.46 2.95 1.60 0.54 440 0.033 0.050 0.054

68 80 50303 1.35 3.00 3.77 8.12 2.95 1.69 0.54 440 0.032 0.048 0.054
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74 50302 1.51 3.00 3.77 8.29 2.95 1.69 0.54 440 0.034 0.048 0.054

68 50303 1.35 3.00 3.77 8.12 2.95 1.69 0.54 440 0.032 0.048 0.054

68 

80 

80 51147 1.93 3.39 3.55 8.87 2.95 1.55 0.56 440 0.038 0.050 0.051

74 51146 1.72 3.39 3.55 8.66 2.95 1.55 0.56 440 0.036 0.050 0.051

68 51149 1.52 3.39 3.55 8.46 2.95 1.55 0.56 440 0.034 0.050 0.051

74 

80 51146 1.77 3.21 3.55 8.53 2.95 1.64 0.56 440 0.036 0.049 0.051

74 51149 1.59 3.21 3.55 8.35 2.95 1.64 0.56 440 0.034 0.049 0.051

68 51143 1.42 3.21 3.55 8.18 2.95 1.64 0.56 440 0.032 0.049 0.051

68 

80 51144 1.61 2.98 3.55 8.14 2.95 1.73 0.56 440 0.034 0.047 0.051

74 51147 1.45 2.98 3.55 7.99 2.95 1.73 0.56 440 0.033 0.047 0.051

68 51150 1.32 2.98 3.55 7.85 2.95 1.73 0.56 440 0.031 0.047 0.051
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Based on the results, the multi stage turbine for R245fa generates maximum 

power with 80°, 80°, 74° of first, second, third turbine inlet angle at 50,300 rpm. 
Thus, the optimal case of multi stage turbine for R245fa was determined as 
below table. 

Table 19. Optimal combination of multi stage turbine for R245fa 

Turbine diameter (m) 0.039, 0.051, 0.054 

Turbine target speed (rpm) 50,300 

Turbine inlet angle (°) 80, 80, 74 

Pressure ratio (-) 1.95, 2.80, 3.04 

Turbine inlet temperature (K) 440 

 

In the case of water, 2-stage turbine was designed. Because the mass flow 
rate of water is very small, the turbine speed is much greater than that of R245fa. 
Thus, it is impossible to match each turbine speed the same with 3-stage turbine. 
To optimize turbine with satisfaction of the same speed condition, a combination 
which can generate maximum work was selected. The maximum speed of 
turbine was assumed as near 250,000 rpm. Tables 20 and 21 show the results of 
the multi stage turbines, when the turbine output dryness values are 85 % and 
100 %, respectively. 
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Table 20. The results of the multi-stage turbine design (Water, outlet dryness 
85 %) 

Angle Speed Work Pressure Temp. Diameter 

° rpm kW MPa K m 

2nd 1st total 1st 2nd total 1st 2nd 1st 1st 2nd 

74 

68 245162 5.08 2.60 7.68 11.20 0.33 750 0.043 0.031 

68 298617 5.59 2.66 8.24 11.20 0.33 750 0.037 0.026 

68 191817 4.36 2.61 6.97 11.20 0.36 750 0.051 0.040 

68 

68 234674 4.86 2.46 7.32 11.20 0.35 750 0.044 0.031 

68 280453 5.42 2.44 7.86 11.20 0.33 750 0.039 0.026 

68 378442 4.57 2.86 7.43 2.05 0.33 507 0.024 0.019 

 

Table 21. The results of the multi-stage turbine design (Water, outlet dryness 
100 %) 

Angle Speed Work Pressure Temp. Diameter 

°  rpm kW MPa K m 

2nd 1st mean 1st 2nd total 1st 2nd 1st 1st 2nd 

80 68 180161 3.60 2.66 6.26 2.03 0.29 750 0.051 0.044 

74 

68 347913 5.26 2.54 7.80 2.03 0.26 750 0.032 0.022 

68 290165 4.74 2.54 7.29 2.03 0.27 750 0.036 0.026 

68 203354 3.81 2.55 6.35 2.03 0.30 750 0.046 0.038 

68 174060 3.43 2.54 5.97 2.03 0.31 750 0.051 0.044 

68 121913 2.55 2.55 5.10 2.03 0.40 750 0.063 0.063 

68 

68 478977 5.82 2.38 8.21 1.80 0.27 730 0.024 0.015 

68 273642 4.57 2.35 6.92 2.03 0.28 750 0.038 0.027 

68 120913 2.31 2.37 4.68 2.03 0.48 750 0.060 0.061 
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The multi stage turbine for water generates maximum power with 68 °, 68 ° 
of first and second turbine inlet angle at 478,977 rpm. However, the speed of 
turbine is too high to use general generator. Thus, as described above, the 
optimal combination of the multi stage turbine for water was selected with the 
consideration of the maximum speed as near 200,000 rpm. In addition, to protect 
erosion of the turbine blade, the dryness at turbine outlet was determined as 
100 %. The optimal combination is listed in Table 22. 

Table 22. Optimal combination of multi stage turbine for water 

Turbine diameter (m) 0.051, 0.044 

Turbine target speed (rpm) 180,161 

Turbine inlet angle (°) 68, 80 

Pressure ratio (-) 7, 2.9 

Turbine inlet temperature (K) 750 

 

4.1.3.2 Heat exchanger 
An optimizing a geometric specification of the heat exchanger was 

conducted about type and size. To optimize the type of the heat exchanger, 
various geometric characteristic of plate fin type were applied to the quasi-1D 
model. To optimize the size, various combinations were applied. The length of 
the heat exchanger was limited shorter than 0.1 m because there is limitation to 
install the heat exchanger in the engine room. It was assumed that the width and 
the height have the same value, and they were limited under 0.3 m as the same 
reason of length. The flow direction of each working fluid was determined as 
counter flow because this type flow direction can recover the waste heat 
effectively. 4 types of plate fin geometry were considered and listed in Table 23. 
A friction factor and Staton number according to Reynolds number of each heat 
exchanger are shown in Figures 78 ~ 81.  
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Table 23. The characteristics of various plat fin type heat exchanger 

Surface 
designation 

Plate 
spacing Fins/in 

Hydraulic 
diameter, 4rh

Fin 
thickness

Flow length of 
uninterrupted fin 

Heat transfer area / 
volume between plate

Fin area/
total area

10-3 m 10-3 m 10-3 m 10-3 m m2 / m3 

5.3 11.94 5.3 6.15 0.152 63.2 616.8 0.719 

14.77 8.38 14.77 2.59 0.152 63.8 1378.0 0.844 

10.27T 13.82 10.27 3.84 0.254 127.0 951.1 0.863 

30.33T 8.76 30.33 1.222 0.152 63.5 2665.7 0.928 
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Figure 78. StPr2/3 and friction factor of 5.3 type Heat exchanger 

 

 
Figure 79. StPr2/3 and friction factor of 14.77 type Heat exchanger 
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Figure 80. StPr2/3 and friction factor of 10.27T type Heat exchanger 

 

 
Figure 81. StPr2/3 and friction factor of 30.33T type Heat exchanger 



 121

The optimal case design of the heat exchanger can be defined as bellows. 

 The outlet temperature of the exhaust gas is the same to the input 
temperature of the working fluid. This means that the energy of the 
exhaust gas is fully absorbed by the working fluid. Thus, the design 
case which shows the lowest outlet temperature of exhaust gas is the 
optimal case. 

 There is limitation to install the heat exchanger in the engine room. 
Thus, the design case which shows the smallest size with same 
performance is the optimal design. 

In the case of R245fa, target superheating temperature was determined as 
440 K. A pressure drop in the heat exchanger was ignored because it is very 
small value in a plate fin type. The inlet condition of the heat exchanger was 
2.95 MPa and 305 K for the multi-stage turbine. The results of each type heat 
exchanger are listed in Tables 24 ~ 27. 

 

Table 24. Design results of type 5.3 for R245fa 

5.3 

L W H Mass flow rate Exh. Temp. 

m m m kg/s K 

0.8
0.2 0.2 0.10  423.7 

0.3 0.3 0.12  378.0 

1 
0.2 0.2 0.11  386.0 

0.3 0.3 0.13  343.2 

 

  



 122

Table 25. Design results of type 14.77 for R245fa 

14.77 

L W H Mass flow rate Exh. Temp. 

m m m kg/s K 

0.5
0.2 0.2 0.13  339.0 

0.3 0.3 0.14  305.0 

0.6
0.2 0.2 0.14  314.7 

0.3 0.3 0.14  305.0 

1 
0.2 0.2 0.14  305.0 

0.3 0.3 0.14  305.0 

 

 

 

Table 26. Design results of type 10.27T for R245fa 

10.27T 

L W H Mass flow rate Exh. Temp. 

m m m kg/s K 

0.3
0.2 0.2 0.08 486.1 

0.3 0.3 0.11 408.3 

0.4
0.2 0.2 0.10 437.8 

0.3 0.3 0.12 360.6 

0.5
0.2 0.2 0.11 401.5 

0.3 0.3 0.13 328.3 
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Table 27. Design results of type 30.33T for R245fa 

30.33T 

L W H Mass flow rate Exh. Temp. 

m m m kg/s K 

0.2
0.1 0.1 0.09 471.9 

0.2 0.2 0.14 321.1 

0.3
0.1 0.1 0.11 405.6 

0.2 0.2 0.14 305.0 

0.4
0.1 0.1 0.12 362.2 

0.2 0.2 0.14 305.0 

 

As shown in above tables, the longer and the wider heat exchangers show 
higher heat transfer performance. As a result, among heat exchangers, a 30.33T 
type was selected as the optimal type because it showed the highest 
performance with the smallest volume. The optimal size of type 30.33T is 0.3 
X 0.2 X 0.2 case because it is shorter and smaller than 0.4 X 0.2 X 0.2 case. 

The optimal design with water was conducted in the same sense. The 
condition of the working fluid at the heat exchanger inlet is 2.03 MPa and 373 
K. The target superheating temperature is 750 K. Moreover, because the flow 
rate of water is much smaller than that of R245fa, the width and the height 
were limited under 0.15 m to maintain flow speed. Thus, in order to obtain 
higher performance of the heat exchanger, the length should be prolonged. 
However, there was limitation of the length. In Table 28, 1 X 0.15 X 0.15 size 
of each type heat exchanger shows the highest performance. Consequently, 
because 30.33T type can recover the largest waste heat energy from exhaust 
gas, it was selected as optimal case for water. 
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Table 28. Design result of the heat exchanger for water 

Type 
L W H Mass flow rate Exh. Temp. 

m m m kg/s K 

5.30  

1  

0.15 0.15  0.0084  560.0 

14.77 0.15 0.15  0.0142  444.1 

10.27T 0.15 0.15  0.0117  480.3 

30.33T 0.15 0.15  0.0161  426.9 

 

From the design optimization of the heat exchanger, R245fa can recover 
more waste heat than water. It is because that the flow rate of R245fa is greater 
than that of water and the temperature at the heat exchanger inlet of R245fa is 
lower than that of the water. Thus, application of the WHRS to the series HEV 
was conducted with the optimal system which adopts R245fa as working fluid, 
the optimized design of the turbine and the heat exchanger, and the optimized 
working condition at each component. 

4.1.4 Simulation on the WHRS model 

The simulation to calculate the work generated from the WHRS was 
conducted with previous optimization results. The quasi-1D heat exchanger 
model and the turbine model were linked and calculated according to the 
engine operation. Because the combination of R245fa, 30.33T type heat 
exchanger, and 3-stage turbine was estimated to generate the greatest power 
than other combinations, the simulation was conducted with this combination. 
The results are listed in Table 29 and Figure 82. 
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Table 29. Simulation results of turbine and heat exchanger combined model 

Operating point 
Exh. Temp 

Exh. 
Flow rate 

Turbine work Pump work 

K Kg/s kW kW 

1200 rpm – 100 % 750.1 0.126 9.22 0.60 

1400 rpm – 100 % 775.2 0.172 8.42 0.87 

1600 rpm – 100 % 789.0 0.192 9.70 1.00 

1800 rpm – 100 % 804.4 0.220 11.59 1.19 

2000 rpm – 100 % 821.1 0.237 12.94 1.32 

2300 rpm – 100 % 834.9 0.250 14.08 1.43 
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Figure 82. Comparison of BSFC between with and without BSFC 
  

4.2 Optimization of system control 

4.2.1 Dynamic programming 

Many previous works have demonstrated dynamic programming to be a 
global optimization method. Thus, it is applied to solve deterministic problems 
such as optimal control of the HEV powertrain. The global optimization 
problem for the fuel economy in a vehicle can be defined as below Eq. (4.2.1) 
[66, 67]. 
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where, x is the state, a is the state equation, g is the performance measure of 
the problem, and u is the control input. From above equation, the optimal cost-
to-go function which should be minimized to find out optimal trajectory is 
defined as Eq. (4.2.2). Eq. (4.2.2) is discrete equation and the process of 
converting from state equation to discrete equation is described in [67]. 
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where, 

),(1 kkk uxax =+       (4.2.3) 

The process of dynamic programming to find out optimal trajectory can be 
described as Figure 83. 
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Figure 83. Finding out optimal trajectory based on Bellman`s optimality [67] 
 

Thus, dynamic programming was selected as the simulation method to 
estimate the theoretical improvement in the fuel economy when the heat 
recovery system was applied to the series HEV. Because the target system 
adopted the waste heat recovery system, the optimization problem was re-
defined. 

The most important factor in dynamic programming is the cost-to-go 
function, which coincides with the fuel consumption. The work produced by 
the WHRS is assumed to be used to generate electric energy. The output power 
of the WHRS is determined when the engine operating point is selected. Thus, 
the power of the engine and the turbine was summed, while the fuel 
consumption remained at the same level when only the engine is used. The 
control input at time k can be determined as in Eq. (4.2.4). 

)( ,, WHRSWHRSgenengineenginegenrequiredbatk PPPPu ηη +−==  (4.2.4) 
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where, Pbat is battery power, Prequired is required power to drive vehicle, Pengine is 
engine power, and PWHRS is power generated by the WHRS. ηgen,engine and 
ηgen,WHRS are efficiency of generators which are connected with the engine and 
the WHRS, respectively. 

4.2.2 ECMS 

Equivalent Consumption Minimization Strategy is a kind of local 
optimization methods. It optimizes the cost function which is related with only 
fuel economy instantaneously. To minimize fuel economy, the best cost is 
defined as Eq. (4.2.5). 

 ∫ dttmMin ftPd
)(

)(
&       (4.2.5) 

where, Pd and ṁf are required power from vehicle and fuel consumption rate, 
respectively. Above equation means minimization of fuel economy during 
overall test cycle. However, in real-time environment, it is impossible to obtain 
whole drive cycle. Thus, the equation is corrected by an instantaneous cost, in 
an instantaneous optimization problem. The instantaneous optimal cost can be 
defined as Eq. (4.2.6). 

∫ dttmMin ftPd
)]([

)(
&       (4.2.6) 

This instantaneous optimal cost is not equivalent to the global 
optimization problem such as dynamic programming, but the computation load 
is much smaller than that of global optimization problem. Although the local 
optimal result is not matched to the global optimal results perfectly, it shows 
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similar control trend which can achieve high fuel economy. From this concept, 
fuel consumption which should be minimized is determined as follow [68, 69]. 

batfengfeqf mmtm ___ )( &&& +=      (4.2.7) 

where, ṁf_eq, ṁf_eng, and ṁf_bat mean  the total equivalent fuel consumption, the 
fuel consumption of engine and the equivalent fuel consumption of the battery, 
respectively. ṁf_eng is calculated based on the required power of the engine and 
the fuel consumption map. The equivalent fuel consumption of the battery is 
defined as below with consideration of the electrical efficiency (ηelec) and the 
electric energy conversion factor (SCeng). 

elec

bateng
batf

PSC
m

η
⋅

=_&                 (4.2.8) 

Where, Pbat is the battery power. The SCeng is the core factor of ECMS because 
it determines system operation. Thus, it is very important to define proper 
SCeng value. To obtain optimal SCeng, the relationship between the use of the 
electric energy and the fuel energy in a specific vehicle powertrain system and 
test cycle should be investigated. The concept of the equivalent fuel 
consumption is described in [70]. 

To obtain proper SCeng, the relationship between the chemical energy of 
fuel and the electric energy should be defined. In order to obtain proper SCeng 

value, the vehicle simulation is conducted with various initial SOC condition. 
For instance, if various cases of the simulation are conducted, the results can 
be plotted as Figure 84 [70]. 
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Figure 84. Determination of SCeng factor from slope value 
 

As shown in Figure 84, SCeng can be determined as gradient value. 
However, SCeng shows different value in charge and discharge processes. It is 
because the efficiencies of the energy conversion process in charge and 
discharge processes have different values. 

In addition, the battery use should be limited when the battery is in 
dangerous SOC range to protect the battery from damage. Thus, penalty factor 
is considered as Eq. (4.2.9) in this study [69]. 

3)7.01(1)( SOCSOC xxSOCf ⋅−−=           (4.2.9) 

where, 
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SOCSOC
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x
−

+
−

= 2           (4.2.10) 

SOCL and SOCH are the low and high limit of the battery SOC, respectively. 
Thus, the fuel consumption can be determined as below equation. 

batfngefeqf mSOCfmtm ___ )()( &&& +=             (4.2.11) 

By using Eq. (4.2.11), ECMS for the target system was calculated and 
implemented as map data for application in the vehicle simulation. 

 

4.2.3 Simple strategy (Thermostatic control strategy) 

In many series HEV applications, simple control strategy has been 
adopted because it is easy to be implemented in embedded hardware and error 
can be prevented due to its simplicities. In addition, because the engine is 
operated at only the target point, WHRS can be operated with constant heat 
source. Thus, in this study, simple strategy was adopted and applied with the 
target system. The target operating point was set as 1200 rpm – 100 % load, 
because bsfc shows minimum value at this point. The strategy to determine 
engine operation is described in Figure 85. 

As shown in Figure 85, the generation system starts to be operated when 
SOC reaches 0.45. Then, the battery is charged when SOC reaches 0.6. After 
charging, the generation system is turned off. 
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Figure 85. A flow chart of the thermostatic control strategy 
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Chapter 5. Simulation results 

5.1 Results of engine transient simulation 

The engine is warmed up from cold start. In this transient period, 
temperatures of the coolant, the engine metal parts and the exhaust gas are 
increased. In other words, the temperatures of the exhaust gas and the coolant 
at start state are not high enough to be used as heat sources for the WHRS. 
Thus, it is important to estimate the temperature of the exhaust gas during 
warm up period. To estimate change of the exhaust gas temperature, 1-D 
engine model and ETM model were cooperated through semi-iteration. As 
described in previous chapter, simulation step times of 1-D engine model and 
ETM model show large difference. Thus, 1-D engine model and ETM model 
were calculated separately. The schematic of semi-iterative simulation is 
shown in Figure 86.  

 
Figure 86. A schematic of semi-iterative simulation method 
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The simulation was conducted with 1200 rpm – 100 % condition because 
the engine is operated mainly at this point in the conventional SHEV. At 
atmospheric initial condition, the transient temperature changes of exhaust gas, 
coolant, piston, head and liner are shown in Figures 87 and 88. The piston, 
head and liner of # 3 cylinder were used because they show medium values. 

As shown in Figure 87, a liner took the longest time to be converged 
while piston took the shortest time. It is because the liner is exposed to coolant 
with the largest heat exchange area. Piston temperature has the highest value 
because convection heat transfer occurs by only piston oil jet which has much 
smaller cooling effect than that of coolant. However, in piston heat transfer, 
piston jet is very important to maintain piston temperature at target value. 

The most important fact in the result is the trend of the exhaust gas 
temperature. Because the WHRS uses the exhaust gas as heat source, exhaust 
gas temperature affects the WHRS operation. The ideal WHRS operation 
occurs when the exhaust gas is supplied as design condition. In this study, the 
design condition of the exhaust gas is fully warmed-up state. Thus, the 
temperature of the exhaust gas should be over 800 K to ensure the general 
WHRS operation. As shown in Figure 88, the exhaust gas temperature reached 
at 800 K after about 80 sec. From this, it is known that the WHRS should be 
operated after 80 sec from the start of the engine. 
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Figure 87. Transient simulation result of engine metal parts with 1-D engine 
model and ETM model under 1200 rpm – 100 % condition at cold 
start 

 

Figure 88. Transient simulation result of exhaust gas with 1-D engine model 
and ETM model under 1200 rpm – 100 % condition at cold start 
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5.2 Results of vehicle simulation 

5.2.1 Test cycles 

In this study, 5 test cycles were adopted to calculate improvement in fuel 
economy. KATECH 150, KATECH G, Braunschweig, Heavy duty UDDS, and 
JE05 are shown in Figures 89 ~ 93 [71]. The specifications of the cycles are 
listed in Table 30. Especially, KATECH 150 and KATECH G were measured at 
real bus route in Seoul to reflect real traffic environment. A measured data was 
after-treated using statistical method. Although they are not officially approved 
in Korea, because the target vehicle is intra-city bus which is driven in Seoul, 
Korea, they were adopted as test cycles. Heavy-duty UDDS, Braunschweigh, 
and JE05 are used in USA, Europe, and Japan, respectively. 

 

Figure 89. A speed profile of KATECH 150 
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Figure 90. A speed profile of KATECH G 
 

 

 

Figure 91. A speed profile of Braunschweig cycle 
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Figure 92. A speed profile of heavy-duty UDDS 
 

 

 

Figure 93. A speed profile of JE05 
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Table 30. Specifications of the test cycles 

Test cycle 
Duration 

(sec) 
Distance 

(km) 
Max. speed

(km/h) 
Ave. speed 

(km/h) 

KATECH 150 1719 7.0 74.7 14.5 

KATECH G 1613 7.1 64.5 15.9 

Braunschweig 1740 11.0 58.2 22.9 

HD-UDDS 1060 8.9 93.3 30.4 

JE05 1829 13.9 88 26.9 

5.2.2 Results of Dynamic Programming 

By using dynamic programming, optimal control strategy for the target 
system can be obtained. A comparison of fuel economy between the 
conventional system and the target system was conducted. The results of each 
cycle are described in Figures 94 ~ 108. The trajectories of the SOC show 
similar trends regardless of application of WHRS. It means that two systems 
require generation of electric energy at same situation to minimize fuel 
consumption. The engine operating ranges of two systems show slight 
difference. As shown in Figures 95, 98, 101, 104 and 107, the target system 
operates engine around 100 kW mainly, whereas the conventional system 
operates engine around 80 kW mainly. However, overall operating ranges of 
two system are established around 80 ~ 100 kW. It means that engine operating 
range is not changed significantly even if WHRS is applied. In addition, 
operation timing of generation system was almost the same for both systems. 
Consequently, it is obvious that the overall control trend of the target system is 
not changed greatly compared to the conventional system. Thus, when the 
WHRS is designed and optimized for target system, it is conducted based on 
the main operation range of conventional system. 
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Figure 94. A SOC trajectory in KATCH 150 

 

 

 

Figure 95. Engine operation power in KATCH 150 (1300~1750 sec) 
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Figure 96. WHRS operation power in KATCH 150 (1300~1750 sec) 
 

 

 
Figure 97. A SOC trajectory in KATCH G 
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Figure 98. Engine operation power in KATCH G (1075~1500 sec) 

 

 

 
Figure 99. WHRS operation power in KATCHE G (1075~1500 sec) 
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Figure 100. A SOC trajectory in Braunschweig 
 

 

 

Figure 101. Engine operation power in Braunschweig (1200 ~ 1510 sec) 
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Figure 102. WHRS operation power in Braunschweig (1200 ~ 1510 sec) 
 

 

 

Figure 103. A SOC trajectory in Heavy-duty UDDS 
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Figure 104. Engine operation power in Heavy-duty UDDS (600 ~ 930 sec) 
 

 

 

Figure 105. WHRS operation power in Heavy-duty UDDS (600 ~ 930 sec) 
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Figure 106. A SOC trajectory in JE05 
 

 

 

Figure 107. Engine operation power in JE05 (1280 ~ 1650 sec) 



 148

 

Figure 108. WHRS operation power in JE05 (1280 ~ 1650 sec) 
 

The fuel economy and engine operating duration of each test cycle are 
listed in Table 31. The density of fuel is 0.654 kg/Nm3 which is used in EURO 
as standard value. As shown in Table 31, when the duration of engine operating 
is relative long, reduction of that with WHRS is greater than other cases. 
WHRS generates more energy as the engine operation duration increased. In 
other words, because the generation system generates almost same energy 
regardless of WHRS application in same cycle, the reduction of the engine 
operation duration become greater as the duration increased. It is because that 
the energy generated by WHRS is increase. The relation between engine 
generation energy and improvement is shown in Figure 109. As the engine 
generation energy is higher, the duration of the engine operation is increased, 
too. Thus, it is obvious that more improvement can be achieved when the 
engine is more used in the conventional system. 
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Table 31. The results of Dynamic Programming 

Cycle Type 
Fuel economy

(km/Nm3) 
Duration 

(sec) 
Improvement 

(%) 

KATECH 150
Convention 2.57  414 

6.28  
WHRS 2.73  351 

KATCH G 
Convention 2.30  471 

6.11  
WHRS 2.44  401 

Braunschweig
Convention 2.52  658 

7.09  
WHRS 2.70  530 

HD-UDDS 
Convention 2.94  438 

6.17  
WHRS 3.12  392 

JE05 
Convention 2.68  756 

7.35  
WHRS 2.88  628 

 

 

 
Figure 109. A relation between the engine generation energy and improvement 
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5.2.3 Results of ECMS application 

As described in previous chapter, in order to obtain ECMS rule, the 
relationship between electric energy and fuel energy consumption should be 
defined about specific configuration of vehicle and test cycle. Thus, simulation 
to obtain SCeng was conducted with configuration of conventional case and 
WHRS case, and test cycles. Because states of charge and discharge show 
similar slope value about all cases, SCeng was assumed as single value when 
test cycle and configuration are not changed. In order to implement WHRS in 
forward type overall vehicle model, the map which reflects the WHRS results 
was constructed. The calculation results of SCeng are listed Table 32 and shown 
in Figures 110 ~ 114. 

 

Table 32. SCeng values according to test cycles and configurations 

Cycle SCeng (W/O WHRS) SCeng (with WHRS) 

KATECH 150 0.0601 0.0562 

KATCH G 0.0602 0.0563 

Braunschweig 0.0616 0.0563 

HD-UDDS 0.0611 0.0538 

JE05 0.0562 0.0532 
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Figure 110. Determining a SCeng value without WHRS (a) and with WHRS (b) 
in KATECH 150 

 

 

 

Figure 111. Determining a SCeng value without WHRS (a) and with WHRS (b) 
in KATECH G 
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Figure 112. Determining a SCeng value without WHRS (a) and with WHRS (b) 
in Braunschweig 

 

 

 

Figure 113. Determining a SCeng value without WHRS (a) and with WHRS (b) 
in Heavy-duty UDDS 
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Figure 114. Determining a SCeng value without WHRS (a) and with WHRS (b) 
in JE05 

 

As shown in above figures, the gradient which is ratio between electric 
power and fuel consumption rate is decreased with WHRS. It means that more 
electric energy is generated with same fuel energy. Based on these SCeng values, 
ECMS maps for each cycle and configuration were calculated. They are shown 
in Figures 115 ~124. 
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Figure 115. ECMS map without WHRS in KATECH 150 

 

 

Figure 116. ECMS map with WHRS in KATECH 150 
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Figure 117. ECMS map without WHRS in KATECH G 

 

 
Figure 118. ECMS map with WHRS in KATECH G 
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Figure 119. ECMS map without WHRS in Braunschweig 

 

 

Figure 120. ECMS map with WHRS in Braunschweig 
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Figure 121. ECMS map without WHRS in Heavy-duty UDDS 
 

 

Figure 122. ECMS map with WHRS in Heavy-duty UDDS 
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Figure 123. ECMS map without WHRS in JE05 
 

 

Figure 124. ECMS map with WHRS in JE05 
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Table 33. Results of forward simulation with ECMS 

Cycle Type 
Fuel economy 

(km/Nm3) 
Improvement 

(%) 

KATECH 150 
Convention 1.78 

7.03 
WHRS 1.91 

KATCH G 
Convention 1.99 

6.90 
WHRS 2.12 

Braunschweig 
Convention 1.89 

6.70 
WHRS 2.02 

HD-UDDS 
Convention 2.09 

7.66 
WHRS 2.25 

JE05 
Convention 2.20 

6.60 
WHRS 2.35 

 

The results with ECMS are listed Table 33. Fuel economy was improved 
when WHRS was applied. However, absolute values of fuel economy show 
much smaller than that of dynamic programming. It is caused from difference 
between backward and forward simulation method. In backward simulation, 
dynamics of engine, motor, and generator are not considered, whereas they are 
considered in forward type simulation. In addition, rapid engine on/off is 
possible in backward type while it is impossible in forward type. The use of 
electric energy to start engine is not considered in backward type. From these 
reasons, forward type simulation shows lower fuel economy than backward 
type simulation. 
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5.2.4 Results of thermostatic control strategy 

The results of thermostatic control strategy are listed in Table 34. Fuel 
economy of thermostatic control strategy was lower or the same level 
compared with that of ECMS. However, generally, because ECMS is optimal 
control strategy, fuel economy of ECMS is higher than that of thermostatic 
control strategy. In the case of parallel HEV, ECMS determines power split 
ratio of motor and engine. Moreover, engine is always operated because it is 
connected with drive shaft. Thus, by using ECMS which determines 
instantaneous optimal power split ratio, fuel economy can be much improved 
compared simple control strategy of which power split ratio is fixed. However, 
in the case of series HEV, engine is not connected with drive shaft. It means 
that the engine can be operated regardless of vehicle driving state. Therefore, 
instantaneous optimal operating point of the engine is determined as minimum 
bsfc point. As shown in ECMS maps, when the generation system is operated, 
operating range of the engine is 80 ~ 100 kW. It is similar with dynamic 
programming results. In addition, the target operating point of the engine of 
thermostatic control strategy is defined as 100 kW. Thus, ECMS and 
thermostatic control strategy show similar results. 

In addition, the fuel economy of fully warmed-up and cold start condition 
were compared. By deactivating the WHRS operation 80 seconds after the 
engine start, cold start condition was implemented in vehicle simulation. In 
contrast, the WHRS begins to operate when engine runs at fully warmed-up 
start condition. As a result, 140 g of fuel could be saved under the fully 
warmed-up condition with simple control strategy regardless of driving cycles. 
It is because the engine had to be operated for longer time under the cold start 
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condition compared to the fully warmed-up condition as the WHRS was 
deactivated before the engine was fully warmed up. 

 
Table 34. Results of forward simulation with thermostatic control strategy 

Cycle Type 
Fuel economy 

(km/Nm3) 
Improvement 

(%) 

KATECH 150 
Convention 1.75 

8.15 
WHRS 1.89 

KATCH G 
Convention 1.94 

9.35 
WHRS 2.13 

Braunschweig 
Convention 1.88 

6.67 
WHRS 2.00 

HD-UDDS 
Convention 2.10 

7.31 
WHRS 2.25 

JE05 
Convention 2.19 

7.65 
WHRS 2.36 
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Chapter 6. Conclusion 

In this study, WHRS with the SHEV was optimized with consideration of 
the target vehicle and operation environment. Analysis on the heat sources was 
conducted and operating conditions of the engine for using heat sources were 
investigated. The engine, traction motor, generator, electrochemical Li ion 
battery, turbine, 1-D quasi heat exchanger, and longitudinal vehicle dynamics 
model were implemented. By using these models, optimal working fluid was 
determined. Moreover, for practical application, heat exchanger and turbine 
were designed and optimized. Then, WHRS output power was calculated. In 
addition, with 1-D engine model and ETM model, transient behavior of the 
engine at cold start was investigated. Finally, optimal control methods were 
applied to the overall system to improve fuel economy. 

Conclusively remarkable investigations are : 

1. In order to use various heat sources with WHRS, the operation 
condition of the engine should be analyzed precisely. When various heat 
sources are used, working fluid which can evaporate at low temperature is 
selected, because charged air and coolant has low temperature compared 
to exhaust gas. In addition to selection of working fluid, engine operation 
is limited to use all heat sources because charged air and coolant 
temperatures are too low to be used as heat sources at low speed region. 

2. Selection of working fluid should be considered for cycle efficiency 
as well as heat sources. In this study, various working fluids were 
investigated to fine out optimal one. Consequently, water and R245fa 
showed the best cycle efficiency. R245fa showed higher efficiency than 
water because the inlet temperature of heat exchanger is lower than that of 
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water. It means that R245fa can recover more energy from heat source 
than water. From this, to recover more energy from heat source, it is 
important to decrease the inlet temperature of working fluid at heat 
exchanger. 

3. Type and size of the heat exchanger were optimized using quasi-1D 
model. 30.33T type showed the smallest sized and the highest 
performance compared to other type. The turbine was designed as single 
stage and multi-stage. Because the turbine operation is limited by 
chocking of working fluid, pressure ratio cannot be increased infinitely. 
However, high pressure ratio can achieve high cycle efficiency, multi-
stage turbine was suggested and designed to overcome chocking. Thus, in 
order to achieve high efficiency of WHRS, multi-stage turbine is required. 

4. The maximum efficiency of WHRS is about 30 %, theoretically. 
However, that goal is difficult to achieve in real implementation because 
of pressure ratio limitation. Thus, it is obvious that maximum efficiency in 
real environment is about 10 %. In order to overcome this limitation, it is 
required to increase pressure ratio with multi-stage turbine or other 
expander. 

5. Simulation to estimate transient state of exhaust gas at cold start was 
conducted. As results, exhaust gas requires about 80 sec reaches warm-up 
condition. Therefore, WHRS should be operated at 80 sec after the engine 
started to ensure general operation. 

6. Dynamic Programming was applied to the target system and the 
optimal operation of the system was obtained. It is notable that the engine 
operation timing and points of each system showed similar trends. It 
means that the engine operation of the target system is not changed greatly 
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compared to the conventional system. Thus, when WHRS for series HEV 
is designed, the main operation point of the conventional system is 
considered as target optimization point. 

7. ECMS and thermostatic control strategy were adopted in the target 
system. Two control strategies showed similar fuel economy levels 
because the engine operating ranges were almost same. Because in series 
HEV, the engine is decoupled with drive shaft, instantaneous optimal 
operating point of the engine in ECMS is 80 ~ 100 kW where bfsc values 
are lower than other operating range.  

8. By using WHRS in series HEV, fuel economy can be improve by 6 ~ 
10 % in various cycles. As a result of dynamic programming, 
improvement was greater as engine operating duration increased. The 
duration of engine operating was more decreased when it is relative long. 
Because WHRS generated electric energy which should be generated from 
the engine in the conventional system, engine consumed less fuel with 
WHRS. Thus, as the duration of the engine operation increased, reduction 
of that was greater. Consequently, improvement in fuel economy is higher 
when the engine operating duration is long. 
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초   록 

 

최근 원유 가격의 지속적인 상승과 강력한 배기 규제가 자동차 

산업에서 큰 화두가 되고 있다. 따라서, 배기 배출을 줄이고 높은 

연비를 달성하기 위하여 많은 노력이 이루어 지고 있다. 하지만, 

내연 기관이나 하이브리드 시스템과 같은 기존의 파워트레인 

시스템으로는 효율을 높이는데 한계가 존재한다. 이러한 기존 

파워트레인의 경우 최대 40 % 의 연료 에너지만이 차량을 

구동하는데 쓰이고, 60 % 에 이르는 에너지는 냉각수나 배기가스로 

손실되기 때문이다. 따라서, 손실되는 60 % 의 에너지를 추가로 

사용하지 않는 이상, 더 높은 연료 변환 효율을 얻는 것은 거의 

불가능 하다. 이러한 손실 에너지, 즉 버려지는 에너지를 회수하여 

차량을 구동하거나 추가적인 전기 에너지를 얻는 기술을 폐열 회수 

시스템이라 한다. 본 논문에서는 Rankine Cycle 을 폐열 회수 

시스템으로 사용하였으며, 이를 시리즈 하이브리드 차량에 적용하여 

연비를 높이는 연구를 진행하였다.  

첫째로 다양한 열원에 대한 열역학적 분석을 수행하였다. 본 

연구에서 분석 대상으로 고려한 열원은 배기가스, 냉각수, 압축 

공기이다. 열역학적 분석을 통하여, 각 열원의 엔진 작동점에 따른 

엑서지와 가용에너지를 분석하였다. 이러한 분석을 기반으로 폐열 

회수 시스템을 설계하기 위한 기준을 얻을 수 있었다. 또한 각 

열원이 폐열 회수 장치에 적용되기 위한 엔진 작동 조건을 분석 

하였다. 

두번째로 대상 시리즈 하이브리드 자동차에 폐열 회수 장치를 

적용하기 위한 최적화를 진행하였다. 최적화는 설계와 제어에 대하여 

진행하였다. 시스템 효율 분석을 통하여 최적 작동 유체를 선정 

하였으며, 터빈을 작동 조건과 제한 조건을 고려하여 설계하였다. 

또한 열교환기의 기학학적 구조와 크기를 최적화 하였다. 제어 

알고리듬을 최적화 하기 위하여 전역 최적화 방법인 Dynamic 
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Programming 과 지역 최적화 방법인 Equivalent Consumption 

Minimization Strategy 를 적용하였다. 

마지막으로 냉간 상태에서 배기가스의 상태는 폐열 회수 장치를 

작동 시키기 위하여 꼭 알아야 할 조건이다. 이를 위하여 1-D 엔진 

모델과 Engine Thermal Management 모델을 이용하여 과도 상태를 

예측하였다. 이를 기반으로 엔진 시동 후 80 초 후에 폐열 회수 

장치를 작동시켜야 한다는 것을 알 수 있었다. 

이러한 연구를 수행함으로써 폐열 회수 장치를 차량에 적용하기 

위한 설계 과정을 제시할 수 있었다. 또한 폐열 회수 장치를 적용을 

위한 기본 구성의 최적화와 전체 시스템 운용을 위한 제어 최적화에 

대한 방법을 제시 할 수 있었다. 또한 본 연구를 기반으로 다양한 

동력원을 조합하여 새로운 에너지 시스템을 설계 할 경우, 설계 과정 

및 방법, 최적화 기법 등을 적용할 수 있을 것이라 기대된다. 

 

 

 

주요어 : 폐열 회수 시스템 (WHRS), 유기 랜킨 사이클 (ORC), 최적 
제어, 최적화, 대형 직렬형 하이브리드 전기 자동차 (HSHEV) 
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